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• High bicarbonate concentration stimulates
cell growth and nutrients consumption.

• High bicarbonate concentration stimulates
PHB production.

• A 14%dcw of PHB was reached in
Synechocystis by using a concentration of
2 gC L−1.

• Glycogen and PHB synthesis genes are
overexpressed when there is high DIC
content.

• Expression of glgP2 and phaC, phaB
genes is positively correlated.
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Cyanobacteria are capable of transforming CO2 into polyhydroxybutyrate (PHB). In this study, different inorganic
carbon concentrations (0–2 gC L−1) were evaluated for a Synechocystis sp. strain isolated from wastewater. Quantita-
tive RT-qPCR was also performed to decipher the links between inorganic carbon and PHB and glycogen metabolism.
2 gC L−1 of bicarbonate stimulated cell growth, nutrients consumption and production of PHB. Using this concentra-
tion, a 14%dcw of PHB and an average productivity of 2.45 mgPHB L−1 d−1 were obtained. Gene expression analysis
revelated that these conditions caused the overexpression of genes related to glycogen and PHB synthesis. Moreover, a
positive correlation between the genes codifying for the glycogen phosphorylase, the acetyl-CoA reductase and the
poly(3-hydroxyalkanoate) polymerase was found, meaning that PHB synthesis and glycogen catabolism are strongly
related. These results provide an exhaustive evaluation of the effect of carbon on the PHB production and
cyanobacterial metabolism.
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1. Introduction

Most of the already tested cyanobacteria have the ability to produce
polyhydroxybutyrate (PHB), a biodegradable plastic that due to its promis-
ing properties, can be a possible alternative to oil-based plastics, avoiding
the serious negative environmental impacts related to their use (Gracioso
et al., 2021). Cyanobacteria can use both organic carbon or inorganic car-
bonmolecules for the production of PHB. Although it iswell known that ad-
ditions of organic carbon sources in cyanobacterial cultures, such as citrate,
acetate, fructose, valerate, glucose, can stimulate the PHB production, their
volumetric production is still much lower than that of heterotrophic bacte-
ria (around 10,000 times lower) (Price et al., 2020). Therefore, in theory
cyanobacteria can become only economically competitive if instead of
using organic carbon sources, which usually accounts for the 25–50% of
the heterotrophic PHB production costs, they are cultivated to produce
PHB using only inorganic C sources. Moreover, the production of the or-
ganic carbon feedstock requires large areas, that should also be taken in
consideration. However, to make the autotrophic process viable, the PHB
production yield should be improved because it is usually around 5%dcw,
and only in very exceptional cases over the 20%dcw (Kamravamanesh
et al., 2019; Nishioka et al., 2001; Price et al., 2020). Higher PHB contents
were only obtained by introducing genetic modifications (up to a 63%dcw

autotrophically) (Koch et al., 2020b).
The metabolic function and the conditions that stimulate cyanobacteria

PHB metabolic pathways are still unclear (Koch and Forchhammer, 2021).
Cyanobacteria produce two carbon storage compounds, PHB and glycogen,
being glycogen the primary. Koch et al. (2019) observed, by knocking out
some genes related to glycogen catabolism, that PHBwas produced fromgly-
cogen conversion during prolonged nitrogen starvation, mainly by using the
Emden-Meyerhof-Parnas (EMP) pathway. Dutt and Srivastava (2018) ob-
served, by labelling different PHBprecursors, that PHBwasmainly produced
from internal carbon recycling. Considering these evidences, it is believed
that during nutrient starvation, PHB serve as an electron sink to rebalance
the ATP/NADPH ratio. This process is advantageous with respect to other
metabolic processes since the ATP can be recoveredwhile conserving the in-
tracellular carbon storage (Koch and Forchhammer, 2021). Another possible
function of PHB (not incompatible with the electron sink function) is as a
structural component useful for cell recovery after nitrogen deprivation
(Damrow et al., 2016). Jendrossek and Pfeiffer (2014) found that PHB for-
mation is produced attached to the nucleoid, what ensures an almost equal
distribution of PHB to the new bacterial cells. Therefore, it is thought, that
this substance may be helpful for new cells to recover from chlorosis
(Damrow et al., 2016; Jendrossek and Pfeiffer, 2014).

Only a few studies have analysed the effect of inorganic carbon in cul-
tures (either as CO2 or bicarbonate) in the accumulation of PHB, and the re-
sults are varied and somewhat contradictory. For instance, Kamravamanesh
et al. (2017) and Urtuvia et al. (2014) found that an increase in CO2 concen-
trations had a negative impact on the PHB production. In opposition, Arias
et al. (2018) and Kamravamanesh et al. (2018a, 2018b), found a positive
relation between PHB production and carbon uptake. In a previous study
from the authors (Rueda et al., 2020), the effect of adding carbon in a
feast famine regimewas evaluated. There, it was observed that PHB and gly-
cogen were both accumulated during the feast phase when 120 mgC L−1

were added. While glycogen conversion into PHB was only observed during
feast and famine phase (Rueda et al., 2020).

Up to now PHB production with cyanobacteria has been usually
tested adding moderate amounts of CO2 or bicarbonate (usually
below 150 mgC L−1) (Kamravamanesh et al., 2017; Troschl et al.,
2018). In contrast, in the case of heterotrophic bacteria, the production
of PHB usually is attained with concentrations of organic carbon usu-
ally ranging between 0.5 gC L−1 to 4 gC L−1 (Han et al., 2004;
Łabuzek and Radecka, 2001; Lasemi et al., 2013; Thirumala et al.,
2010), which is certainly much higher than the equivalent inorganic
carbon used for cyanobacteria. Just by analogy, it could be hypothe-
sized that much higher inorganic carbon concentrations in the culture
could enhance the PHB production. A study already evaluated the gene
2

expression and the proteomics of Synechocystis sp. PCC 6803 when
changing the CO2 content from high (up to a 5%) to low levels (Spät
et al., 2021). However, they did not observe significant changes
in the proteins directly related with the PHB production, but in the
ones related with bicarbonate uptake and carbon and nitrogen assimi-
lation. Another study also tested high CO2 contents for the production
of PHB, lipids and glycogen (Eberly and Ely, 2012). It was observed
much higher PHB content when the thermophilic cyanobacteria
Thermosynechococcus elongatus was grown under atmospheric CO2

rather than with high CO2 content (up to 20%). Similarly, they
observed a decrease in the PHB content when a high content of
NaHCO3 (150 mM) was added. However, the experimental procedure
when bicarbonate was used and the evolution of the inorganic carbon
was not shown. In the case of glycogen, opposite trends were observed
depending on whether CO2 or NaHCO3 were added (Eberly and Ely,
2012).

In the current study, the effect of inorganic carbon concentrations as
NaHCO3 (including very high amounts) on PHB production in Synechocystis
sp. strain R2020 was tested. Four different concentrations of bicarbonate
(0, 30, 120, 2000 mgC L−1) were tested in 3 L lab scale photobioreactors
under nutrients starvation. Under carbon limitation (0 mgC L−1) it is ex-
pected that internal carbon storage compounds (glycogen and PHB) will
be consumed as a carbon source. When moderate concentrations of bicar-
bonate are added (30 and 120mgC L−1) it is expected that the accumulated
glycogenwill be converted into PHB. Eventually, a high concentration of bi-
carbonate (2000mgC L−1) is testedwith the aim to stimulate both PHB and
glycogen accumulation. Furthermore, in order to gain insights in the effect
of bicarbonate addition in cyanobacteria metabolism and to decipher
which routes are promoted under this condition and how this promotion
changes overtime, the expression levels of key genes related to glycogen
and PHB metabolisms were analysed. This is the first time that an exhaus-
tive analysis of the effect of bicarbonate addition on cyanobacterial PHB
and glycogen production is addressed. These results should contribute to
better understand the regulation of PHB production and how these two
polymers are related under different abiotic conditions. This new knowl-
edge may also be useful to create newmutants with an enhanced PHB pro-
ductivity, as well as to optimize the cultivation conditions.

2. Material and methods

2.1. Media and reagents

Modified BG-11 growthmediumwas used in the reactors in order to ob-
tain the desired concentrations of N and P. Reagents present in this me-
dium, K2HPO4, NaNO3, NaHCO3, CaCl2·2H2O, NaOH, Na2EDTA, NaHCO3

were obtained from Panreac (Barcelona, Spain). MgSO4·7H2O,
C6H8FeNO7 (ammonium ferric citrate), C6H8O7 (citric acid) and HCl were
purchased from Scharlau (Barcelona, Spain). The reagents needed for N-
NO3

−, N-NO2
− and P-PO4

3− analysis were also acquired from Panreac
(Barcelona, Spain). HCl, chloroform (CHCl3) and D-glucose needed for
glycogen and PHB analysis were purchased from Scharlau (Barcelona,
Spain). The co-polymer PHB-PHV (86:14% in weight, CAS 80181–31–3)
standard was purchased from Sigma-Aldrich (St. Louis, US). Reagents for
RT-qPCR were obtained from Thermo fisher Scientific (Waltham, USA).

2.2. Strain and inoculum preparation

The Synechocystis sp. strain R2020 (from now on named Synechocystis
sp.) used in this study was purified from a demonstrative microalgae
based wastewater treatment plant as previously described in (Rueda
et al., 2020). Its closest relative deposited in the NCBI Genebank database
was Synechocystis sp. strain YACCYB507 (see the phylogenetic tree in sup-
plementary materials). Note that this is a monoculture of cyanobacteria,
but this strain is not axenic and other bacteria has been also identified as
shown in (Rueda et al., 2020). Note that wastewater is a relevant alterna-
tive for the cultivation of cyanobacteria and bioproducts production.
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Therefore, this strain was selected for this study, as it is in theory better
adapted to wastewater growing conditions rather than other Synechocystis
sp. strain (Rueda et al., 2020). Synechocystis sp. strain was maintained and
grown in BG-11 medium (1500 mg·L−1 NaNO3, 31.4 mg·L−1 K2HPO4, 36
mg·L−1 MgSO4, 36.7 mg·L−1 CaCl2·2H2O, 20 mg·L−1 Na2CO3, 1 mg·L−1

NaMgEDTA, 5.6 mg·L−1 citric acid, 6 mg·L−1 Ferric ammonium citrate
and 158 mg·L−1 NaHCO3) and used as inoculum for the present study. Cul-
tures were continuously mixed by means of sterile air bubbling and kept
under 2.1 klx (approximately 37 μmol m−2 s−1) and 30 ± 2 °C. Weekly,
approximately a third part (330 mL) of the culture was replaced by fresh
BG-11 medium, in order to ensure continuous growth.

2.3. Experimental set up

Experiments were carried on in four lab scale (working volume of
3 L) glass photobioreactors (PBR) with a diameter of 11 cm. It is well
known that PHB accumulation occur under nutrient limitation (Drosg
et al., 2015; Estel Rueda and García, 2021), therefore, two different cultiva-
tion phases were used: first, one to grow the cyanobacteria and a second
one to stimulate the PHB accumulation. DIC was added only during the ac-
cumulation phase, in order to ensure that its effect was not caused by other
factors or different biomass states during the growth phase. Experiments
were performed in batch in a self-limiting one step culture. To do that, at
the beginning of the experiment, during the growth phase, enough nutri-
ents (40 mgN L−1 and 7 mgP L−1) to reach nitrogen starvation when
light became limiting were added. Nutrients were periodically monitored
to detect the point at which the culture had depleted all the nitrogen.
Once N was depleted, the content of the four reactors was mixed in a
container to ensure an equal state of the biomass before starting the accu-
mulation phase. After mixing, the culture was split into the 4 reactors for
the accumulation phase. It was in this phase when different amounts of
bicarbonate were added to evaluate the effect of carbon on PHB and
glycogen accumulation (Fig. 1).

Reactors were continuously stirred by means of a magnetic stirrer
(VELP scientifica, Usmate, Italy) and they were illuminated in day:night
cycles of 15 h light and 9 h darkness. Illumination was provided by using
4 external 14 W cool-white LEDs placed at a distance of 20 cm from the
Fig. 1. Graphical representation of the experimental set up. In the growth phase four
depleted, the biomass from all reactors was mixed to ensure that all experimental con
separated into the same 4 reactors and fed with different amounts of dissolved inorgani

3

reactor and 2.5 m of strip LEDs rolled up around the reactor. All together
this provided a homogeneous average illumination of 4 klx (approximately
73 μmol m−2 s−1) measured with a luxmeter (HI 97500, HANNA instru-
ments, Italy). pH was recorded with a pH probe (HI1001, HANNA instru-
ments, Italy) inserted into the mix liquor of each PBR and connected to a
pH controller (HI 8711, HANNA instruments, Italy) that activated an
electrovalve or a peristaltic pump that allowed the injection of CO2 or
HCl (0.1–1 M) in the reactor depending on the culture phase (see below).
pH was kept between 7 and 9, which is the optimum reported pH for the
genus Synechocystis (Touloupakis et al., 2016). Temperature was dailymea-
sured off-line and kept at 31.1 ± 0.6 °C.

The four PBRs were initially inoculated with 100 mgVSS L−1, and with
enough concentration of bicarbonate N and P (103 mgC L−1, 40 mgN L−1

and 7mgP L−1) in order to reach approximately 1 gVSS L−1 when these nu-
trients were completely depleted (10 days approximately). Nutrients con-
centration were decided based on previous experiments from the authors
(Rueda et al., 2020; Rueda and García, 2021). Since the control reactor
was not supposed to have inorganic carbon on it during the accumulation
phase, during the growth phase HCl (1–0.1 M) was used to control pH
and also to decrease the dissolved inorganic carbon (DIC) content in
order to reach 0 mgC L−1 before the accumulation phase started.

As mentioned above, once nutrients were depleted, the biomass in the
four PBRs was mixed in a 11 L bottle (Nalgene, Waltham, USA) and split
in the same 4 reactors to start the accumulation phase. 2 L (instead of the
3 L used for the growth phase) were used for the accumulation phase, be-
cause part of the initial culture was evaluated for nutrients and biomass
content during the growth phase. During the 26 days that the accumulation
phase lasted, different DIC concentrations were maintained by adding the
corresponding amount of sodium bicarbonate (Fig. 1). In the first
photobioreactor (PBR 1) no additions of DIC were done and pH was con-
trolled by means of HCl additions. In the second photobioreactor (PBR
2) a moderate-low concentration of DIC (30 mgC L−1) was maintained.
Note that this low concentration of DIC is extremely difficult to maintain
if CO2 is used to regulate the pH, as the amount of carbon added when
CO2 is injected is difficult to adjust (Rueda et al., 2020). Therefore, in this
case, 1 mL of sodium bicarbonate with a concentration of 10 g C L−1 was
added daily in order to provide approximately 5 mgC L−1, which was the
reactors of 3 L each were inoculated and operated equally. When nutrients were
ditions in the next phase started from the same biomass. Afterwards, biomass was
c carbon (DIC) in each case.

Image of Fig. 1
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DIC concentration expected to be consumed in 1 day,maintaining therefore
the initial 30 mgC L−1 concentration. pH in this reactor was also controlled
byHCl additions, in order to keep the concentration of carbon at the desired
value. In the third photobioreactor (PBR 3) a moderate-high concentration
of DIC (120 mgC L−1) was maintained. In this case pH was controlled by
injecting CO2 in to the reactor. These CO2 injections provided enough
carbon to replace the carbon consumed by cyanobacteria. Finally,
photobioreactor 4 (PBR 4) had a high content of DIC (2000 mgC L−1).
pH and DIC concentrations were maintained as done in PBR 3. DIC content
was periodically monitored as described in Section 2.4.

To sum up, four reactors were used to grow cells in the growth phase,
after which the reactor contents were mixed together and redistributed
back into the four reactors (in order to have the same initial conditions
for the accumulation phase). The accumulation phase was studied with
four different levels of DIC. In reactors with a moderate-low or without
DIC, HCl was used to control the pH. In reactors with a moderate-high or
high concentration of DIC pH was controlled by adding CO2 (Fig. 1).

2.4. Analytical methods

2.4.1. Nutrients analysis
Nutrients (N, P and C), volatile suspended solids (VSS) and turbidity

were measured periodically in order to evaluate nutrients uptake rate,
cyanobacteria growth rates and to study nutrient evolution and their deple-
tion to allow starting the accumulation phase.

Total nitrogen (TN), total dissolved nitrogen (TDN), nitrite (N-NO2
−)

and ammonia (N-NH4
+) where measured once per week. Nitrate (N-NO3

−)
was measured daily because is the main form of nitrogen in the BG-11. Dis-
solved organic nitrogen (DON) and particulate nitrogen (PN) were calcu-
lated as described in Eqs. (1) and (2). The colorimetric methods 4500-
NO2

− and 4500-NO3
− described in Standard methods were used to measure

N-NO2
− and N-NO3

− respectively (APHA et al., 2012). N-NH4
+ was mea-

sured using the methodology described in (Solórzano, 1968). TN and
TDN were analysed using a C/N analyser (2005, Analytikjena, Germany).
Phosphate (P-PO4

3−) was measured daily by the colorimetric method
4500-PE described in the Standard methods (APHA et al., 2012).

Dissolved organic nitrogen DONð Þ ¼ TDN−N−NO2−N−NO3−N−NH3 (1)

Particulate nitrogen PNð Þ ¼ TN–TDN (2)

In order to control that the DIC content was properly maintained, solu-
ble alkalinity M and P were measured using a photometric kit from
Lovibond (Tintometer, Amesbury, UK). Alkalinity can be related with DIC
as described in Eq. (3). To check that this approach was accurate, DIC
was measured once per week together with the TDN by a C/N analyser
(2005, Analytikjena, Germany). In average, differences between DIC calcu-
lated by using alkalinity or the DICmeasured by the C/N analyser were less
than 10%. Note that to determine the all dissolved species, samples were
previously filtered through 0.7 μm pore glass microfiber filter.

DIC mg L−1� � ¼ H2CO3 mg L−1� �þ HCO3
− mg L−1� �

þ CO3
−2 mg L−1� �

¼ ðAlk−MÞ–ðAlk−PÞ (3)

Total suspended solids (TSS) and volatile suspended solids (VSS) were
measured every 2 days using the methods 2540C and 2540 D described
in Standard Methods (APHA et al., 2012). Turbidity (HI93703, HANNA
Instruments) was daily measured as a fast-rough estimation of biomass
growth. Turbidity was related to VSS with a calibration curve done bymea-
suring VSS and turbidity at different cultivation times in a culture of
Synechocystis sp. strain. (see Supplementary material).

Dissolved oxygen (DO) was measured daily with an oxygen meter
(HI94142, HANNA Instruments) to evaluate the activity of the culture.
4

2.4.2. PHB and carbohydrates analysis
PHB and carbohydrates (CHO) concentrations were measured from

freeze dried biomass samples (−110 °C and 0.05 hPa, Scanvac, Denmark)
once a week during growth phase and twice per week during the accumu-
lation phase. Carbohydrates were measured using the method described
by Dubois et al. (1956). In short, 2 mL of 1 N HCl were added to approxi-
mately 1–2 mg of freeze-dried biomass and heated to 100 °C for 2 h in a
dry-heat thermo-block (Selecta, Spain). Then, 0.5 mL of phenol (5% w/v)
and 2.5mL of concentrated sulfuric acid were added to 1mL of the digested
sample. Samples were mixed and left at room temperature for 10 min.
Then, they were introduced in a water bath for 15 min at 35 °C. Finally,
the carbohydrates content was determined spectrophotometrically at
492 nm (Spectronic Genesys 8, Spectronic instruments, UK).

PHB was analysed using the method of (Lanham et al., 2013).
Around 3–3.5 mg of biomass were weighted and mixed with 1 mL of
CH3OH which contained H2SO4 (20% v/v) and 1 mL of CHCl3 with
0.05% w/w of benzoic acid as internal standard. Then, the samples
were incubated for 5 h at 100 °C in a dry-heat thermo-block (Selecta,
Spain) Afterwards the reaction was stopped introducing the samples in
a cold-water bath for 30 min. Then, 1 mL of deionized water was
added to the samples and vortexed. CHCl3 remained in the bottom
phase with the PHB dissolved on it and was carefully recovered with a
glass pipette. Samples were analysed by gas chromatography (GC)
(7820A, Agilent Technologies, USA) using He at 4.5 mL/min as a gas
carrier, an injector split ratio of 5:1 and with a temperature of 230 °C
and FID temperature of 300 °C. A column DB-WAX 125–7062 was
used (Agilent, USA). The concentration of PHB was determined by
using a standard curve of the co-polymer PHB-HV.

2.5. Primer design and preparation of standards

Genes encoding for key enzymes in the synthesis and catabolism of gly-
cogen (fbp, glgC, glgA, glgP1, glgP2, glgX), the synthesis of PHB (thl, phaB,
phaC) and the introduction of Acetyl-CoA into the tricarboxylic acid cycle
(TCA) (gltA) were studied to evaluate the effect of incubation conditions
on the carbon fluxes inside the cell (Fig. 2). Primers were designed using
Primer-BLAST to specifically target the abovementioned genes in members
of Synechocystis. The designed primers were corroborated by manual align-
ment against all the sequences available for the corresponding gene within
this genus at the National Center for Biotechnology (NCBI; http://www.
ncbi.nlm.nih.org/blast/), and experimentally evaluated by PCR using geno-
mic DNA of our Synechocystis sp. monoculture obtained using FastDNA™
SPINKit (MP biomedicals, Irvine, USA) following themanufacturer instruc-
tions. Amplificationwas achieved using GOTaq®PCRmix (Promega,Mad-
ison, WI, USA) in a final volume of 25 μL, containing 1 ul of DNA extract
and 25 pmol of the designed primers (Thermo fisher Scientific Waltham,
USA) as described elsewhere (Gallego et al., 2014). Amplified fragments
were cloned using the pGEM-T Easy Vector system (Promega, Madison,
WI, USA), and plasmids purified with the GeneJet Plasmid Miniprep Kit
(Thermo fisher Scientific, Waltham, USA). Purified plasmids were sent for
sequencing (Macrogen Europe, Amsterdam, The Netherlands) to verify
the amplification of the desired genes. Obtained sequences can be found
in supplementary material. Eventually, the same clones were used as RT-
qPCR standards for quantification and to evaluate amplification efficiency.

2.6. RNA extraction and RT-qPCR

Samples for molecular analyses were collected in triplicates from the re-
actors at the beginning of the accumulation phase, after 12 days of the
starting of the accumulation phase (22 days of experimental time) and at
the end of the experiment (36 days of experimental time). 1.5 mL samples
of fresh-biomass were collected in triplicate and centrifuged at 11196 ×g
at 4 °C and stored at −80 °C in an ultra-freezer (Arctiko, Denmark). RNA
was isolated using the PureLink RNA Mini Kit (Ambion, Thermo fisher
Scientific, Waltham, USA) following the manufacturer's recommendations,
adding TRIzol and doing Bead Beating for cell lysis. DNAwas removed after

http://www.ncbi.nlm.nih.org/blast/
http://www.ncbi.nlm.nih.org/blast/


Fig. 2. Simplified representation of the glycogen/PHB metabolism in Synechocystis sp. Enzymes codified by the genes studied in this work are highlighted in green.
Abbreviations: 3PGA: glycerate-3P; 2PGA: glycerate-2P; PEP: Phenolpyruvate; ATP: Adenosine triphosphate. glgA: glycogen synthase, glgC: Glucose-1-phosphate
adenylyltransferase, glgP1 and glgP2: glycogen phosphorylase, glgX: glycogen debranching enzyme, gltA: Citrate synthase, thl: Acetyl-CoA acetyltransferase, phaB: Acetyl-
CoA reductase, phaC: poly(3-hydroxyalkanoate) synthase.
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purification by doing a treatment with DNasa I (Thermo fisher Scientific,
Waltham, USA).

Reverse transcription was done using the RevertAid™ Kit (Thermo
fisher Scientific, Waltham, USA). 1 μL of the extracted RNA was used for
the reverse transcription, together with a combination of random hexamers
and oligo (dT) primers following manufactures instructions.

The gene expression was determined using the qPCR thermocycler
Quantstudio 3 (Thermofisher Scientific,Waltham,USA). To do this, the de-
signed primers at 300 nM and the Powerup SYBR master mix (Thermo
fisher Scientific, Waltham, USA) were used.

As previously done by Kamravamanesh et al. (2018b), the 16S RNA, the
subunit of the ribonuclease P and the Cytochrome b6-f complex subunit
genes, which maintain constant expression under normal growth condi-
tions and under N and P starvation were used as normalizers. The selected
housekeeping gene was the one with lower variability between the differ-
ent conditions tested in this case (petA). The ΔCt was calculated by
subtracting the mean Ct of the control sample (PBR 1-without bicarbonate
addition) to the target sample (PBR 2, PBR 3 and PBR 4). Relative expres-
sion was calculated as shown in Eq. (4). ΔCt,tar is the ΔCt calculated for
the target gene, and ΔCt,ref is the ΔCt calculated for the housekeeping
gene. Primers efficiencies (Etar, ref) were calculated by using the slope of a
calibration curve with 6 dilutions of the standard per duplicate as shown
in Eq. (5).

Relative expression ¼ EΔCt,tar
tar

EΔCt,ref
ref

(4)

Etar, ref ¼ 10
−1
slopeð Þ (5)
2.7. Calculations

Kinetic coefficients were calculated as follows:
5

Specific growth rate (d−1) was calculated using the general formula:

μX ¼ ln Xð Þt2 − ln Xð Þt1
t2 − t1

(6)

Where ln(X)t2 and ln(X)t1 are the natural logarithm of the biomass concen-
tration given in mgVSS L−1 at the end of each phase (t2) and at the begin-
ning of each phase (t1), respectively. The term t2-t1 is the time span (in
days) at which the growth rate is calculated (beginning and end of each
phase).

Doubling time (in days) was calculated as:

Doubling time ¼ ln 2ð Þ
μX

(7)

Average volumetric growth rate (mg L−1 d−1) was calculated as:

rbiomass ¼
Pi¼n

i¼1
VSSi − VSSbeginning

ti− t1
N

ð8Þ

Where n is the total number of days in the phase and i the actual day of the
experiment. t1 is the day at which the phase started and VSSbegining are the
VSS at the beginning of the phase. N are the number of points considered in
the calculation.

Biomass to nutrients yield were calculated for the growing phase as:

YX=N−NO3,P−PO4 ¼ VSSt2 − VSSt1
N,Pt1 − N,Pt2

(9)

Where VSSt2 (mg L−1) and VSSt1 (mg L−1) are biomass concentrations at
the end of each phase (t2) and at the beginning of the phase (t1). N, Pt2
(mg L−1) and N, Pt1 (mg L−1) are the nutrient (N-NO3 or P-PO4) or concen-
tration at the end and at the beginning of each phase.

Specific consumption rate (mgN, P · mg VSS−1 d−1) was calculated as:

qX
N−NO3,P−PO4

¼ μX
YX=N−NO3,P−PO4

(10)
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Carbohydrates and PHB content were calculated as:

%dcwCHO,PHB ¼ mg CHOPHBð Þ
mg DCWð Þ � 100 (11)

Average volumetric PHB or carbohydrates productivity (mg L−1 d−1) of
carbohydrates and PHB in each phase was calculated as:

rPHB,CHO ¼
∑n

i¼1
PHB,CHOi − PHB,CHObeginning

duration of the phase

N
(12)

Where PHB,CHOi, PHB,CHObeginning in (mgPHB,CHO L−1) are the PHB or
carbohydrates concentrations in the reactor at the actual time i or at the be-
ginning of the studied phase. n is the total number of days in the phase and i
the actual day of the experiment and N are the number of points considered
in the calculation.

2.8. Statistical analysis

Statistical analysis was performed using the statistical software
GraphPad Prism. A two-way ANOVA with multiple comparison was done
to evaluate the differences between samples of the different reactors. Pear-
son correlation coefficientswere calculated to evaluate the possible interac-
tion between genes. P-values lower than a 10% were considered
statistically significant.

3. Results and discussion

3.1. Effect of DIC on biomass growth and nutrients uptake

During the growth phase the average specific growth rate was 0.14 ±
0.03 d−1. By the end of this phase 0.4 ± 0.06 gVSS L−1 were observed.
N-NO3

−was assimilated at a specific consumption rate of 20.1mgNgVSS−1

d−1, P-PO4
3− at 1.9 mgP g VSS -1 d−1 and DIC at 67.7 mgC g VSS -1 d−1

(Table 1). These results are in agreement with previous findings from the
authors using the same strain and reactor design (Rueda et al., 2020). In
fact, in these previous work, lower specific growth rates and nutrients
consumption (μ = 0.08 d−1, qN=5.9 mgN gVSS−1 d−1, qP=0.4 mgP
gVSS−1 d−1) were observed there due to lower irradiance in the reactor
(36 μmol photon·m−2 s−1 with respect to 73 μmol photon m−2 s−1 in the
present study). However, in other studies higher values were obtained for
Table 1
Average component concentrations, kinetic and stoichiometric parameters obtained dur
erage consumption and production rates were calculated as the average of the entire expe
values. Averages in the growth phase include data from the 4 reactors (they were replic

Growth
Phase

Accumulation phas

PBR 1

DIC (mg L−1) 52.2 (38.8) 14.1 (18.8)
DO (mg L−1) 12.5 (4.8) 4.8 (2.2)
max VSS (mg L−1) 395 625
μ (d−1) 0.14 (0.03) −0.016
Doubling time (d) 4.9 (1.5) −43.32
rbiomass (mgVSS L−1 d−1) 47.1 (4.8) 5.1 (24.7)
qP (mgP mgVSS−1 d−1) 1.9 (0.7) 0.02
YX/P 76.7 (17.9) 314.2
qN (mgN mgVSS−1 d−1) 20.1 (8.3) –
YX/N 7.9 (3.2) –
qC (mgC mgVSS−1 d−1) 67.7 (7.6) –
YX/C 2.1 (0.3) –
Average PHB (%) 1.32 (0.4) 3.8 (1.9)
max PHB (%) 1.8 5.8
rPHB (mgPHB L−1 d−1) 0.04 (0.01) 0.48 (0.8)
Average CHO (%) 9.7 (4.5) 15.2 (8.1)
max CHO (%) 14.9 28.7
rCHO (mg gly L−1 d−1) 0.18 (0.03) 1.7 (3.0)

6

other Synechocystis strains. Kamravamanesh et al. (2019) found with
Synechocystis sp. PCC 6714 a specific growth of 1 d−1 and a consumption
of N-NO3

− and P-PO4
3− of 242 mgN gVSS−1 d−1 and 4.4 mgP gVSS−1

d−1, respectively. Gracioso et al. (2021) found with a mangrove-isolated
Synechocystis sp. and similar irradiance to that of this study, but using a
250 mL Erlenmeyer, a specific growth rate of 0.9 d−1. These differences
could be attributed to differences between strains or most probably to dif-
ferent reactor designs (note that reactors used in the aforementioned stud-
ies had approximately a third of the reactor diameter used in the present
study) which could have enhanced light penetration. Also note that these
differences are not relevant for the purposes of the present study.

After the growth phase, when nitrogen was already depleted, the effect
of DIC availability on VSSwas evaluated (Fig. 3). The highest concentration
of VSS (877mgVSS L−1) was reached in PBR 4, which was the reactor with
a higher inorganic C content. Similarly, VSS also increased in the other re-
actors in this phase reaching a maximum concentration of 625 mgVSS L−1,
583 mgVSS L−1 and 653 mgVSS L−1 for PBR 1, 2 and 3, respectively. Note
that in all PBRs biomass content increased, even after nitrogen depletion.
This could be explained by the ability of cyanobacteria to luxury uptake
N and P. Thanks to this mechanism, under N depletion, cyanobacteria can
continue growing for a short period using the nutrients stored during the
previous phase (Zhang et al., 2015). Moreover, it should be noted that
here VSS are measured, which accounts for the total biomass weight.
Under nitrogen limitation cyanobacteria accumulate carbon storage com-
pounds (glycogen and PHB), which may also increase the weight of the
cells. Interestingly, a high concentration of bicarbonate caused an undoubt-
able increase in the biomass production and nutrients consumption rate in
this study. Similar results were obtained by Gracioso et al. (2021), who ob-
served a higher final biomass concentration and a higher growth rate in a
culture of Synechocystis sp. with 5 g L−1 of sodiumbicarbonate than in a cul-
ture only fed with atmospheric air (0.92 gC L−1 with respect to
0.48 gC L−1). Vajravel et al. (2020), also observed a positive impact in eth-
ylene production, cell growth and a prolongation of cell vitality when
1.2–2.4 gC L−1 of NaHCO3 were added in a Synechocystis sp. genetically
modified to produce ethylene. However, they also observed that high
amounts of bicarbonate inhibited cell activity (>3.6 gC L−1), probably
due to osmotic pressure changes (Vajravel et al., 2020).

3.2. Effect of DIC on PHB and carbohydrates accumulation

Fig. 4 shows the accumulation profiles of PHB and carbohydrates. Dur-
ing the growth phase PHB was very low (<1%dcw) while carbohydrates
ing the growth phase and for each reactor condition in the accumulation phase. Av-
rimental phases. Data in brackets is the standard deviation of the calculated average
ates).

e

PBR 2 PBR 3 PBR 4

78.7 (61.3) 112.5 (43.2) 1748.6 (668,8)
4.4 (2.3) 4.5 (2.3) 5.8 (2.2)
583 653 877
0.023 0.04 0.037
30.14 17.33 18.73
−9.8 (31.3) 4.9 (28.9) 34.5 (29.2)
0.2 0.04 0.1
106.6 253.0 201.4
– – –
– – –
– – –
– – –
2.5 (1.8) 5.3 (3.3) 8.8 (3.9)
4.8 11.4 14.3
0.9 (2.0) 0.73 (1.4) 2.45 (1.9)
16.1 (5.0) 12.7 (4.7) 12.6 (9.0)
25.4 18.4 29.8
2.7 (5.3) 0.9 (2.7) 3.2 (2.3)



Fig. 3. Concentration changes in volatile suspended solids (A), N-NO3
− (B) PO4

3− (C) and DIC (D). Vertical line separates the growth phase (left side) from the accumulation
phase (right side). The values in the growth phase are the average and standard deviation (error bars) of the four reactors (replicates).
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content was in average 12%dcw. Carbohydrates content was in all phases
significantly higher than PHB. After N depletion, a fast increase in carbohy-
drates content was observed in PBR 4 (max 29.8%dcw) (Fig. 4). Similarly,
butwith 5 days of delay, an increase in carbohydrates content was observed
in PBR 1 (max 28.7%dcw). After reaching this peak concentration, carbohy-
drates slowly decreased in both reactors. PBR 2 and 3 had amore or less sta-
ble concentration during the accumulation phase (maximum content of
25.4%dcw and 18.4%dcw in PBR 2 and PBR 3 respectively). Interestingly,
the reactor conditions that reached higher concentrations of carbohydrates
were the ones in PBR 4with a higher DIC content (2 gC L−1) and the ones in
PBR 1 with no additions of bicarbonate. These results show that there was
no clear effect of inorganic carbon in carbohydrates accumulation, as PBR 2
and 3 had many lower points than PBR 1 (control condition).
Fig. 4. Changes in the percentage of carbohydrates (A) and PHB (B). Vertical line indica
average and standard deviation (error bars) of the four replicates.
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PHB content increased in all reactors during the accumulation phase
after N depletion. However, only PHB of PBR 3 and PBR 4 exceeded the
5%dcw, being PBR 4 the one with a higher PHB production (2.45 mgPHB
L−1 d−1 and a 14%dcw, see Table 1). Considering the time average and de-
viation of the entire accumulation phase, it can be observed that there are
significant differences between reactors with low DIC (PBR 1 and 2) and
the reactor with high DIC (PBR 4). However, although higher average
PHB was obtained in PBR 4, no statistically significant differences were ob-
served between PBR 3 and PBR 4.

On the other hand, in PBR 4 the increase in carbohydrates was followed
by an increase in PHB (Fig. 4). It should be noted that although total carbo-
hydrates are measured here, the glycogen accumulated in the cell is proba-
bly one of the major constituents of the total carbohydrates. Having this in
tes the beginning of the accumulation phase. The values in the growth phase are the

Image of Fig. 3
Image of Fig. 4
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mind, the increase in PHB could be related with the conversion from glyco-
gen to PHB, which has been observed previously in other studies (Dutt and
Srivastava, 2018; Kamravamanesh et al., 2018a; Koch et al., 2019; Rueda
et al., 2020; Troschl et al., 2018). In the last years, there have been many
attempts to explain the reason why PHB is produced in cyanobacteria and
its relation with the glycogen metabolism. Khetkorn et al. (2016) and
Sharma et al. (2007) observed that a wild type Synechocystis strain in-
creased its PHB content in either N, P or a combined limitation of both.
There, it was suggested that under N deficiency, the synthesis of amino
acids is stopped and the NADPH consumption is hindered. PHB is produced
to rebalance theNADPH/NADP ratio (Panda andMallick, 2007).Moreover,
due to chlorosis the amino acids released due to phycobiliproteins degrada-
tion, can be further used to synthetize glycogen and PHB (Khetkorn et al.,
2016). Koch et al. (2019), also suggested that the transformation of glyco-
gen into PHB is turned on during chlorosis to ensure a long-term survival
of the cell. In this context, recently, Orthwein et al. (2021) identified a
novel regulation mechanisms of the 2,3-phosphoglycerate–independent
phosphoglyceratemutase (PGAM). UnderN starvation 2-oxoglutarate is ac-
cumulated and the interactor PirC is released from PII. PirC is then bound to
PGAM what inhibits the conversion of 3-PGA into 2-PGA. The accumula-
tion of 3-PGA promotes the activity of GlgC, which redirects the carbon
flux towards glycogen production. During chlorosis this glycogen turnover
remains constant and the residual acetyl-CoAmolecules arising from the re-
sidual glycolytic flux are transformed into PHB during N starvation
(Orthwein et al., 2021).

All in all, these results indicate that inorganic carbon stimulate the pro-
duction of PHB in this strain. Results found here are in contradiction with,
Kamravamanesh et al. (2017) and Eberly and Ely (2012), who observed a
negative impact of CO2 in PHB production in the cyanobacteria strain
Synechocystis sp. PCC6714. This differences may be attributed to the use
of a different strain, which may have different isoenzymes related to the
glycogen and PHB synthesis (Gründel et al., 2012) and other salinity resis-
tances. Eberly and Ely (2012) also found differences between the glycogen
productionwhen using different DIC sources. They reported a positive rela-
tion between bicarbonate additions and glycogen production, but a con-
stant glycogen production by increasing the CO2. All in all, these results
suggest that carbon source has a strong influence in the cell metabolism.
The reason why this happens is not clear, since considering bicarbonate
equilibrium, the added CO2 should be mainly transformed to bicarbonate
at the pH (6–9) in which cyanobacteria cultures are usually maintained
(Eberly and Ely, 2012). One factor that should be considered is that addi-
tion of sodium bicarbonate increases the culture electrical conductivity
(from 1.8 mS cm−1 in the normal BG-11 to 12.9 mS cm−1 in the culture
with 2 g L−1 of DIC) increasing the risk of osmotic stress which may pro-
mote the production of carbohydrates and PHB. This effect was observed
in the halophilic bacteria Haloferax mediterranei, which increased the PHB
stored along with an increase in electrical conductivity (from about
130 mS cm−1 to 320 mS cm−1) (Cui et al., 2017).

The maximum PHB obtained in this study is in agreement with that
found by Troschl et al. (2018) with Synechocystis sp. CCALA192 and
129 mg L−1 of DIC under N deprivation. However, the productivity in the
present study is slightly lower than the one found by Carpine et al.
(2018), who obtained a productivity of 6.4 mgPHB L−1 d−1 or
Kamravamanesh et al. (2017, 2018a), who obtained respectively, produc-
tivities of 59 mgPHB L−1 d−1 and 101 mgPHB L−1 d−1. Further research
is necessary to determine the optimal concentrations of DIC to find the op-
timal cultivation conditions for Synechocystis sp. strain. The optimal point
must be chosen considering not only the higher PHB productivity, but
also considering the increase of costs due to the use of bicarbonate. As pre-
viously mentioned, a possible solution to decrease costs could be the use of
residual effluents rich in this component (Markou et al., 2014). Although
Fig. 5. Relative expression levels compared to PBR 1 of the genes involved in the glyco
synthesis (thl, phaB, phaC) and the transformation of Acetyl-CoA and oxaloacetate to c
the standard deviation from three independent measures. Statistical analysis was perfor
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the PHB production is stimulated by the addition of NaHCO3, the content
achieved here is still too low to make this process viable. To these authors
knowledge, the highest PHB content reached autotrophically with a wild
type Synechocystis sp., is the one obtained by Kamravamanesh et al.
(2019), who achieved up to a 21%dcw with Synechocystis sp. PCC 6714.
Higher PHB contents were obtained autotrophically using other
cyanobacteria. For instance, Nishioka et al. (2001), reached a 62%dcw

with the thermophilic Synechococcus sp. MA19. Or as well as, by generating
mutants with a high PHB productivity, such as Kamravamanesh
et al. (2018a), who obtained up to a 37%dcw with a randomly muted
Synechocystis sp. MT_a24. Or Koch et al. (2020b), who obtained introducing
genetic modifications up to a 63%dcw autotrophically. High PHB content
was also obtained using organic carbon sources. Indeed, Panda and
Mallick (2007), obtained a 38%dcw with Synechocystis sp. PCC 6803 supple-
mented with 0.4% of fructose and 0.4% of acetate. Competitive PHB
contents can be achieved in cyanobacteria, if a better performing strain is
found or by adding organic carbon sources. Nevertheless, the performance
of this high production strains should be further evaluated at large scale
facilities under non-sterile conditions.

3.3. Analysis of the expression of genes codifying for key enzymes in glycogen and
PHB metabolism by quantitative real-time PCR

To unravel the effect of DIC in the regulation of the metabolism of gly-
cogen and PHB by cyanobacteria, the expression of specific genes codifying
for key enzymes was analysed in the different reactors (PBR 2-4) and com-
pared with their expression level in the control reactor (the reactor without
addition of bicarbonate, PBR 1). Results are shown in Fig. 5. At the begin-
ning of the starvation phase (day 10) the reactor with the highest concen-
tration of DIC, PBR 4, exhibited an overexpression of the genes related to
the biosynthesis of glycogen, specially of gene glgA, codifying for glycogen
synthase. This overexpression is directly related to the increase in glycogen
accumulation (see Fig. 4). PBR 2 and 3 had a downregulation in the
expression of this gene, what agrees with the lower amount of glycogen ac-
cumulated in these reactors. At day 22 the level of expression of the genes
related to the glycogen synthesis decreased in comparison to day 10.
However, the reactor with the highest content of inorganic carbon (PBR
4) was still the one with the highest expression for genes glgA and fbp (cod-
ifying for fructose-1,6-biphosphatase). Gene glgC (glucose-1-phosphate
adenylyltransferase) was downregulated in all reactors, meaning that the
control reactor had a higher expression of this gene (note that PBR 1,
which was the reactor with the second highest glycogen production, was
the one used as a control reactor). However, its expression in PBR 4 was
still higher compared to the other two reactors. Eventually, by the end of
the experiment, the glycogen synthesis was downregulated in all reactors
except for gene fbp.

PBR 4 also had an overexpression of the genes relatedwith the glycogen
catabolism glgP1 and glgX (codifying for glycogen phosphorylase and for a
glycogen debranching enzyme, respectively). However, PBR 3 (the reactor
with a medium-high concentration of DIC) presented a higher overexpres-
sion of this route (genes glgP1, glgP2 and glgXwere overexpressed) at the be-
ginning of the starvation. At day 22, PBR 2 and 4 had an overexpression of
the gene glgP2 (glycogen phosphorylase), while an overexpression of gene
glgX was observed in PBR 3. This trend suggests that glycogen is being ca-
tabolized in these two reactors by different metabolic pathways. No differ-
ences with respect to the control reactor were observed at day 22 for the
glgP1 expression. This is in agreement with the results by Koch et al.
(2019) who observed that a mutant without the gene glgP1 was equally
able to recover from chlorosis and produced the same amount of PHB
than the wild type strain, while the mutant without the gene glgP2 shown
a lower capacity to recover from chlorosis and a lower PHB production.
gen synthesis (glgA, glgC, fbp), the glycogen catabolism (glgP1, glgP2, glgX), the PHB
itrate to begin the TCA cycle (gltA). Bars represent the mean value and error bars
med using a Two-way ANOVA. * denote statistical significance (p-values < 0.1).
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Doello et al. (2018), also observed that glgP1 was not regulated, whereas
glgP2 was up-regulated under nitrogen starvation and repressed again
when cells are resuscitated from chlorosis. These results show that glycogen
granules and glycogen-degrading enzymes are produced simultaneously.
This is done to anticipate and prepare the cell for resuscitation from chloro-
sis, so that glycogen degradation can start as soon as glycogen is available
again (Doello et al., 2018). Recently, Selim et al. (2021) observed that the
HCO3

− transporter SbtA, interacts with the second messenger nucleotide
c-di-AMP to generate the complex SbtB:c-di-AMP that regulates the action
of the glycogen-branching enzyme GlgB. During the night the complex
SbtB:c-di-AMP disappears, due to the decrease in the concentration of c-
di-AMP. Then, the GlgB is deactivated and the glycogen catabolism starts
to produce energy for night time survival. GlgP2 may also play a role in
this mechanism enhancing the affinity of SbtB for GlgB (Selim et al., 2021).

On the other hand, PBR 4 and PBR 2 presented a higher expression of
gltA, which codifies for citrate synthase, a pace-making enzyme in the
first step of the TCA cycle. Usually PHB is produced when citrate synthase
activity is decreased and there are high levels of Acetyl-CoA and NADH
(Shrivastav et al., 2010). The higher expression of gltA in these reactors, in-
dicates that part of the Acetyl-CoA is derived to the TCA cycle instead of
being used to produce PHB. PBR 3 seems to use carbon more efficiently
to produce PHB, since this route is in general downregulated. Interestingly,
gltA was downregulated in the reactors with higher carbon content (PBR 3
and PBR 4) when the maximum concentration of PHB was obtained.

Regarding the metabolism of PHB, gene phaB (Acetoacetyl-CoA reduc-
tase) was highly overexpressed in PBR 4 but only at day 22. Previous stud-
ies suggested that PhaB is the controlling enzyme of the PHB pathway in
heterotrophic bacteria (Tyo et al., 2010). This agrees with results in this
study, since the reactor with a higher PHB content was the one with a
higher expression of this gene. An overexpression of the gene thl (Acetyl-
CoA acetyltransferase), at the beginning and at the end of the accumulation
phase was also detected in PBR 4. Surprisingly, the genes thl and phaB, fol-
low a complete opposite tendency in PBR 4. The Synechocystis sp. used in
this study was isolated from a local wastewater treatment plant, and has
not been fully sequenced yet and the exact location of genes thl and phaB
is still unknown. Nevertheless, based on previous studies these two genes
should be placed in the same operon (Silvestrini and Drosg, 2016). In
order to check the configuration of these genes in this strain, the thl
Fig. 6. Summary of the overexpression (“+” or darker colour) or downregulation (“- “or l
each of the studied genes in each reactor and experimental time (A). And simplified re
condition (B). In A, blue cells represent the genes related to glycogen synthesis, green
beginning of the TCA cycle and blue-green cells to the PHB synthesis. In B, green arr
(DIC = 30 mgC L−1), orange arrows the ones for PBR 3 (DIC = 120 mgC L−1), gre
indicate the intercorrelated metabolic routes.
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Forward and phaB Reverse primers designed in this study were used to am-
plify this region. The amplified region had approximately 1200 bp. To fur-
ther confirm that the amplified sequence corresponded to the thl-phaB
operon, it was sequenced (see Supplementary Materials). According to
the ncbi-BLAST alignment, the segment of the amplified sequence going
from base 1 to 799 were identified as gene thl (acetyl-CoA C-
acyltransferase). Positions 907-1069 were found to correspond to gene
phaB (beta-ketoacyl-ACP reductase). Surprisingly, there is a well conserved
region between the two genes of approximately 100 bp also observed in
other Synechocystis sp. These results confirm that these two genes are placed
in the same operon, which is the most typical configuration for most
cyanobacteria producing PHB (Matsumoto et al., 2013) and in this case
gene expression found in this study will be contradictory with this fact. De-
spite that, it cannot be yet discarded that other copies of this genes exist in a
separate region of the genome. As happens in cupriavidus necator, which
havemore than one copy of the gene phaB and these copies are found in dif-
ferent operons (Silvestrini and Drosg, 2016). Krasaesueb et al. (2021), also
observed with a ΔsphU Synechocystis sp. PCC 6803 a higher overexpression
of phaB in contrast to thl. These differences could be attributed to the op-
eron organization, as a higher transcription distance decreases the gene ex-
pression (Lim et al., 2011). Further research should be done in the PHB
regulation mechanisms to decipher how this particular condition could
have affected the expression of these genes.

Although PBR 4was the reactor with a higher PHB content, PBR 2 and 3
had a higher expression of phaC (polyhydroxyalkanoate synthase) at the be-
ginning of the accumulation phase and an equal expression in all reactors
for the subsequent experimental times. Similarly, Osanai et al. (2013)
found comparable or lower expression of the polyhydroxybutyrate
synthases (comprising subunits phaC and phaE) in a Synechocystis sp. PCC
6803 mutant overexpressing the sigE gene that produced 2.3 times more
PHB than the wild type. Furthermore, the level of the PhaC and PhaB pro-
teins in the insoluble and soluble fractions were similar or decreased with
respect to the wild type strain after 3 days of N depletion. Therefore, results
obtained in the present study together with those of Osanai et al. (2013)
suggest that a higher PHB synthase expression is not a necessary condition
to have a higher PHB content. Indeed, Hiroe et al. (2012) found a negative
correlation between PHB synthetase activity and molecular weight of the
polymer. Another explanation for the similar phaC expression in all reactors
ighter colour) or same expression levels than control reactor (“0” orwhite colour) for
presentation of the glycogen and PHB metabolic pathways overexpressed in each
cells correspond to the genes related with glycogen catabolism, brown cells to the
ows represent the metabolic reactions whose genes are overexpressed for PBR 2
y arrows the ones for PBR 4 (DIC = 20,000 mgC L−1). Green shaded reactions
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could be that the PhaC protein is post-transcriptionally regulated
(Krasaesueb et al., 2021; Nakaya et al., 2015; Osanai et al., 2013). Further
investigation in protein concentrations, including the activities of the differ-
ent enzymes involved in the PHB and glycogen metabolism and the carbon
fluxes towards the pools of ADP-glucose and Acetyl-CoA should be done in
the future to confirm this hypothesis.

In general terms, PBR 4 had an overexpression of genes related to glyco-
gen and PHB synthesis (except for phaC), but as can be seen in Fig. 5 this
overexpression is not permanent and stable in time. This made the differ-
ences in gene expression not evident because not always the PBRs with
the highest DIC content had the higher overexpression. These results, how-
ever, agree with the observations made by Kamravamanesh et al. (2018a)
and Osanai et al. (2013), who observed no differences in the gene expres-
sion of genes related to the PHB metabolism between the wild strain and
a mutant, which had a higher PHB productivity. These suggest that these
genes are post-transcriptionally regulated and that not always a higher
PHB production is related with a higher gene expression. More research ef-
forts should be done in deciphering the post-transcription regulation of
these genes and how the environmental conditions affect this regulation.
Nevertheless, a positive correlation (Pearson correlation coefficient of
0.7364 and p-value 0.0237) between genes glgP2 and phaC was observed.
Similar results were obtained for glgP2 and phaB (Pearson correlation coef-
ficient of 0.8608 and p-value 0.0277). This confirms that the glycogen ca-
tabolism and PHB synthesis are strongly related (Fig. 6B). This is in
agreement with other studies where conversion from glycogen to PHB
has been observed (Dutt and Srivastava, 2018; Kamravamanesh et al.,
2018a; Koch et al., 2019; Troschl et al., 2018). This degradation of glycogen
and transformation into PHB occurs during nitrogen starvation, to allow the
cell to produce ATP to maintain the basic cellular functions, while conserv-
ing the carbon pool (Koch et al., 2020a).

Overall, results obtained in this study show that the content of DIC
necessary to stimulate PHB should be higher than the normally used in
cyanobacteria cultures, as well as, provide new insights in the effect of
carbon in the metabolism of PHB and glycogen by cyanobacteria,
which may help to create new strategies to stimulate the PHB
production.

4. Conclusions

The effect of inorganic carbon availability (up to 2 gC L−1 in form of
NaHCO3) in the PHB and carbohydrates production and metabolism of
the wastewater-borne Synechocystis sp. strain were evaluated in this study
for the first time. High availability of bicarbonate stimulated PHB produc-
tion (maximum content of 14.3%dcw). Gene expression analysis unequivo-
cally demonstrated that the reactor with higher content of bicarbonate
overexpressed the genes related to glycogen and PHB synthesis. Moreover,
a positive correlation between glgP2 and phaC and phaBwas observed indi-
cating a clear relationship between the glycogen catabolism and the synthe-
sis of PHB.
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