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Abstract

Poly-p-hydroxybutyrate (PHB) is a potential source of biodegradable plastics that are environmentally friendly due to their
complete degradation to water and carbon dioxide. This study aimed to investigate PHB production in the cyanobacterium
Synechocystis sp. PCC6714 MT_a24 in an outdoor bioreactor using urban wastewater as a sole nutrient source. The culture
was grown in a thin-layer raceway pond with a working volume of 100 L, reaching a biomass density of up to 3.5 g L™! of
cell dry weight (CDW). The maximum PHB content was found under nutrient-limiting conditions in the late stationary phase,
reaching 23.7 +2.2% PHB per CDW. These data are one of the highest reported for photosynthetic production of PHB by
cyanobacteria, moreover using urban wastewater in pilot-scale cultivation which multiplies the potential of sustainable cul-
tivation approaches. Contamination by grazers (Poterioochromonas malhamensis) was managed by culturing Synechocystis
in a highly alkaline environment (pH about 10.5) which did not significantly affect the culture growth. Furthermore, the
strain MT_a24 showed significant wastewater nutrient remediation removing about 72% of nitrogen and 67% of phosphorus.
These trials demonstrate that the photosynthetic production of PHB by Synechocystis sp. PCC6714 MT_a24 in the outdoor
thin-layer bioreactor using urban wastewater and ambient carbon dioxide. It shows a promising approach for the cost-effective
and sustainable production of biodegradable carbon-negative plastics.

Key points

e High PHB production by cyanobacteria in outdoor raceway pond

e Urban wastewater used as a sole source of nutrients for phototrophic growth

e Potential for cost-effective and sustainable production of biodegradable plastics
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plastics or bioplastics have been considered as a potential
solution, which can gradually substitute petroleum-based
plastics (Geyer et al. 2017). Yet, bioplastics represent only
a small fraction of the overall used plastics, only 1% of the
whole market (http://www.european-bioplastics.org/). To
increase bioplastic availability, a sustainable cultivation
technology utilizing a cheap source of input material needs
to be found. One possibility is culturing cyanobacteria
using nutrient-rich wastewater to obtain valuable biomass
while reducing environmental pollutants (Zerrouki and
Henni 2019; Grivalsky et al. 2022).

Resources for biodegradable plastics made by micro-
organisms such as polyhydroxyalkanoates (PHA) show
to be the suitable solution to replace conventional petro-
leum-based products and protect the environment. Among
them, polyhydroxybutyrates (PHBs) are fully biodegrad-
able (Getachew and Woldesenbet 2016) and some of them
have properties similar to petroleum-based polymers such
as polypropylene and polyethylene (McAdam et al. 2020).
These features make PHB potentially sustainable for eco-
friendly production with the advantage of waste-to-value
technology. The PHB can be used as packing material,
e.g., for the food industry where biodegradability is a
strong benefit. Although PHB is commercially produced
by heterotrophic bacteria, at present the phototrophic
production of PHB by cyanobacteria attracts increasing
attention (Kamravamanesh et al. 2018b; Koch et al. 2019;
Rueda et al. 2020). However, its production process has to
be improved (Kamravamanesh et al. 2019).

In cyanobacteria, PHB is synthesized as a biopoly-
mer under various stress conditions. Its biosynthesis can
be enhanced, e.g., by cultivation conditions that involve
nitrogen or phosphorus limitation as well as the addition
of sugars or organic acids. Especially, nitrogen starva-
tion induces chlorosis, a detrimental process in which
cyanobacteria cells degrade the photosynthetic machin-
ery and accumulate biopolymers such as glycogen, PHB,
and polyphosphates (Forchhammer and Schwarz 2019;
Lapointe et al. 2022). Particularly, during the later stages
of chlorosis, glycogen is converted to PHB (Koch et al.
2019). The compound forms inclusion bodies in the cells
which are accumulated as intracellular reserves of energy
and carbon (Getachew and Woldesenbet 2016; Troschl
et al. 2018).

In mass cultivation, the supplement of organic carbon
source (i) might increase the risk of contamination and
deploy the photosynthetic potential of cyanobacteria and
(ii) might be a non-feasible cost approach regarding indus-
trial application (Troschl et al. 2017; Kamravamanesh et al.
2018b). PHB content in nutrient-deprived cyanobacterial
cells is usually less than 20% of cell dry weight (CDW)
which is still rather low compared to 70-80% found in het-
erotrophic bacterial biomass (Drosg et al. 2015).
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However, the main ecological, as well as economical
aspect, is the direct production of PHB from ambient CO,
as the major greenhouse gas (Troschl et al. 2017; Kamrava-
manesh et al. 2018b). Several studies have been carried out
to increase the low level of PHB in cyanobacterial cells by
looking for appropriate strains, suitable substrates, genetic
manipulations, or their combinations (Nishioka et al. 2001;
Bhati and Mallick 2015; Kamravamanesh et al. 2018a; Koch
et al. 2020b). An engineered cyanobacterial strain was con-
structed in which a PHB content was about 80% per CDW
when cultivated under nitrogen and phosphorus limitations
with acetate as a carbon source (Koch et al. 2020b). This
strain was comparable to heterotrophic bacteria as a PHB
producer (Drosg et al. 2015; Troschl et al. 2018). However,
the main limitation of genetically improved strains is strict
safety requirements allowing the use of only closed cultiva-
tion units to protect the environment.

Here, we present a pioneering study that is aimed at PHB
production by cyanobacteria using urban wastewater as a
growth medium. The pilot-scale production of PHB was
realized in the culture of the cyanobacterial strain Synecho-
cystis sp. PCC6714 MT_a24 (generated by UV mutagen-
esis) in a thin-layer raceway pond using wastewater as a sole
source of nutrients. The culture grew in an alkaline environ-
ment (pH 9-10) to control contamination by grazers, which
is one of the main biological obstacles in mass microalgae
production (Grivalsky et al. 2021).

Materials and methods
Strain and culture preparation

The cyanobacterium Synechocystis sp. PCC 6714 MT_a24
(further abbreviated as Synechocystis) used in these trials
was obtained from the Technical University of Vienna,
Austria. This strain was generated by UV mutagenesis and
recognized as a promising PHB producer (Kamravamanesh
et al. 2018a; Mittermair et al. 2021). In the laboratory, the
seed cultures were grown in 10-L glass bottles mixed by
bubbling with air+1% CO, (v/v) using an inorganic BG-11
medium (Allen and Stanier 1968) at 28-30 °C, pH 8. The
cultures for the pilot scale experiment were grown under
about 100 pmol photons m~2 s~! of photosynthetically active
radiation (PAR) provided continuously by a panel of dim-
mable warm-white lamps (55 W, Dulux L, Osram, Germany)
which was placed behind the flasks till they reached the late
exponential phase.

Pre-treatment of WW for growth tests

The centrate used in the cultivation was prepared from
wastewater collected directly from the local wastewater
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treatment plant (WWTP) in Tteboni (Czech Republic) as
described previously (Carneiro et al. 2021). To avoid cell
aggregation, due to the automatic addition of flocculant in
the process, the activated sludge was taken from WWTP
just after secondary aerobic digestion (secondary-treated
wastewater) and centrifuged at 4000 X g for 5 min to sepa-
rate liquid centrate from solid sludge (similar procedure as
in the WWTP). Liquid fraction—centrate (further abbrevi-
ated as WW) of brownish color was used (non-diluted) as a
cultivation medium. The optical density of WW was about
OD;5,=0.31. The total nitrogen and total phosphorus con-
tents were 230260 mg L~! and 150-170 mg L™, respec-
tively. The WW was pre-treated as follows: (i) heat treatment
for one hour at 100 °C; (ii) UV light (254 nm) treatment
for 30 min; (iii) 50% dilution with distilled water; and (iv)
untreated wastewater, processed in WWTP.

Laboratory growth tests

To determine the biotic and abiotic inhibitors before the
pilot-scale cultivation, several pre-treatment methods were
tested. The Synechocystis cultures were inoculated in 400-
mL glass tubes using WW media pre-treated as described
above (i—-iv). The pH was maintained in the range of 7.5-8.0,
and the cultures were grown at 28-30 °C under continuous
illumination of 100 pmol photons m~2 s~!; BG-11 medium
was used as a control. All trials were tested in triplicates.
Chemical analysis of treated wastewater (described in the
“Chemical analysis of wastewater” section; Table 1) and
colony-forming units of bacterial contamination on LB
plates were determined. The growth characteristics (specific
growth rates and cell numbers) were assessed in a 1-week
trial to determine the most suitable pre-treatment method for
outdoor trial to obtain a cultivation medium with the lowest
content of inhibitors.

Outdoor trials

The seed culture grown in two 10-L flasks was mixed
with pre-treated WW to the final volume of 100 L. The
resulting Synechocystis culture had an optical density of
about OD,5,=0.41. The pilot-scale bioreactor, thin-layer
raceway pond (TL-RWP) was placed in a polycarbonate
greenhouse as described previously (Grivalsky et al.
2019). The bioreactor had a surface area of 5 m?, a cul-
ture depth between 15 and 25 mm, and a total volume of
100 L. The trials were carried out under a diurnal regime
in June 2022 in T¥eboti using a flow speed of 0.2 m s~!.
The maximum light intensity in the greenhouse during the
day was in the range of 100-800 pmol photons m=2 s~!
and the temperature of the cultures ranged between 18 and
22 °C in the morning while at midday the values varied
between 27 and 39 °C. The cultures were grown in an
undiluted urban WW which was pre-treated by UV steri-
lization. At the beginning of the cultivation the WW was
supplemented with 100 mM NaHCO;, as a carbon source
as no gaseous CO, was supplied during the trial. The cul-
tures were grown at a pH value of 7.5 to 8.0 for three
days, but once the grazers appeared (day 3), the pH was
increased by 0.5 M NaOH and maintained at 10 (Supple-
mentary Fig. S1). The evaporation was daily compensated
by the addition of tap water which slightly contributed
to major nutrients (20 pg L™ of NO;™ and 28 pg L~! of
PO43_ at maximum (Carneiro et al. 2021; Ranglova et al.
2021). The biomass samples were harvested by centrifu-
gation at 17,000 X g for 7 min, frozen in liquid nitrogen,
and lyophilized. For analytical measurements, biomass
samples were taken daily. Samples for PHB assay were
taken on days 10 and 15, and afterward daily in the late
stationary phase. The total period of cultivation trials took
a total of 31 days.

Table 1 Comparison of the chemical composition of WW treated in various ways which were used in laboratory and outdoor trials

Analysis [mg L™'] Laboratory trial

Outdoor trial

Heat treated UV treated Untreated WW Wastewater regularly BG-11 UV treated
processed in WWTP

BOD* 190+38 170 +34 150+30 65+1.3 - -
COD** 720+72 730+73 740+ 74 34+5 - -
TOCH** 30045 300+45 310+47 15+2 - -
N-NO; <0,15 <0,15 <0,15 7.5+0.8 250 <0.15
N-NO, 0.005+0.001 0.003 +0.0006 <0.002 0.006+0.0012 - <0.02
N-NH, 170+17 170+17 180+18 0.02+0.004 - 150+15
Total N 240+36 250+38 250+38 8.7+13 250 220+33
P-PO4 130+13 140+ 14 150+15 23+0.2 7 76+8
Total P 140+ 14 150+ 15 160+ 16 2.8+0.3 7 230+23

“Biological oxygen demand; **Chemical oxygen demand; ***Total organic carbon
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Analytical methods
Biochemical analysis

For cell dry weight (CDW) determination, 3 mL of the
culture was filtered to pre-weighed glass filters (GC-50),
washed with deionized water, and these were dried at 105 °C
overnight. After weighing (balance precision of +0.01 mg),
the specific growth rate was calculated as follows:

(InCDW?2 — InCDW1)
L=t

'] =

where CDW2 and CDW1 are the final and initial cell bio-
mass densities [g CDW L' at times t, and t; [day], respec-
tively, measured during the exponential growth phase.

Biomass concentration was also estimated by measuring
the optical density (OD,5,). The pigment analysis of total
chlorophyll (Chl) and total carotenoid (Car) content was car-
ried out according to Wellburn (1994). A 1-mL culture sam-
ple was centrifuged, and the pellet was dissolved in methanol
to a total volume of 2 mL. The cells were mechanically dis-
integrated using a small amount of sea sand and measured
by a high-resolution spectrophotometer (UV 2600 UV-VIS,
Shimadzu, Japan). The samples were taken daily at 10:00 h
in triplicate after compensation for evaporation. The pH,
temperature of the culture, and ambient data (temperature
and sunlight intensity) were recorded automatically using
pH and dissolved oxygen sensors and a weather station (IP
Warioweather, model ME 13).

Microscopy

The culture was observed daily under a microscope (Olym-
pus BX51, Japan) with 1000 times magnification. Intracel-
lular PHB granules were analyzed from 100 pl of Synecho-
cystis culture stained with Nile red (5 pl). The mixture was
centrifuged (10,000 X g; 1 min) and the pellet was dropped
onto agar-coated microscope slides. Images were taken
with a laser scanning confocal microscope (Zeiss LSM
880; Carl Zeiss Microscopy GmbH) equipped with a Plan-
Apochromatic 63 x/1.4 Oil DIC M27 objective. The signal
was detected by a GaAsP photomultiplier in 8-bit mode. An
argon laser with a wavelength of 488 nm was used to excite
the samples and their emission was detected at 517-695 nm
with the detector gain set to 800.

Chemical analysis of wastewater
The chemical analysis of WWs and the culture were per-

formed by a commercial company (Povodi Vltavy Ltd.
Ceské Budgjovice, Czech Republic) using certified methods
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for water management. Analyses of BOD (biological oxy-
gen demand), COD (chemical oxygen demand), TOC (total
organic carbon), ammonium nitrogen (NH,-N), nitrate
concentration (NO5-N), nitrite concentration (NO,-N), and
orthophosphate-phosphorus (PO,-P) were performed after
centrifugation (12,000 X g; 7 min) and filtering (pore size of
0.45 pm) of the supernatant. Total phosphorus (TP) and total
nitrogen content (TN) were analyzed from non-processed
samples. All samples were stored at —20 °C before analysis.

PHB determination

The determination of PHB content in the biomass was per-
formed after acidophilic hydrolysis using a modified method
of Karr et al. (1983). Biomass samples were centrifuged
(9000 x g; 7 min), frozen, and lyophilized. The dried pellet
was weighed and dissolved in 1 mL of concentrated sulfuric
acid. The suspension was incubated for 1 h at 100 °C. Dur-
ing this step, the PHB is converted to trans-crotonic acid.
The samples were cooled down and diluted 20 times using
0.014 M of sulfuric acid. The supernatant obtained after
centrifugation (12,000 X g; 15 min) was measured by HPLC
(Agilent 1100, column; Watrex 300 X 8 mm Polymer IEX H
form). Commercially available PHB (Sigma-Aldrich) was
used as a standard.

Photosynthesis measurements

Photosynthesis measurements can be used as a fast and relia-
ble indicator of culture performance and can indicate growth
constraints conditions (Masojidek et al. 2021). The photo-
synthetic activity of the culture was monitored ex situ in cul-
ture samples using a chlorophyll fluorimeter (PAM 101-103,
H.Walz, Germany). The maximum photochemical efficiency
of PSII (F/F,,) was measured as previously described (Ran-
glova et al. 2019; Masojidek et al. 2021; Grivalsky et al.
2022) in the presence of 107> M 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) that promotes PSII centers clo-
sure. The samples for photosynthesis measurements were
dark adapted for 15 min before the measurements. Dissolved
oxygen (DO) concentrations were recorded automatically by
oximeter and the values were estimated in % of saturation
(%sat).

Detection of contamination

The sample of infected culture was centrifuged (14,000 X g,
1 min), and washed with distilled water. The flagellated
predator microorganism was identified by the amplification
of 18S rRNA using the universal eukaryotic primers: the
forward primer 18S euk Fw (GTCAGAGGTGAAATTCTT
GGATTTA) and the reverse primer 18S euk Rv (AGGGCA
GGGACGTAATCAACG) (Rasoul-Amini et al. 2009). The
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genomic DNA was extracted by commercial kit NucleoSpin
Plant IT (Macherey-Nagel, Germany) following the instruc-
tions of the manufacturer. The PCR reaction mix included
0.4 pM of each primer, 200 pM dNTP, 1.25 U DreamTaq
DNA Polymerase (Thermo Fisher Scientific, USA), 1 X PCR
buffer, and 100 ng of template DNA in a total reaction vol-
ume of 25 pL. The temperature program consisted of an
initial denaturation at 95 °C for 3 min, 30 cycles (95 °C for
30, 50 °C for 30 s, 72 °C for 1 min), and a final polymeri-
zation at 72 °C for 10 min. The PCR product was purified
by NucleoSpin Gel and PCR Clean-up (Macherey-Nagel,
Germany) according to the enclosed protocol. The sample
was sequenced by a commercial facility (Eurofins Genomics,
Germany), and the resulting sequence was directly compared
with GenBank using BLAST searches (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). The obtained sequence was deposited in
GenBank under the accession number 0Q569478.

Statistical analysis

All measurements were carried out in triplicates. Data are
shown as an average of triplicates, and error bars represent
analytical standard deviation. GraphPad Prism 5 was used
to determine significant differences.

Results
Laboratory experiments

During 9-day laboratory experiments the cultures of Syn-
echocystis were grown in urban WW pre-treated in several
ways—heat treatment, UV treatment, 50% dilution with dis-
tilled water in comparison with untreated wastewater and the
WW fully processed in WWTP to estimate biotic and abi-
otic effects of urban wastewater. According to the analysis
(Table 1), ammonium (NH,-N) was the main source of nitro-
gen in WW (170-180 mg L"), while nitrate (NO™;) was the
main source of nitrogen in the BG-11 medium (250 mg L™).
The concentration of phosphate in the WW was much higher
(150 + 10 mg L™") compared to the BG-11 medium (7 mg
L‘l). Two pre-treatment methods, heat and UV exposures,
showed no significant changes in the chemical composition
of WW.

The biomass production in WW regularly processed in
WWTP (abbreviated as CWW) was very low (Fig. 1A)
due to low nutrient (N and P) content. The biomass den-
sity in the culture grown in twice diluted WW increased in
the first 3 days of the trial and then dropped down. Thus,
the cultivation in CWW and twice diluted WW was con-
sidered as unsuitable for further experiments. Cultures
treated by heat, UV, and those in untreated WW grew well
(Fig. 1). The specific growth rate measured for heat treated

CDW [g L]

6

=]

600

400+

2004

Cell Number *10 "¢ per mL

0 T * v v ]
0 2 4 6 8 10
Time [day]

*+ HWW <+ UVWW

+ BG-11

=+ untreated WW

& 50% diluted WW * CWW

Fig. 1 Growth characteristics of Synechocystis sp. in urban wastewa-
ter (WW) after various pre-treatments: untreated WW; heat treated
(HWW); UV-treated (UV WW); twice diluted WW; processed WW
from WWTP (CWW) in comparison with control — BG-11 medium.
A Biomass density calculated as an increase of cell dry weight
(CDW); B optical density measured at OD,5,; C cell numbers. Each
point represents a mean of three independent biological replicates and
error bars represent the analytical standard deviation

(1=0.42+0.08 day™!), UV-treated (u=0.41+0.07 day™"),
and untreated (z=0.46+0.01 day~') WW as well as for
BG-11 medium (4 =0.44+0.07 day™') were rather similar
during the first 3 days. Then, the cultures grown in WW
regardless of pre-treatment reached the stationary phase but
in the culture grown in the BG-11 medium it happened on
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day 5. The longer time of growth phase was caused by the
optimal content of nutrients in the BG-11 medium. At the
end of the experiment, the biomass content in UV treated
(CDW =1.41 g L") and untreated (CDW=1.46 g L") WW
was similar; while in heat-treated samples was 20-22%
lower (CDW=1.14¢g LY. The final biomass content in the
BG-11 medium was about twice higher (CDW =3.17 g L™}
as compared to the WW-grown cultures. The measurements
of optical density and cell number showed similar trends
(Fig. 1B and C).

The variously treated WWs differ in the presence of
bacteria (Table 2). The number of bacteria measured in
untreated WW was 18,000 + 1000 CFU per mL. UV treat-
ment was the most efficient to eliminate bacteria as no col-
ony-forming units were found in tests on LB agar plates.
Heat treatment reduced the bacterial CFU significantly to
230+30 CFU per mL.

Outdoor trials
Growth characteristics and PHB accumulation

Based on the laboratory tests the Synechocystis was cultured
on a pilot scale to test the possibility of PHB production.
The cultures were grown in an outdoor thin-layer raceway
pond (TL-RWP) filled with undiluted urban WW which
was pre-treated by UV sterilization (Fig. 2). During the first
2 days, an acclimation phase to the outdoor conditions was
observed. This was caused by a usual response of the cul-
ture when it is transferred from the laboratory to outdoor
high-light conditions and a shift to the diurnal cycle (Ran-
glova et al. 2021; Grivalsky et al. 2022). To characterize
the growth of Synechocystis in the urban WW, physiologi-
cal variables of the culture were monitored (temperature,
irradiance, pH) (Supplementary Fig. S1). In the outdoor
trial, the growth rate during the exponential phase was
u=0.49+0.06 day~'. On day 3, the grazers were observed
(Supplementary Fig. S2), and the pH was increased to about
10 until the end of the trial. It is important to note that bio-
mass productivity was not significantly affected by the pH
increase (Fig. 3).

Table2 The content of bacteria grown on LB plates after various
pre-treatment before cultivation (CFU mL™")

Treatment Colony forming
units [CFU
mL™1

Untreated WW 18,000 + 1000

Wastewater fully processed in WWTP 6800+ 1200

Heat treatment 230+30

UV treatment 0

@ Springer

In the late stationary phase, the chlorosis phenomenon
was accompanied by specific color changes (Fig. 2B) and
odor. After 2 weeks of cultivation, the outdoor culture
reached the stationary phase with the biomass concentra-
tion of 3.37 g L™! (Fig. 3). To evaluate the PHB production
in the stationary phase, the PHB content was measured
on days 10 and 15, and afterward daily in the late station-
ary phase, when chlorosis occurred. The PHB content was
4.8+0.99% PHB per CDW on day 10 and it was doubled
(10.2+1.4% PHB per CDW) on day 15. In the late sta-
tionary phase, the PHB content per CDW increased cor-
responding to 0.62 g L™'. On the last day 31 when the
culture was harvested, the content of PHB was 22.7 +2.5%
PHB per CDW. Semi-quantitative analysis of PHB gran-
ules was conducted in the cells during the late stationary
phase on day 29, following Nile red staining, as illustrated
in Supplementary Figure S3, in which the cell heterogene-
ity of PHB producers is also visible.

Fig.2 Synechocystis sp. cultivated in urban WW in TL-RWP: A after
inoculation; B after 4 weeks of cultivation. This stage, so-called chlo-
rosis, is characterized by a specific odor and colour change to orange

3007 -~ Cell dry weight [g L] 10
= PHB[mgg] g
7, 200- ] g
% i
H Z
=) -4
T 1004 r.‘..
B _*
-2
[
0 T T T T T 0

1
0 5 10 15 20 2§ 30
Time [day]

Fig. 3 Biomass production expressed as a cell dry weight (CDW; [g
L~']) and PHB accumulation [mg g~'] in Synechocystis sp. cells cul-
tivated in TL-RWP in urban WW
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Pigment analysis

The pigment composition in the biomass was determined
throughout the experiment. Chlorophyll (Chl) content was
about 0.5% per CDW during the first 10 days of the trial
except days 3 and 4 when the presence of grazers probably
caused pigment degradation. During the first 10 days of the
trial, the carotenoid content doubled from 0.15 to 0.32%
per CDW (Fig. 4). In the latter phase, the chlorophyll and
carotenoid content decreased; however, the ratio of Car:Chl
increased. This stage, also called chlorosis, was character-
ized by turning the culture to orange-brown (Fig. 2B). On
the day 30 before harvesting, the contents of both chloro-
phyll and carotenoids were low, at about 0.2% per CDW.

Nutrient removal

The total nitrogen content (TN) (mainly in the form of
ammonium) of 220 mg L~! present in urban WW was com-
parable to nitrogen content in the BG-11 medium (Table 1).
The removal rates of TN and TP achieved in the trial were
71.8% and 67.4%, respectively (Fig. 5). At the end of the
trial, the content of residual ammonia (N-NH,) in filtered
supernatant was 45 mg L™!, and the content of orthophos-
phate (PO,-P) was 19 mg L.

Photosynthesis performance

Photosynthetic performance was assessed from daily meas-
urements to follow the physiological state of the culture as
the maximum photochemical yield of photosystem I, F,/F,,.
The samples were measured daily at 11:00 h (Fig. 6A). The
low initial value (0.11) was probably caused by the exposure
of the laboratory culture in the outdoor TL-RWP with high
solar irradiance. The F,/F,, values rose during the growth
up to day 9 (the maximum value was 0.55), with small

-e- Chlorophyll [% per CDW]

0.8 : 2.0
=& Carotenoids [% per CDW)]

. =+ Car : Chl ratio
Z 0,67 15 o
O =
3 -
e
= 0.41 0 2
: z
£ g
& 0.2 0.5

0.0 ; Y T T Y —-0.0

0 5 10 15 20 25 30

Time [day]

Fig.4 Chlorophyll and carotenoid content, and their ratio (Car:Chl)
during the outdoor trial of Synechocystis sp. cultivated in urban WW
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-e- N-NH4 -e- P-PO,
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Fig.5 Nutrient utilization of nutrients from urban WW by Synecho-
cystis sp. during the cultivation in TL-RWP
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Fig. 6 Photosynthetic performance of Synechocystis sp: A evolution
of the maximum effective quantum yield of PSII (F,/F,,); B changes

in the basal fluorescence (F,) during the outdoor trial in TL-RWP
using urban WW as a medium
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perturbations that appeared during the presence of grazers
on days 3 and 4. Starting on day 10, the F,/F,, values started
to decrease as nutrients were consumed which was accompa-
nied by steadily increased PHB content. In the late stationary
phase, F,/F,, was decreased as low as 0.06 on day 28 while
the basal fluorescence F|, increased during the cultivation
reaching its maximum on day 21 (Fig. 6B).

The dissolved oxygen (DO) build-up via photosynthetic
activity reached a maximum value on day 6 (245%sat) in
the exponential growth phase (Supplementary Fig. S4).
Even with a high level of saturation, this value still does
not substantially affect the photochemical efficiency as the
gas exchange in open systems is rather efficient (Masojidek
et al. 2021). Low values of saturation obtained during days
3 and 4 were caused by the presence of grazers. The DO
concentration also depends on solar irradiance (Ranglova
et al. 2021). Maximum DO concentration during the station-
ary phase was around 150%sat during sunny days. In the late
stationary phase, DO decreased due to low photosynthetic
activity during the nutrient limitation and PHB production
process, when CO, is hardly fixed (Troschl et al. 2018).

Contamination monitoring

The presence of contaminants was monitored by microscopi-
cal observation, and the species which negatively affected
biomass production were identified by 18S rRNA sequenc-
ing analysis based on the highest similarity score (100%
identity). The presence of grazers was observed on day 3
during the outdoor cultivation trial as shown in Supplemen-
tary Fig. S2. The major invasive species was identified by
sequencing of 18 s rRNA based on the highest similarity
score (100% identity) as the flagellate Poterioochromonas
malhamensis which is a common predator of microalgae cul-
tures (Touloupakis et al. 2016; Ma et al. 2018). The increase
of the pH value to 10 initiated its rapid loss of motility and
subsequent cell lysis within hours which caused a slight and
acceptable loss in cyanobacterial biomass productivity (Tou-
loupakis et al. 2016).

Discussion

Our previous pilot-scale studies showed that urban waste-
water is a suitable source of nutrients for the cultivation
of microalgae (Carneiro et al. 2021; Ranglova et al. 2021;
Grivalsky et al. 2022). Since the main disadvantage of PHB
production by microorganisms is the cost, we tested whether
microalgae cultures can also produce PHB in an outdoor
culture unit using urban wastewater. Outdoor cultivation in
open units which are directly exposed to the environment
can be invaded by other microorganisms. The elimination
of contaminants is thus rather difficult. The selection of a
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suitable microalgae strain is desirable for outdoor cultiva-
tions that can grow fast or under specific conditions (high
pH, salinity) may reduce and resist contamination. It is cru-
cial to know the appropriate cultivation conditions and ways
how to eliminate invaders such as other microalgae, grazers,
or other microorganisms that may compete for nutrients or
destroy the culture (Carney and Lane 2014; Di Caprio 2020).
The other crucial point is whether the selected strain can
produce PHB.

In these trials, the randomly mutated Synechocystis
strain MT_a24 is shown to produce 23% PHB per CDW
during nutrient-limited conditions on a pilot scale in open
ponds which suggests its potential for industrial production.
Recently, it was also shown that the randomly mutated MT_
a24 strain produced 37% PHB per CDW in a nutrient-limited
growth medium (Kamravamanesh et al. 2018a). Laboratory
experiments also showed no negative effect of untreated
WW as the bacterial microbiome did not significantly influ-
ence growth (Di Caprio 2020). The UV pre-treatment of
wastewater was used to estimate pathogen-related problems
(Lee et al. 2022).

Bacterial microflora may exert both positive and nega-
tive influences on PHB content within the biomass due
to the capacity of certain bacterial species to accumulate
PHB under conditions characterized by an excess of carbon
sources and limited levels of nitrogen and phosphorus, which
aligns with the conditions prevailing during our trials (Ver-
linden et al. 2007). However, the microbial analyses were
not conducted during the outdoor trial, and therefore, PHB
content was calculated based on the total dry biomass. The
outdoor trials in this study showed that the UV-treatment is
effective to eliminate the presence of bacteria even in open,
pilot-scale bioreactors. This pre-treatment was evaluated
as a cheap, fast, and reliable way to reduce microbial con-
taminations in outdoor bioreactors which obstruct growth.
It helps the success of the cultivation of the selected strains
although it cannot prevent the invasion of microorganisms
during growth (Carney and Lane 2014). Especially at the
beginning of the cultivation when the cells require a certain
time to adapt to outdoor conditions. During the acclimation
period, the cultures are more sensitive to constraints, such as
high sunlight (Lakatos et al. 2021) which was also observed
during the first 2 days in the presented outdoor trial (Fig. 3).

Furthermore, the secondary treatment process—the
high, alkaline pH—was used in the presented outdoor
trials as an effective strategy for controlling contamina-
tion of Synechocystis cultures as described previously
(Touloupakis et al. 2016). It is important to note that the
high pH treatment had no significant effect on growth
and the outdoor cultures revealed a higher growth rate
(4=0.49 +0.06 day™!) compared to the laboratory tri-
als (u=0.42+0.008 day™!). The photosynthetic activ-
ity estimated as the photochemical yield F,/F,, was also
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unaffected by the increased pH on day 4 as revealed by
the present experiments (Fig. 4). This result correlates
with earlier studies as no changes in PSII abundance were
observed between neutral and alkaline pH of the culture
media (Summerfield and Sherman 2008; Touloupakis
et al. 2016). In the dormant stage when the cells show only
residual photosynthetic activity, the main light-harvesting
pigments are usually degraded and protective carotenoids
are strongly accumulated (Klotz et al. 2016; Valev et al.
2020).

The correlation can be found between the decline of
the photosynthetic activity (F,/F,,) and nutrient content
which indicated/induced the PHB production (Fig. 3),
(Kaewbai-ngam et al. 2016; Koch et al. 2020b; Troschl
et al. 2017). The phenomenon of PHB production as an
alternative source of carbon storage during nutrient defi-
ciency is also accompanied by several changes in cell
physiology such as the increase in carotenoid content
which was probably induced by higher outdoor irradiance
in the greenhouse as these act as photoprotective pigments
(Takaichi and Mochimaru 2007). As reported in several
studies, the Synechocystis cells adapt to high light (HL)
conditions by the enhanced accumulation of carotenoids
(Masamoto and Furukawa 1997; Schagerl and Miiller
2006; Wang et al. 2010). In addition, the positive effect
of alkaline pH (pH =9.0) on carotenoid production was
also referred (Pagels et al. 2021). Another change achieved
during the PHB production was a significant decrease of
the F, values due to the degradation of the photosystem
proteins during the ripening stage which may be connected
to the fact that it results from overlapping PSII Chl a and

Table 3 Cyanobacteria as PHB producers in pilot-scale studies

phycobilisome (PBS) fluorescence (Lakatos et al. 2021;
Troschl et al. 2018). We consider that the values of F,, may
be used as an early indicator of PHB production (Fig. 6B).

The highest PHB production was achieved in the late
stationary phase under nutrient depletion which was also
described in non-diazotrophic cyanobacteria (Klotz et al.
2016). Several studies also reported PHB production by
cyanobacterial strains and summarized the current status
of PHB production by cyanobacteria using different types
of strategies (Kamravamanesh et al. 2018b; Troschl et al.
2017; Yashavanth et al. 2021). Potential for high PHB
production in the Synechocystis sp. MT_a24 culture was
reported in a laboratory experiment and a 40-L outdoor
photobioreactor (PBR) under N and P deprivations; how-
ever, the applicability of the strain culturing in wastewa-
ter was not tested (Kamravamanesh et al. 2018a, 2019).
Recent studies aimed at PHB production in mass cultiva-
tion of cyanobacterial strains (Synechocystis, Arthrospira,
Nostoc) are summarized in Table 3. None of the Synecho-
cystis strains has reached a PHB content as high as in this
study, even when optimized growth media were used. The
highest content of 26.8 +0.9% PHB per CDW was reported
in Nostoc muscorum (Bhati and Mallick 2015) while the
highest cell dry weight of 3.23 g L™! was achieved in pilot-
scale cultivation of the strain Synechocystis sp. PCC 6714
which was also used in this study (Kamravamanesh et al.
2019). Despite the use of an optimized growth medium,
only 11.3% PHB per CDW was achieved after 10 days
which corresponds to 0.365 g L™!. The explanation for
lower PHB production is probably the type of used cultiva-
tion unit. Nevertheless, the highest PHB content per CDW

Cyanobacterial spe-  Growth medium Volume [L] Conditions CDW [gL™!] PHB production Study
cies
Synechocystis sp. Urban wastewater 100 31 days, Open thin-  2.62+0.17 23.7+2.2%0.62 g This study
PCC 6714 MT-a24 layer raceway pH L~ (CDW)
10.5
Synechocystis sp. Optimized BG-11 for 40 250 h tubular, verti-  3.23 11.3% (CDW) (Kamravamanesh
PCC 6714 MT-a24 PHB production cal airlift reactor et al. 2019)
supplemented with system
CO, pH 8.5
Synechocystis salina  Digestate supernatant 200 40 days, tubular PBR  1.60+0.02 5.5%+0.3% (CDW) (Troschl et al. 2017)
CCALA192
Synechocystis salina  Optimized BG-11 200 21 days, tubular PBR  2.00+0.12 6.6%+0.5% (CDW)  (Troschl et al. 2017)
CCALA192
Arthrospira platensis  Optimized Zarrouk 2,000 10 days, open RWP  1.25+0.20 131+0.36 mg L™! (Kavitha et al. 2016)
RRGK medium for PHB pH9.5
production
Nostoc muscorum Poultry litter in 4 8 days 10% CO,+PL 1.28+0.01 26.8%+0.9 (Bhati and Mallick
distilled water (10 g LY 2016)
Synechocystis salina  Thin stillage diges- 200 40 days horizontal 1.63 88.7+0.7 mg L™ (Meixner et al. 2016)
Wislouch tate diluted 1/3 tubular PBR 5.5+0.3%
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(63% in a phototrophic regime without additional carbon
source) was found in a genetically improved strain of Syn-
echocystis (Koch et al. 2020b); however, GMO strains have
restricted use in open units.

Cyanobacteria are capable to take up various substances
such as ammonium, nitrate, phosphate, and also metal ions
such as cobalt, copper, chromium, and zinc during their
growth in wastewater (Trentin et al. 2019). When produc-
ing PHB in cyanobacterial cells, its accumulation occurs
under nutrient limitation in the later stage of growth (Tro-
schl et al. 2018). Nitrogen was described as the main limit-
ing factor inducing PHB production in Synechocystis cells;
however, phosphorus and sulfate partial limitations also
support PHB production.

During the trial, two processes of nitrogen removal from
WW were examined: (i) nitrogen consumption by cyano-
bacteria observed as the biomass increase and (ii) ammonia
stripping—conversion of ammonium ions to ammonia gas
which was enhanced by the rise of pH level as described by
Mohammed-Nour et al. (2019). While the primary nutrients
(N and P) were largely removed, the results indicated the
presence of organic compounds that remained inaccessible
to cyanobacteria. Similar observations have been reported in
prior studies (Hu et al. 2012; Yao et al. 2015). PHB produc-
tion typically occurs when nitrogen is completely depleted
(Troschl et al. 2018). Therefore, in this trial, it is likely that
non-usable nitrogen residues either minimally or not at all
influenced PHB accumulation in the culture. Microscopy
(Supplementary Fig. S3) revealed distinctive aspect of cell
heterogeneity in terms of PHB content in nitrogen-starved
cells, consistent with the findings described by Koch et al.
(2020a). High nutrient removal efficiency was also observed
in Synechocystis salina during pilot scale cultivation with the
final N and P content under the limit of detection when using
a dig estate fraction (dilution 1:3) (Meixner et al. 2016). A
66% removal of ammonia (initial content of 600 mg L Yand
96% removal of phosphorus (initial content of 90 mg L)
was reported in the culture of Synechocystis sp. PCC 6803
(Trentin et al. 2019). A comparison of the results in this
study with the data published elsewhere shows that removal
efficiency is influenced not only by the initial concentration
of nutrients but also by the N:P ratio. The optimal value is
1:3 for good nutrient-removal capacity and high biomass
productivity of microalgae (Yao et al. 2015). As the P:N
ratio in urban wastewater is very high, cyanobacteria are not
able to reach a phase of phosphorus limitation. This may be
one of the factors of lower PHB production (23% per CDW)
compared to the previous findings (37% PHB per CDW)
when the cultivation was performed with the same strain
in the N-P depleted media (Kamravamanesh et al. 2018a).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-023-12924-3.
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