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Photosynthetic Poly-B-hydroxybutyrate (PHB) productivity in cyanobacteria needs to be increased to make
cyanobacterial derived bioplastics economically feasible and competitive with petroleum-based plastics. In this
study, high PHB yielding mutants of Synechocystis sp. PCC 6714 have been generated by random mutagenesis,
using UV light as a mutagen. The selection of strains was based on PHB content induced by nitrogen and
phosphorus starvation. The fast growing mutant MT_a24 exhibited more than 2.5-fold higher PHB productivity
than that of the wild-type, attaining values of 37 = 4% dry cell weight PHB. The MT_a24 was characterized for

phenotypes, CO, uptake rate and gene expression levels using quantitative PCR. Genome sequencing showed
that UV mutagenesis treatment resulted in a point mutation in the ABC-transport complex, phosphate-specific
transport system integral membrane protein A (PstA). The MT_a24 shows potential for industrial production of
PHB and also for carbon capture from the atmosphere or point sources.

1. Introduction

Cyanobacteria are promising platforms for the photosynthetic pro-
duction of poly-B-hydroxybutyrate (PHB) (Oliver et al., 2016). PHB is a
promising biotechnological product from the class of bacterial poly-
hydroxyalkanoates (PHA), which are naturally occurring thermoplastic
polyesters and can replace fossil-derived plastics in most applications,
such as disposable bulk materials in packaging films, containers, and
paper coatings and in biomedical applications (Fabra et al., 2015;
Madison and Huisman, 1999). Life cycle assessment studies have sug-
gested that using PHB as a replacement of conventional petrochemical
polymers lowers environmental impacts (Pietrini et al., 2007) and also
can reduce marine littering and microplastics pollution (Lackner,
2015).

Other than their potential for reducing greenhouse gas emissions
and reducing production costs, cyanobacteria have natural pathways
for the production of carbohydrates and proteins as well as metabolites

such as vitamins and carotenoids (Ruffing and Kallas, 2016; Wang
et al., 2014). However, from an economic point of view, photosynthetic
PHB production in cyanobacteria has a major drawback, as the native
PHB content is normally very low (< 10% dry cell weight (DCW)
(Drosg, 2015). Attempts to obtain wild- type high PHB producing cy-
anobacterial strains have rarely been successful. So far the thermophilic
cyanobacterial strain Synechococcus sp. MA-19 with 55% (DCW) PHB
(Nishioka et al., 2001) is the highest reported amount of PHB from CO,.
Cyanobacterial strain improvement to increase PHB productivity from
CO, is an important step to enable a feasible production of this bio-
degradable polymer (Balaji et al., 2013).

Even though the mechanism by which PHB is produced in cyano-
bacteria is not completely understood, the main accepted hypothesis is
that when cyanobacteria are exposed to unfavorable growth conditions,
like nitrogen and phosphorus limitation, the excess energy or the dis-
proportion in the ratio of carbon: nitrogen or NADPH: ATP is effectively
directed towards carbon reserves such as PHB and glycogen synthesis as

* Corresponding author at: TU Wien, Institute of Chemical, Environmental and Bioscience Engineering, Research Area Biochemical Engineering, Gumpendorfer Strale 1a, 1060 Vienna,

Austria.
E-mail address: stefan.pfluegl@tuwien.ac.at (S. Pfliigl).

https://doi.org/10.1016/j.biortech.2018.06.057

Received 19 April 2018; Received in revised form 18 June 2018; Accepted 19 June 2018

Available online 20 June 2018
0960-8524/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2018.06.057
https://doi.org/10.1016/j.biortech.2018.06.057
mailto:stefan.pfluegl@tuwien.ac.at
https://doi.org/10.1016/j.biortech.2018.06.057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2018.06.057&domain=pdf

D. Kamravamanesh et al.

Bioresource Technology 266 (2018) 34—44

Periplasm
P A 0 B Db D =<
’ Cytoplasmic membrane cmp S N
4 e T E_m——_— === r--""-"""""="="=-- S \
4 7’ : Cytoplasm N \
] , o= E S Glycolysis \ ]
1 ] / Carboxysome \ Na')n ,~ \ I
1 / . 1
! ] 7 \ | !
Diffusion] \
ot SR> W o
1 , \ CAh, 1 1
\ 1
RuBP
! = RuBisCoy : 1
1 RUSP \ = = = = 3PGA 2PGA PEP <—————————>| pyruvate ) 1
1
1 ! :
| ﬂ \l PdhA 1 1
1 ' '
1 gluconate-6P Calvin Benson 1,3bisPGA acetyl-CoA 1 :
: cycle and OPP = oxalacetate GitA : 1
; /k \L , ) | 1
malate citrate Phad | :
G6P glyceraldehyde-3P f x : 1
AN V4 ! '
acetoacetyl-CoA | 1
Pam  rep <« FBP fumarate TCA isocitrate 1 !
PfkA 1 1
G1P PhaB 1 I
GlgX Fbal & J led 1 I
° GlgP GlgC Fball \ |
Gl lysi 5 alpha- 1 1
. succinate ketoglutarate 3-hyroxybutyrate-CoA | 1
H ADP-Glc | |
! succinyl-CoA 1
! g 5 i Glgh PhaC : 1
1 82 I
e 8 ! PhaE 1
1= ! [
1 1 g : Glycogen | :
IRt ey e O
1 \ | e e e e e >| ATP + (PP), ADP + (PP)ps1 1 U "
| \ I PPX ] 4
1
\ N S e e e e e - = P4
\ N T ) e ] e T e T e e e e e e T ] e i e i T - /
4
N ’
~

Fig. 1. Simplified biosynthetic pathways for polyhydroxybutyrate (PHB) and glycogen production in cyanobacteria. The pathways are reproduced from the pre-
viously shown data by (Burnap et al., 2015; Gao et al., 2012; Vuppada et al., 2018) with some modifications. Two possible routes for the PHB synthesis are shown i)
direct carbon dioxide fixation via the Calvin-Benson cycle, producing sugar phosphates and conversion of pyruvate to acetyl-CoA (indicated by green arrows) and ii)
via the glycogen oxidation by glycogen catabolic enzymes back to the Calvin-Benson cycle. Not all reactions are given, and the enzymes in Calvin-Benson cycle and
tricarboxylic acid (TCA) cycle are not fully shown. Abbreviations: Ru5P, ribulose-5- phosphate; RuBP, Ribulose-1,5- bisphosphate; 3PGA, 3-phosphoglyceric acid;
1,3 bisPGA, 1,3-Bisphospho glyceric acid; FBP, Fructose-1,6- bisphosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; G1P, Glucose-1-phosphate; ADP-
Glc, ADP-glucose pyrophosphorylase; OPP, Oxidative Pentose Phosphate pathway; PEP, Phosphoenolpyruvate; pp, polyphosphate; ATP, Adenosine triphosphate;
ADP, Adenosine diphosphate; CAh, Carbonic anhydrase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

reducing equivalents (De Philippis et al., 1992). Cyanobacteria as in-
dicated in Fig. 1 fix atmospheric carbon dioxide via the Calvin-Benson
cycle, producing carbon backbones; 3-phosphoglycerate for production
of metabolites such as glycogen and PHB in some species (Wang et al.,
2013). This metabolite is later utilized to provide the necessary carbon
backbone for biosynthesis of proteins and other metabolites required
for cell growth when essential nutrients are available (Hauf et al.,
2015). PHB is synthesized in three biosynthetic steps where acet-
oacetyl-CoA is formed from two molecules of acetyl-CoA by the enzyme
B-ketothiolase (encoded by phaA) (Hauf et al., 2015). In the second
step, PhaB (encoded by phaB) reduces acetoacetyl-CoA to hydro-
xybutyryl-CoA, utilizing NADPH as the electron donor (Taroncher-
Oldenburg et al., 2000). In the final step of biosynthesis, D-3-hydro-
xybutyryl-CoA is polymerized to PHB by a PHA synthase, comprising
PhaC and PhaE (Hauf et al., 2015; Hein et al., 1998). Efforts to over-
come bottlenecks in PHB synthesis pathways, including upregulation of
native biosynthetic genes for PHB production namely phaA, B, C and E
in Synechocystis sp. PCC 6803 in spite of a two-fold higher PHB content
(26% DCW) (Khetkorn et al., 2016), could not yield higher productivity
in terms of produced PHB per unit of time and reactor volume. Also the
heterologous expression of Cupriavidus necator (Betaproteobacteria)
PHB synthesis genes in Synechocystis sp. PCC 6803 (Sudesh et al., 2002)
showed an increased activity of PHB synthase but was not associated
with a significant increase in PHB levels. Conversely, lower expression
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of PHB synthesis genes has been reported in genetically engineered
Synechocystis sp. PCC 6803 with high PHB accumulation (Lau et al.,
2014). These observations suggest that PHB synthesis is not only
regulated by the levels of enzymes of PHB synthesis, but by other fac-
tors such as intracellular metabolite concentrations and redox levels
(Dutt and Srivastava, 2017). Since the directed approaches used so far
could not lead to successful enhancement of PHB productivity in cya-
nobacteria, the application of an alternative technique seems crucial.

Mutagenesis, as a substitute approach to genetic engineering, has
been used successfully to obtain improved bacterial strains as produc-
tion hosts in biotechnology (Galanie et al., 2013). Several studies have
been carried using microalgae and cyanobacteria to obtain desirable
phenotypes using random mutagenesis. Cordero et al. (2011) showed
enhancement of leutin production in Chlorella sorokiniane (Chlor-
ophyta) by using N-methyl-N- nitro-nitrosoguanidine (MNNG) as a
mutagen. Also, high triacylglycerol (TAG) yielding mutants of Nanno-
chloropsis sp. (Ochrophyta) and Scenedesmus obliquus (Clorophyta) were
obtained by random mutagenesis approach using ethyl methanesulfo-
nate (EMS) and UV radiation respectively (de Jaeger et al., 2014; Doan
and Obbard, 2012). Mutagenesis has also been used to promote pho-
totolerance in the model cyanobacterial strain Synechocystis sp. PCC
6803 (Narusaka et al., 1999).

In this current study, the random mutagenesis was used as an ef-
fective tool to increase PHB production in the cyanobacterial strain
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Synechocystis sp. PCC 6714. The strain can produce up to 16% (DCW)
PHB under nitrogen and phosphorous limitation by controlling the
process parameters and supply of CO, as the only carbon source
(Kamravamanesh et al., 2017). The most promising mutants were
compared to the wild-type strain in terms of biomass growth and PHB
content under defined conditions of a multi-photobioreactor system.
BIOLOG Phenotype Microarray (PM) assays were used as a method to
check the fitness and to characterize the nitrogen and carbon metabo-
lism in the wild-type strain Synechocystis sp. PCC 6714 and the best
mutant MT a24. Genome sequencing and quantitative PCR following
mutagenesis were done to get more insight into the PHB accumulation
mechanism of cyanobacteria and to define targets for future strain en-
gineering.

2. Material and methods
2.1. Strain and mutant generation

An axenic culture of wild-type strain Synechocystis sp. PCC 6714 was
purchased from Pasteur Culture Collection of Cyanobacteria (Pasteur
Institute, Paris, France). Unless stated otherwise, Synechocystis sp. PCC
6714 was grown in BG-11 medium (Rippka et al., 1979) supplemented
with 10 mM HEPES buffer pH 8.2 with the addition of 15g L™! of Kobe
agar for plates and 5 mM NaHCOj3 as carbon source prior to inoculation.
In order to induce nitrogen deficiency, cells were cultured in BG-11
media without nitrate and ammonia. Ferrous ammonium citrate and Co
(NO3),'6H,0 were substituted with equimolar concentrations of Ferric
citrate and CoCly'6H,0 in terms of iron and copper content. For phos-
phorus limitation, KH,PO, was replaced with an equimolar con-
centration of KCl in terms of potassium content.

In total, approximately 10* cells from late log phase were plated on
agar plates and were incubated at 28+ 2 °C under continuous illumi-
nation with 50+ 5 umol photon m~2 s~! in photosynthetically active
radiation (PAR) in an incubator from Infors (Switzerland). Once co-
lonies were visible, the plates were exposed to monochromatic UV light
with a wavelength of 254 nm at room temperature. After irradiation,
the plates were stored in dark conditions for at least 72h to reduce
light-induced repair mechanisms. Subsequently, the plates were in-
cubated under continuous illumination for 120 h. The mutated colonies
were removed from plates and cultivated in liquid media on 6-well
plates from Greiner CELLSTAR® (Merk, Austria). After 96 h of incuba-
tion, the colonies which showed superior growth when compared to the
wild type were screened by measuring OD7so using an infinite 200
microplate reader (TECAN, Switzerland). The cells were harvested by
centrifugation at 5000g at room temperature and were re-suspended in
media without nitrogen and phosphorus. The PHB content was de-
termined after 4 and 7 days of limitation. The colonies which showed
maximum PHB content after 7 days of limitation were selected for
further studies.

2.2. Growth determination and estimation of dry weight

Biomass growth was determined spectrophotometrically at 750 nm
using a UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham,
MA, USA) at 24-hour intervals. Dry cell weight (DCW) was determined
in triplicates by transferring 10 mL of fermentation broth or shake flask
cultures to a reusable pressure filter holder (Sartorius, Gottingen,
Germany) and by filtering on a pre-weighed 0.45 pm Cellulose acetate
filter paper (Sartorius, Gottingen, Germany) at a pressure of 6 bar for
1 min. Filters were dried overnight at 70°C and dry weight was de-
termined gravimetrically. A correlation between optical density and
DCW could be established, taking into account that this correlation
changes over cultivation time and is described in Eq. (1). Cx represents
the biomass concentration in g L™ .

Cy = 0.37 xODysp- [g L] @
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2.3. Bioreactor cultivations

Bioreactor experiments were carried out under sterile conditions in
a DASbox Mini Bioreactor System (Eppendorf AG, Hamburg, Germany)
with a maximum working volume of 250 mL. The two step cultivations
were performed first by allowing the cells to grow on complete BG-11
media for 135h. The limitation phase started by harvesting the cells
using centrifugation at 3000 rpm at room temperature and transferring
them back into the reactors containing 250 mL of BG-11 media without
nitrogen and phosphorous source. The pH was maintained at 8.5 by
addition of 0.5M HCI or NaOH added to the reactors with a DASGIP
MP, multi-pump module (Eppendorf AG, Germany). The agitation was
set at 300 rpm and the reactors were bubbled with a mixture of sterile
filtered air and 2% CO, at a flow rate of 0.4 vvm (6 L h™1). The illu-
mination was done using LED strips wrapped around the reactor vessels
providing a light intensity of 60 pmol m =2 s ™! photons in PAR. The five
M18 ports were occupied by pH, DO120 sensor (Hamilton, Reno, NV,
USA), OD sensor (Eppendorf DASGIP OD4 Module, 880 nm), and gas
inlet and a gas outlet. The exhausted gas was analyzed by a DASGIP
GA4 gas sensor module (Eppendorf AG, Hamburg, Germany) with a
ZrO, sensor for O, and infrared CO, sensor technology.

All fermentation parameters and variable pump set-points were
controlled using the DASware control system (Eppendorf AG, Hamburg,
Germany).

Photobioreactor experiments were performed in biological dupli-
cates. Samples were taken in triplicates at 24-hour intervals and were
analyzed for dry cell weight, glycogen, and PHB content.

2.4. Determination of glycogen content

Glycogen quantification was done using a protocol from
Forchhammer and Tandeau de Marsac (1995) with some modifications.
Pre-weighed dried cells from 2 mL culture were heated with 1 mL of
7.5% v/v of the sulfuric acid solution at 95 °C on a heating block (Ac-
cublock™, Labnet, USA) for 120 min. Glucose was produced from
glycogen by acid hydrolysis, the hydrolysate was then quantified by ion
chromatography using the method explained by Hofer et al. (2018). For
calibration, pure glycogen (Sigma- Aldrich, USA) was treated accord-
ingly and analyzed in parallel with samples. The method was run on an
Ion chromatography ICS-5000 (ThermoFisher Scientific, USA),
equipped with a pump (LPG), an autosampler (AS-AP) with a 25 pL
sample loop, a detector compartment (DC) and an electrochemical
detector. Chromeleon 7.2 was used for the control of the devices as well
as for the quantification of the peak areas. The glycogen content per
(DCW) was calculated as explained in equation (2).

mg(Gly)

%DCW Gly =
mg(DCW)

%100.
(2)

2.5. Determination of the PHB content

PHB quantification was done using the procedure described by
Schlebusch and Forchhammer (2010). Pre-weighed dried cells (2-5 mg)
were boiled with 1 mL conc. H,SO, at 100 °C on a heating block (Ac-
cublock™, Labnet, USA) for one hour to convert PHB to crotonic acid.
Samples were allowed to cool down and subsequently diluted 20 times
using 0.014 M H,SO,. Crotonic acid was determined using a high-per-
formance liquid chromatography system (Thermo-Fischer Scientific,
USA) with a Nucleosil C8 column (Macherey-Nagel, Germany) using an
isocratic method. The mobile phase used was 20 mM NaH,PO, buffer;
pH 2.5 and acetonitrile (70:30 v/v) with a flow rate of 0.85 mL min~*!
and a column temperature of 30 °C. Detection of crotonic acid was done
using a diode array detector (DAD) detector (Thermo-Fischer Scientific,
USA) at 210 nm. For calibration, pure PHB (Sigma- Aldrich, USA) was
treated accordingly and analyzed in parallel with samples. Instrument
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control and peak evaluation were done with Chromeleon 7.2 (Thermo-
Fischer Scientific, USA). The percentage PHB per (DCW) was de-
termined by the amount of PHB obtained from HPLC analysis and the
cell dry weight of biomass used for the analysis using Eq. (3):

mg(PHB)

%DCW PHB = ——
mg(DCW)

#100.
3

2.6. Phenotyping assay

The phenotyping assay was performed using the Biolog microplates
PM1 and PM3B (Biolog, California, USA) for carbon and nitrogen me-
tabolism, respectively. For the carbon assays the cells were suspended
into 1:10 diluted BG-11 media with biomass concentration of
OD;50 = 0.1. For the nitrogen assays the cells were suspended in BG-11
media with no nitrogen source and 5 mM NaHCOj as the carbon source.
The 90 pL of cell suspension were inoculated into each well and the
plates were incubated at 28 °C under 150 rpm agitation and continuous
illumination with 30 pmolm~2 s~! in PAR in the shaking incubator
(Infors, Switzerland). Growth was monitored daily using OD measure-
ments at 750 nm for 168h, results were analyzed in Statistica 6.0
(StatSoft, USA).

2.7. DNA extraction and genome sequencing

DNA extraction was done for the wild-type strain Synechocystis sp.
PCC 6714 and the mutant MT_ a24 using the DNeasy UltraClean
Microbial Kit (QIAGEN, CA, USA) according to the manufacturer’s re-
commendation. The purified DNA pellet was re-suspended in DNase
free MQ water, quantified using a Nanodrop 1000 (ThermoFisher
Scientific, USA) and stored at —80 °C.

The genome sequencing was done using Illumina Nextera XT li-
braries on Illumina NextSeq by Microsynth Austria GmbH (Vienna,
Austria). The genome was assembled, annotated and the detection of
large modifications in the genome was determined using the CLC
Genomics Workbench (Qiagen Bioinformatics, CA, USA).

2.8. RNA extraction and quantitative PCR

The cells (25-30 mL) from late exponential phase were harvested by
centrifugation at 14000 rpm for 5 min at 0 °C and were stored in liquid
nitrogen immediately after sampling. Frozen cells were homogenized in
3 mL lysis buffer, and RNA was isolated using the PureLink RNA Mini
Kit (Ambion by life technologies, ThermoFisher Scientific, USA) ac-
cording to the manufacturer’s recommendation. DNA digestion was
performed on a column containing RNase-free DNase (On-column
DNAase I Digestion Set, Sigma, Austria). The purified RNA pellet was
re-suspended in RNase free MQ water and was quantified using a
Nanodrop 1000 (ThermoFisher Scientific, USA).

The RNA was reverse transcribed using the RevertAid™ Reverse
Transcriptase kit (ThermoFisher Scientific, USA) using 200 ng of total
RNA according to manufacturer’s protocol with a combination of the
provided oligo (dT) and random hexamer primers (20 pL). The quality
of the cDNA fragments was analyzed using the Fragment analyzer
system (Advanced Analytical Technologies, USA).

Gene expression levels were determined by gene-specific quantita-
tive real-time PCR using Luna Universal qPCR Master Mix (New
England Biolabs, USA) and 100 nm primers in the system. The sequences
of the forward and reverse primers are provided in (supplementary
data). The Cytochrome b6-f complex subunit gene, RNA subunit of ri-
bonuclease P, and a small subunit of ribosomal RNA which maintained
constant overall expression ( *+ 20 relative %) both under normal
growth conditions and under nitrogen and phosphorus limitation was
used as the normalizer. The specification of the PCR was determined
using a dissociation stage on a qTower 2.2 (Analytik Jena AG,
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Germany) system. Determination of primer efficiency was performed
using triplicate reactions from a dilution series of ¢cDNA (1, 0.1 and
10~ 2) for the housekeeping genes mentioned above. For the results, the
mean Ct values were determined using the method from (Bustin, 2004)
by calculating the average of the triplicate measurements for each
species and gene. The ACt was calculated by subtracting the mean Ct
value of the housekeeping gene from the mean Ct value of the gene of
interest. AACt is constituted by the difference between the mutant
sample Ct and the wild-type sample as control Ct values. Finally, the
relative quantity, which has been shown in this manuscript was cal-
culated by applying the following equation:

Relative quantity = 272ACt

4

2.9. Statistical analysis

Unless otherwise stated experiments were performed in biological
triplicates. Error bars are represented as mean *+ standard deviation
(SD). Statistical analysis was performed with two tailed Student T-test
whereas P values < 0.05 were considered statistically significant.

3. Results and discussion
3.1. Mutant development and screening

Considering strain improvement as a function of growth and PHB
production, an accelerated natural evolution approach was used em-
ploying UV mutagenesis. At first, the length and distance from the UV
light were optimized in terms of viability. Over 2000 mutants were
generated after UV irradiation in micro-well plate experiments. All
mutants were screened for growth using the wild-type strain
Synechocystis sp. PCC 6714 as the reference. 850 mutants with superior
biomass concentration were further investigated for PHB accumulation.
The % DCW PHB content was determined 4 and 7 days after the start of
nitrogen and phosphorus limitation using the wild-type strain as a
control. In total, 14 mutants showed significantly higher PHB content
than the wild-type strain and therefore, were selected for further stu-
dies. As shown in Fig. 2 the mutants MT _al6 (31% DCW) and MT_a37
(30% DCW) showed up to 5-fold increase in PHB content compared to
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Fig. 2. PHB content of wild-type Synechocystis sp. PCC 6714 (WT_PCC 6714)
and 14 selected mutants after 7 days of nitrogen and phosphorus limitation.
Each data point is obtained from duplicate cultivations and error bars represent
mean * SD.
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Fig. 3. Two-step cultivation of selected mutants and the wild-type strain Synechocystis sp. PCC 6714 in a multi-photobioreactor system a) growth curve for three
mutants namely MT-al5, MT_al6, MT_a24 and the wild-type strain Synechocystis sp. PCC 6714. b) PHB content in % DCW for the three selected mutants namely MT-
al5, MT_al6, MT_a24 and the wild-type PCC6714 strain under nitrogen and phosphorus limitation. The vertical line represents the start of the limitation phase. The
values are derived from biological duplicate cultures. Deviation from the duplicate average is indicated by the error bars.

the wild-type Synechocystis sp. PCC 6714 with 6% (DCW) PHB after
7 days of nitrogen and phosphorus limitation. Mutants MT_b34,
MT_c25, MT_al5 and MT_a24 with 20% (DCW) PHB showed 3.5 folds
higher product content when compared to the wild-type. Moreover, as
the selection experiments were performed in micro-well plates later
during the scale up to shake flask cultivations only three mutants
namely, MT_a24, MT al5 and MT al6 showed promising potential in
terms of biomass growth and PHB production. For instance, the strain
MT _a37 showed major defects after multiple cultivations resulting in
inferior growth and PHB yield and subsequently was not used for fur-
ther experiments. To this end, the three mutants MT_a24, MT _al5 and
MT _al6 were selected for bioreactor cultivations.

3.2. Mutant characterization

3.2.1. Growth and PHB content

With the view to study growth kinetics and PHB productivity of
three selected mutants and the wild-type strain Synechocystis sp. PCC
6714, a two-step cultivation was done under controlled defined con-
ditions in a multi-photobioreactor system. The results which are shown
in Fig. 3a indicate superior biomass growth for two mutants, namely
MT_a24 and MT al5 both under normal as well as limiting growth
conditions when compared to the wild-type. The maximum biomass
concentration for mutant MT a24 was 3.6 = 0.4g L™ after 283h of
the process and 3.8 + 0.4 gL~ ! for mutant strain MT_al5, which were
respectively 1.5 and 1.6 times higher than the wild-type with a max-
imum biomass concentration of 2.4 = 0.2g L™'. The mutant MT al6
with 2 + 0.2g L™! achieved the lowest biomass concentration. The
doubling time determined for the mutants MT_a24 and MT _al5 were
respectively 16.2 and 16.4 h which are much lower than the doubling
times obtained for the mutant MT_al6 and wild-type strain with 40 and
27.9 h. Analysis of the PHB content of the studied strains showed that
the highest PHB content of 25 *+ 0.7% (DCW) was obtained after 500 h
for MT_a24 and 17 = 0.8% (DCW) for MT_al5 while the wild-type
strain reached at 14 + 0.5% (DCW) PHB after 405h of nitrogen and
phosphorus limitation (Fig. 3b). The maximum polymer concentration
was obtained for the mutant MT_a24 with highest PHB content of
735 + 28mg L™' after 426h followed by mutant MT_ al5 with
530 = 20mg L™ ! after 476 h. The PHB content obtained for the MT-
a24 and MT_al5 were 2.5 and 1.8 times higher, respectively, when
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compared to that of the wild-type strain. The maximum PHB content for
the wild-type strain Synechocystis sp. PCC 6714 was 297 + 15mgL~!
which in turn was higher than that of the mutant MT al6 with
233 + 12mg L™

The specific growth rates, average, and maximal volumetric biomass
productivity, as well as the volumetric PHB productivity, are shown in
Table 1. Under nitrogen and phosphorus replete growth, MT a24 had
the highest average biomass productivity compared to the wild-type
and the other two mutants, MT_al5 and MT al6, with the value of
413 = 40mg L™' d~'. However, under nitrogen and phosphorus
limiting conditions, MT_al5 showed the highest average biomass pro-
ductivity of 66 + 7mg L™ ' d~! when compared to the wild-type fol-
lowed by the MT_a24 with 54 + 5mgL~" d~'. The highest maximum
volumetric biomass productivity both for growth and limitation phase
was obtained for the MT al5 with 636 + 64mg L™' d~! and
537 + 54mg L7t d? respectively. Also, the MT a24 and MT al5
obtained the highest average specific growth rate of 0.5 d . However,
the maximum specific growth rate was slightly higher for mutant
MT a24 than MT al5 with values of 1.07 and 1.05 d ! which are one
and half-fold higher than for the wild-type strain with a maximum
specific growth rate of 0.7 d~'. The highest average volumetric PHB
productivity was obtained for mutant MT a24 with the value of
36.9 + 4mg L' d~! which was at least three-fold higher than that of
the wild-type strain with 11 = 1mg L™! d~'. The highest maximum
volumetric PHB productivity was obtained respectively for MT_al5
with 173.7 + 17mg L™! d~! and MT_a24 with 134.2 + 13mg L~}
-t

3.2.2. Carbon uptake rate and the link to PHB productivity

The earlier results showed superior volumetric biomass and PHB
production for two mutant strains of Synechocystis sp. PCC 6714,
MT_al5 and MT _a24. These observations encouraged the determination
of CO,, uptake rate and the possible correlation to PHB production. As it
could be expected the higher net CO, consumption was obtained for
mutants MT a24 followed by the MT al5 with values of 1140 and
900 mmol, respectively (Fig. 4a). These values are 4 and 3 fold higher,
respectively than the values obtained for the wild-type (277 mmol) and
the mutant MT al6 (238 mmol). In order to evaluate whether the
higher CO, consumption in MT a24 and MT_al5 was due to higher
biomass concentration or other unknown genetic or metabolic
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Volumetric productivities and the specific growth rates of Synechocystis sp. PCC 6714 and three selected mutants. The maximum specific growth rate is given as the
highest value observed between two daily sampling points. The average and the maximum specific growth rates shown were only determined for the growth phase (0
— 135h). The average productivities are calculated as the amount of biomass and PHB formed over the course of time per liter of culture media. The maximal

productivities represent the highest production values between two consecutive time points. Data represent mean *+

numbers represent the highest number for each parameter.

SD of biological duplicate cultures. Bold

Strain Media Volumetric biomass productivity Specific growth rate Volumetric PHB productivity
mgLtd? d—?! mgL td!?
Average Maximum Average Maximum Average Maximum
WT_PCC 6714 NP 262 = 30 588 *= 60 0.41 0.70
NP~ 15 £ 1 451 * 45 11.0 = 1 101.6 = 10
MT_a24 NP+ 413 + 40 618 = 60 0.50 1.07
NP~ 54 £ 5 401 = 40 36.9 = 4 1342 + 13
MT_al5 N*P* 406 = 40 636 * 64 0.50 1.05
NP~ 66 + 7 537 + 54 264 + 3 173.7 + 17
MT_al6 N*p* 170 * 17 377 = 38 0.35 0.41
NP~ 40 £ 5 323 = 32 7.14 = 0.7 846 = 8

The N*P™* represents growth when sufficient media components were available (growth phase, first 135 h of the cultivation)
The NP~ represents growth under nitrogen and phosphorous limiting conditions (from 135 h until the end of the cultivation).
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Fig. 4. The net consumed CO, (in mmol), the average specific CO, uptake rate
and correlation to PHB formation are shown. (a) The total net CO, consumed
and the average specific CO, uptake rate in mmol CO, mg~' DCW d~*' are
shown for three mutants MT_al5, MT_al6, MT_a24, and the wild-type strain
Synechocystis sp. PCC 6714. (b) The results of the linear regression analysis of
net CO, consumption and maximum PHB produced are shown for a two-step
cultivation. The model obtained shows statistically significant parameters with
the coefficient of determination, R* = 0.98 and p value of 0.001 with an upper
and lower 95% limit of 1.0 and 0.59, respectively. The experiments were done
in biological duplicate cultures and one cultivation is shown as an example.
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alterations, the specific CO, uptake rate was determined in mmol CO,
consumed per mg biomass generated per day. Besides net CO, con-
sumption, the average specific uptake rates of CO, are higher for the
mutants with higher PHB productivity namely MT_a24 (9.7 mmol mg !
d™ 1 and MT a15 (7.4 mmol mg_1 dh compared to the WT_PCC 6714
(3.7mmolmg~! d™') and MT al6 (3.8 mmolmg~! d~!) (Fig. 4a). In
order to correlate CO, uptake of the respective strain with PHB pro-
duction, linear regression analysis was performed using the highest PHB
content obtained for each individual strain during limitation phase and
the CO, consumed up to that time point. As shown in Fig. 4b the CO,
uptake directly correlates with PHB production for the two strains
MT_ a24 and MT_al5. Strains MT_al6 and PCC 6714 are out of 95%
interval showing slightly lower CO, consumption than the amount of
PHB which was produced which could be due to differences in PHB
yield or simply other unknown mechanisms. The slope of the linear
regression line in Fig. 4b represents the product yield Ypyp,coz, which is
0.80 + 0.21. The data obtained here are consistent with our previous
observations. The mutant MT a24 shows superior volumetric biomass
and PHB productivity, as well as higher specific CO, uptake rate com-
pared to the other mutants and the wild-type strain. Hence, mutant
MT_a24 was used hereafter for detailed examination and further ex-
periments.

3.2.3. Phenotyping Microarray

The ultimate goal in biotechnological strain improvement is to ob-
tain desirable phenotypes such as high productivity. As a result of
random mutagenesis in MT_a24, the volumetric productivities and CO,
uptake rate were increased. Hence, evaluation of the effect of the mu-
tation on carbon and nitrogen assimilation behavior was performed.
Therefore, the mutant MT_a24 was compared to its parent, wild-type
strain Synechocystis sp. PCC 6714 using carbon and nitrogen Biolog PM
assays. The Biolog PM assay has been used for metabolic phenotyping
of various microbial species including bacteria, fungi and also micro-
algae (Pinzari et al., 2016). However, it has not been reported for the
phenotyping of cyanobacteria. The complete growth curve was gener-
ated for each nutrient source. Table 2 shows the maximum specific
growth rate and the average biomass concentration for statistically
significant nitrogen and carbon sources after 144 h of cultivation where
the difference in ODysgnm Of the wild-type and mutant MT_a24 was
higher than 0.15 and the p values < 0.05. In general, under normal
growth conditions when nitrate was used as nitrogen source the MT_a24
grew similar or superior to the wild-type on most carbon sources. The
best carbon sources for the growth of MT a24 were D-Pscicose and
glycyl-L-glutamic acid with an OD7s50nm of 0.53 and 0.54, respectively.
The best nitrogen sources for the MT_a24 were identified to be nitrate
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Average biomass growth on statistically significant carbon and nitrogen sources from Biolog PM Assays. The average biomass concentration (OD7s4) and maximum
specific growth rate (max) are given for the statistically significant carbon and nitrogen sources for wild-type strain Synechocystis sp. PCC 6714 (1) and the best
mutant MT_a24 (2). The standard deviation and P values are given. The carbon and nitrogen sources which have significantly higher growth in mutant MT_a24 are

given in bold.

WT_PCC 6714 =1 1 1 1 2 2 2 P value
MT a24 = 2 Mmax(d ™ 1) Average biomass conc. ODso SD Mmax(d™ 1) Average biomass conc. OD75q SD

Carbon sources

Glycyl-L-glutamic acid 0.048 0.34 0.03 0.240 0.54 0.18 0.002
Glycin-L-proline 0.024 0.25 0.01 0.048 0.34 0.03 0.001
Phenylethylamine 0.024 0.17 0.02 0.072 0.26 0.05 0.007
Inosine 0.024 0.24 0.01 0.024 0.34 0.02 < 0.001
D-glucose-1-phosphate 0.024 0.26 0.02 0.072 0.41 0.10 0.011
D-glucose-6- phosphate 0.024 0.20 0.02 0.168 0.29 0.12 < 0.001
N-acetyl-D-glucosamine 0.004 0.15 0.01 0.048 0.23 0.05 0.011
L-arabinose 0.024 0.12 0.04 0.048 0.18 0.02 0.016
D-Pscicose 0.072 0.35 0.10 0.192 0.53 0.11 0.028
Bromo succinic acid 0.024 0.26 0.01 0.120 0.46 0.10 0.008
Propionic acid 0.024 0.23 0.01 0.024 0.25 0.03 < 0.001
D-gluconic acid 0.005 0.15 0.01 0.072 0.23 0.06 < 0.001
m- tartaric acid 0.003 0.20 0.07 0.192 0.30 0.05 0.025
m- hydroxy phenyl acetic acid 0.024 0.29 0.04 0.096 0.37 0.08 0.044
D- galacturonic acid 0.024 0.15 0.02 0.096 0.27 0.07 0.004
Control (No carbon source) < 0.001 0.12 0.01 0.001 0.16 0.01 0.001
Nitrogen sources

Nitrite 0.048 0.18 0.07 0.216 0.40 0.18 0.036
Nitrate 0.072 0.18 0.07 0.096 0.32 0.11 0.039
Control (No nitrogen source) < 0.001 0.08 0.01 0.001 0.11 0.01 0.004

Maximum specific growth rate and the average biomass concentration were determined for statistically significant nitrogen and carbon sources after 144 h of
cultivation where the difference in OD;50,m between the wild-type and mutant MT_a24 was higher than 0.15, corresponding to a p value of < 0.05.

and nitrite with maximum OD75on,, of 0.40 and 0.32, respectively. For
the mutant MT _a24, rapid growth, as well as the ability to assimilate
diverse substrates as carbon and nitrogen source, is a great advantage as
it suggests a high degree of fitness of the strain.

3.2.4. Stability of the mutation

The mutant MT_a24 generated in this study was regularly screened
for the stability of the mutation over multiple generations, as the mu-
tant does not contain a selection marker or any other trait to apply an
external selection pressure to maintain the mutation. The results ob-
tained from four individual two-step cultivations of MT_a24 over the
course of 500h is presented in Fig. 5. The biomass growth curves dis-
played in Fig. 5a shows that the maximum volumetric biomass con-
centration obtained for all cultivations was 4.6 + 0.2g L™'. A similar
pattern for growth has been observed both during growth and limita-
tion of nitrogen and phosphorus. For all the cultivations of MT _a24,
PHB and glycogen were accumulated simultaneously during the be-
ginning of the limitation phase. The glycogen content reached a max-
imum of 50 * 2% (DCW) after 73h of nitrogen and phosphorous
limitation (200 h from the start of the process) (Fig. 5b and c). Glycogen
levels started to decline once the maximum level was reached while
PHB content increased further to a maximum of 37 * 4% (DCW) after
approximately 450 h of cultivation (14 days of nitrogen and phosphorus
limitation). The data obtained show the stability of the mutant MT _a24
over the course of 10 months. The strain MT_a24 was therefore de-
posited at National Collection of Microorganisms Cultures (CNCM)-
Pasteur Institute (Paris, France) with the registration number (I-5255).

3.3. Genome sequencing and quantitative real-time PCR

3.3.1. Genome sequencing

The mutant strains were selected after physical mutagenesis solely
based on improved product formation, while the biochemical or genetic
nature of the mutation remained unknown. In order to elucidate the
genetic basis causing the superior phenotype of strain MT_a24, whole
genome sequencing of both mutant MT a24 as well as wild-type
Synechocystis sp. PCC 6714 used for the mutation experiments was
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performed. The sequence of the reads was mapped to the published
genome of Synechocystis sp. PCC 6714 (Kopf et al., 2014). The se-
quenced genome of the mutant MT_a24 was deposited at National
Center for Biotechnology Information with the accession number
(SRP149881). A comparison of the two sequenced strains Synechocystis
sp. PCC 6714 wild-type strain and mutant MT_a24 showed that sur-
prisingly, only one mutation causing an amino acid substitution was
introduced into the genome of MT_a24. The single mutation was found
in an ABC transporter system, exhibited in (Supplementary data). The
missense mutation which has resulted in the substitution of a single
amino acid alanine (A) to proline (P) is located in the PstA gene from
the inorganic phosphate-specific transport system (Pst). The Pst system
constitutes of a periplasmic inorganic phosphate (P;)- binding protein
(PstS), two integral inner membrane proteins (PstA and PstC) that form
a transmembrane channel which transport Pi through the cytoplasmic
membrane, and an ATP-binding protein (PstB) (Surin et al., 1985).
Besides transporting phosphate, the Pst system plays an important role
in the regulation of a number of coordinately regulated genes that are
phosphate repressible, of which the best known is phoA, the structural
gene for alkaline phosphatase (Bachmann, 1983). The pstA gene en-
codes an integral membrane protein with six transmembrane helices
(Surin et al., 1985), and its interruption reduces Pi transport, most
likely by reducing the affinity of the protein and, hence, the Pst system,
for insertion of P; into the membrane (Rao and Torriani, 1990). Two
copies of Pst systems, known as Pstl and Pst2, have been identified in
the genome of the cyanobacterial strain Synechocystis sp. PCC 6803
(Burut-Archanai et al., 2011). Both Pst systems encode ABC transporters
and are upregulated during phosphate limiting conditions (Burut-
Archanai et al., 2011). A mutation in Pst genes blocks Pi uptake under
Pi-limited conditions (Cox et al., 1981). This may suggest a different
level of phosphate transportation for the mutated strain MT a24. To
that end, the intracellular polyphosphate (PolyP) concentration of the
wild-type strain Synechocystis sp. PCC 6714 and MT _a24 was analyzed
using inductively coupled plasma optical emission spectroscopy (ICP-
OES). It has been shown that microorganisms store phosphorus in the
form of PolyP when it is provided in excess (Rao et al., 2009). The PolyP
storage form provides supplementary source of ATP when not enough
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Fig.5. The mutant stability analysis using quadruplicate cultivations. (a)
Biomass growth curves (b) percentage DCW glycogen content and (c) percen-
tage DCW PHB content is shown for the quadruplicate cultivation of MT_a24
using a two-step process. The limitation of nitrogen and phosphorus was started
at 115h of the process. Data represent mean + SD from three independent
measurements.
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ATP is produced by photosynthesis (Gomez-Garcia et al., 2013).
Surprisingly, the intracellular phosphorus concentrations showed
similar levels for the mutant MT_a24 and the wild-type strain. For the
sake of gaining insight into the gene expression levels of MT_a24 in
comparison to the wild-type strain quantitative real-time PCR was
performed for growth and nitrogen and phosphorus limiting conditions.

3.3.2. Quantitative real-time PCR

To study the effect of the mutation on gene regulation, quantitative
real-time PCR analysis was performed checking the gene expression
levels for the mutant MT_a24 and the parent strain Synechocystis sp.
PCC 6714 during nitrogen and phosphorus limiting conditions. For the
gPCR analysis of the wild-type strain Synechocystis sp. PCC 6714 and
MT _a24 the genes involved in PHA biosynthesis, glycogen metabolism,
bicarbonate, and phosphate transport system, as well as polyphosphate
metabolism, were investigated. The analysis was performed on samples
derived from 4 and 9 days of limitation. The relative expression levels
of the studied genes after 9 days of nitrogen and phosphorus limitation
are presented in Fig. 6. As a result of the mutation the expression level
of eight genes, namely glycogen phosphorylase (glgP) (p value = 0.045),
Bicarbonate transport system permease protein (cmpB) (p
value = 0.035), bicarbonate binding protein (cmpA) (p value = 0.040),
bicarbonate transport ATP-binding protein (cmpC) (p value = 0.035),
large subunit of RuBisCO (rbcL) (p value = 0.029), exopolyphosphatase
(ppx) (p value = 0.050), phosphoglucomutase (pgm) (p value = 0.032)
and phosphate transporter protein C (pstC) (p value = 0.043) was in-
creased in MT_a24 under nitrogen and phosphorus limiting conditions.

Upregulation of genes involved in bicarbonate transportation
(cmpA, cmpB, cmpC and sbtA) was detected. This observation along with
higher expression levels for rbcL supports our earlier results which have
shown the superiority of mutant MT_a24 in terms of CO, uptake. The
expression levels for PHA biosynthetic genes (phaA, phaB, phaC, and
phaE) remain largely unchanged for the MT_a24 when compared to the
wild-type strain. However, for the glycogen metabolic genes, namely
glycogen phosphorylase (glgP) and phosphoglucomutase (pgm) expres-
sion levels exceeded those of the parental wild-type (WT- PCC 6714)
under nitrogen and phosphorus limiting conditions.

In cyanobacteria the glycogen biosynthesis occurs via the phos-
phoglucomutase (Pgm) which catalyzes the first step of the inter-
conversion of glucose-6P into glucose-1P, followed by the action of
ADP-glucose pyrophosphorylase (GlgC) that synthesizes ADP-glucose,
using glucose-1P and ATP (Diaz-Troya et al., 2014; Xu et al., 2013).
This reaction generates PPi, which is converted into phosphate by a
soluble pyrophosphatase (Diaz-Troya et al., 2014). The glycogen syn-
thase (GlgA), later transfers the glucose moiety of the ADP-glucose to
the non-reducing end of a linear a-1, 4 glucan. At the end, the glycogen
branching enzyme (GlgB) adds a-1, 6 glycosidic bonds synthesizing
glycogen branches (Diaz-Troya et al., 2014; Suzuki et al., 2010; Xu
et al., 2013). As the nitrogen limitation persists, stored glycogen is
oxidized by glycogen catabolic enzymes such as glycogen phosphor-
ylase (encoded by gigP) or isoamylases (encoded by gigX) (Osanai et al.,
2007). Therefore higher expression levels of glgP may suggest higher
glycogen catabolic activity. As a result, more glucose-1P is converted
back into glucose-6P by pgm which is then further catabolized via
glycolysis to pyruvate and then through acetyl-CoA to PHB (Osanai
et al.,, 2005). The upregulation of exopolyphosphatases (ppx) in the
MT _a24 compared to the wild-type PCC 6714 may indicate a higher
activity of the enzyme to produce phosphorus from polyphosphate
(PolyP). PolyP is synthesized in bacteria from ATP by polyphosphate
kinase 1 (PPK1, encoded by ppk) and is degraded by exopolypho-
sphatases (ppx), a recessive enzyme which releases the terminal P; from
long-chain linear PolyP (Akiyama et al., 1993). During growth phase
and the 4 days of limitation of phosphate, MT_a24 shows upregulation
of ppk (data not shown) which in turn suggests higher PolyP synthesis
activity. As the limitation persists, 9 days of nitrogen and phosphorus
limitation, ppx is upregulated. Meaning that PolyP is being degraded to
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Fig. 6. Quantitative real-time PCR analysis of the wild-type and mutant MT_a24 strain. The relative expression levels of genes involved in (a) PHA biosynthesis (phaA,
phaB, phaC, phaE), (b) glycogen metabolism (glgA, glgP, glgX, glgC, pgm) (c) bicarbonate transportation system (cmpA, cmpB, cmpC and sbtA) (d) Rubisco (rbcL and
rbcS), TCA cycle (pdhA, gltA and icd) (e) polyphosphate metabolism (ppk, ppx, fbpLfbpll, pfkA and pfkA2) and (f) phosphate transport system (pstA, pstC, pstB, pstS and
phoR) are shown. Data represent mean * SD from three independent observations. Statistical analysis was performed using two tailed Student T-test whereas p
values < 0.05 were considered statistically significant shown with *. Levels were calibrated relative to that of the wild-type strain Synechocystis sp. PCC 6714 under
nitrogen and phosphorus limiting conditions (set as 100%).

provide P; for metabolic and cellular activities, e.g. as a precursor of inorganic phosphate transportation indicates upregulation of pstC and
ATP synthesis. downregulation of pstA and pstB. The phosphate regulon sensor histi-
The evaluation of expression levels of genes responsible for dine kinase (PhoR) which is involved in the phosphorylation of PhoB in
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response to environmental signals (Vuppada et al., 2018) was also
shown to be downregulated by three-fold. This result along with the
previous information obtained from genome sequencing may indicate
that the mutation has resulted in a lower activity of the PstA transport
channel resulting in a potentially higher activity of PstC indicated by
upregulation of pstC. Yet not every data obtained could successfully link
the genotypes observed for MT_a24 to the superior phenotypes. We
hypothesize that maybe imbalanced phosphate transportation is the
cause of change in metabolism of MT_a24. One can confirm this by
inserting the Pst genes of the MT a24 into the wild-type strain Sy-
nechocystis sp. PCC 6714. It has been shown by Monds et al. (2001) that
mutations of pstC and pstA genes of the phosphate-specific transport
operon can cause severe phenotypic changes in organisms such as loss
of the ability to form biofilms by Pseudomonas aureofaciens PA147-2.
This report along with our observations propose a more detailed in-
vestigation as well as identification of the functional role of genes in-
volved in phosphate transportation in cyanobacteria.

The main goal of this current study was to increase the PHB pro-
ductivity by random mutagenesis in cyanobacteria to make photo-
synthetic PHB production competitive with conventional fossil-based
polymers. The mutant MT_a24 generated by UV mutagenesis in this
study showed more than 2.5-fold higher PHB content under nitrogen
and phosphorus limitation compared to that of the wild-type strain
Synechocystis sp. PCC 6714 from CO,. Besides the increase in PHB
content, superior biomass productivity, higher specific growth rates,
and better fitness was also obtained for MT_a24. Therefore, MT a24
should be considered as a potential strain for PHB production, since the
increased PHB productivity brings economical sensibility to cyano-
bacterial biopolymer production.

4. Conclusions

This study resulted in the characterization of the mutation in the
genome of the MT_a24 strain of Synechocystis sp. PCC 6714, however,
there is much more to explore in this interesting improved cyano-
bacterium. It would be of great interest to study the influence of
phosphate on metabolic pathways and explore its actual role in PHB
biosynthesis of cyanobacteria in the future. The results from this work
provide clear evidence that the random mutagenesis approach can help
identify target genes for future genetic engineering in cyanobacteria.
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