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Abstract
During the past decades, the importance of developing sustainable, carbon dioxide (CO2)-neutral and 
biodegradable alternatives to conventional plastic has become evident in the context of global pollution issues. 
Therefore, heterotrophic bacteria such as Cupriavidus sp. have been intensively explored for the synthesis of the 
biodegradable polymer polyhydroxybutyrate (PHB). PHB is also naturally produced by a variety of phototrophic 
cyanobacteria, which only need sunlight and CO2, thereby allowing a CO2 negative, eco-friendly synthesis of this 
polymer. However, a major drawback of the use of cyanobacteria is the need of a two-stage production process, 
since relevant amount of PHB synthesis only occurs after transferring the cultures to conditions of nitrogen 
starvation, which hinders continuous, large-scale production.

This study aimed at generating, by means of genetic engineering, a cyanobacterium that continuously produces 
PHB in large amounts. We choose a genetically amenable filamentous cyanobacterium of the genus Nostoc sp., 
which is a diazotrophic cyanobacterium, capable of atmospheric nitrogen (N2) fixation but naturally does not 
produce PHB. We transformed this Nostoc strain with various constructs containing the constitutive promotor 
PpsbA and the PHB synthesis operon phaC1AB from Cupriavidus necator H16. In fact, while the transformants 
initially produced PHB, the PHB-producing strains rapidly lost cell viability. Therefore, we next attempted further 
optimization of the biosynthetic gene cluster. The PHB operon was expanded with phasin gene phaP1 from 
Cupriavidus necator H16 in combination with the native intergenic region of apcBA from Nostoc sp. 7120. Finally, 
we succeeded in stabilized PHB production, whilst simultaneously avoiding decreasing cell viability. In conclusion, 
the recombinant Nostoc strain constructed in the present work constitutes the first example of a continuous and 
stable PHB production platform in cyanobacteria, which has been decoupled from nitrogen starvation and, hence, 
harbours great potential for sustainable, industrial PHB production.
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Background
The production of non-degradable plastics from fossil oil 
poses a significant threat to global ecosystems [1, 2]. To 
ensure a sustainable future, it is crucial to prevent over-
production of conventional plastics from spiralling out of 
control. Instead, we must pursue alternative, bio-based 
and CO2 neutral pathways for the production of biode-
gradable polymers [3]. Polyhydroxyalkanoates (PHA) 
are promising candidates to substitute petroleum-based 
plastics [4]. PHA can be naturally produced and polym-
erized by various microorganisms [5, 6]. One of the most 
well-studied model organisms for bioplastic production 
is the heterotrophic bacterium Cupriavidus necator H16 
[7].

Cupriavidus necator H16 [8], formerly known as 
Hydromonas sp. H16, Alcaligenes eutrophus H16 [9], Ral-
stonia eutropha H16 [10] and Wautersia eutropha H16 
[11], has the ability to produce a variety of PHAs [7, 12]. 
The most widely studied PHA that has gained attention 
of scientist worldwide is polyhydroxybutyrate (PHB). In 
heterotrophic bacteria, PHB serves as an excessive car-
bon storage and is produced in large quantities under 
nutrient limited conditions [13]. PHB can constitute up 
to 90% PHB of the cell dry weight (CDW) [14, 15]. The 
biosynthesis of PHB in Cupriavidus necator H16 involves 
a three-enzyme pathway (Fig. 1).

First, two acetyl-CoA units are condensed to form ace-
toacetyl-CoA by the β-kethothiolase PhaA. In the next 
step, acetoacetyl-CoA is reduced by the NADPH-depen-
dent acetoacetyl-CoA reductase PhaB to form 3-hydroxy-
butyryl-CoA. Subsequently, the 3-hydroxybutyryl-CoA 
monomers are polymerized to PHB by the PHB syn-
thase PhaC [16, 17]. In Cupriavidus necator H16, differ-
ent isoforms of PhaC were reported [18]. Mainly PhaC1 
is active and responsible for PHB production by forming 
a dimeric, active structure on the surface of PHB gran-
ules [19]. PHB granules consist of a spherical PHB core, 
which is coated by a layer of various PHB granule asso-
ciated proteins (PGAP’s) to form a well-organized and 
complex structure termed “carbonosome” [20]. Phasins 
are a particularly important class of PGAP’s. They are 
small, amphiphilic proteins that mediate between the 

hydrophobic inside of the PHB granulum and the hydro-
philic, cytoplasmic periphery. Phasin PhaP1 is one of the 
most abundant PGAP’s in the carbonosome of Cupriavi-
dus necator H16 [21]. The absence of PhaP1 affects the 
overall PHB accumulation, resulting in a specific PHB 
mutant phenotype [22]. PhaP is regulated by PhaR, which 
is also found bound to the PHB granule [23]. Another 
phasin, PhaM, is responsible for the association and fur-
ther activation of PhaC1, as well as for the correct distri-
bution of PHB granules during cell division by binding to 
the chromosome [24, 25]. Other classes of PGAP’s that 
should be mentioned are PHB depolymerases, which are 
responsible for the PHB degradation [26]. Investigating 
the structural assembly of the carbonosome is essential 
for understanding the complex regulatory machinery 
behind the PHB accumulation, which is crucial for indus-
trial upscaling.

Currently, heterotrophic bacteria like Cupriavidus 
necator H16 and recombinant E. coli strain accumulating 
PHB are used for industrial, commercial PHB production 
[27–29]. For heterotrophic PHB production, the bacte-
ria need to be fed with organic carbon sources coupled 
with limited nutrient cultivation for efficient PHB pro-
duction [30, 31]. However, the use of organic carbon 
sources, which alternatively might be used for nutrition, 
is highly expensive and not sustainable [32, 33]. There-
fore, alternative processes have to be considered, such as 
bio-waste products instead of feeding high-value carbon 
sources [34]. Alternatively, photoautotrophic synthesis 
of PHB using appropriate microorganism like cyano-
bacteria came into focus of research [35–39]. Oxygenic 
photosynthesis by cyanobacteria utilizes sunlight and 
water for CO2 fixation, and thereby contributes to the 
decrease of the greenhouse gas CO2 in the atmosphere 
[40]. Moreover, it avoids the consumption of organic car-
bon sources for PHB synthesis, if wastewater is used for 
the cultivation of cyanobacteria, an additional benefit for 
the environment can be achieved [41]. This eco-friendly 
approach for PHB production is highly promising for a 
sustainable, PHB production.

PHB production by cyanobacteria was recorded since 
1966, with the first report demonstrating the presence 

Fig. 1  Biosynthesis of polyhydroxybutyrate (PHB) in Cupriavidus necator H16, two acetyl-CoA units were condensed into acetoacetyl-CoA by β-ketothiolase 
PhaA, acetoacetyl-CoA was reduced by acetoacetyl-CoA reductase PhaB to form 3-hydroxybutyryl-CoA, 3-hydroxybutyryl-CoA was polymerized by PHB 
synthase PhaC1
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of PHB in Chlorogloea fritschii [42]. To date, a plethora 
of several cyanobacteria were characterized producing 
PHB under phototrophic growth condition. However, 
only small percentages of PHB accumulation (< 3.5% 
(w/w) PHB/ CDW) could be reported [43]. Major PHB 
production rates were reported when cyanobacteria were 
transferred to medium with limited nutrient supply like 
nitrogen or phosphor deprivation [44].

Under nitrogen depleted condition, the unicellular cya-
nobacterium Synechocystis sp. 6803 achieved 9.5% (w/w) 
PHB/CDW after 14 days. Additional phosphate limita-
tion could increase PHB accumulation further to 11.2% 
PHB/CDW [45]. For genetically engineered Synecho-
cystis sp. 6803, PHB production rates up to 63% (w/w) 
PHB/CDW in optimized cultivation conditions could be 
reported [39]. In the filamentous cyanobacterium Nostoc 
muscorum, PHB rates up to 8.6% (w/w) were achieved 
under combined nitrogen and phosphorus depletion [46]. 
To date, industrial upscale strategies for PHB production 
in cyanobacteria revolve around a two-stage cultivation 
system, where first biomass is accumulated in a vegeta-
tive growth phase with only low PHB synthesis, followed 
by the PHB accumulation phase under nutrient limited, 
growth arrested conditions [47]. Two-stage cultivations 
have the major drawback of difficult implementation for 
upscale processes. Continuous PHB accumulation in 
cyanobacteria would be preferable for industrial upscale 
processes [48]. However, during continuous, autotro-
phic growth condition, PHB synthesis in cyanobacteria 
did not reach the relevant of PHB yield to be competitive 
enough in comparison to heterotrophic PHB production.

This study aimed to overcome the problem of low PHB 
yield during autotrophic growth conditions of cyano-
bacteria by implementing the continuous PHB synthesis 
machinery from Cupriavidus necator into a genetically 
tractable cyanobacterium. The filamentous cyanobac-
terium strain Nostoc sp. PCC7120, formerly known as 
Anabaena sp. PCC7120 [49–51], was chosen due to the 
availability of molecular genetic tools developed during 
the past decades [52–55]. In addition, the autofloccula-
tion ability of Nostoc sp. PCC7120 holds great potential 
for cost-effective downstream harvesting in industrial 
applications [56]. As Nostoc sp. PCC7120 cannot pro-
duce PHB naturally, the consequences of PHB overpro-
duction can be specifically investigated due to the lack of 
regulatory mechanism of PHB biosynthesis common in 
natural PHB producer [53]. Here, we report the step-by-
step development of a recombinant Nostoc sp. PCC7120 
strain that constantly produces PHB, paving the way for 
utilizing these organisms as a chassis for heterologous 
PHB production.

Material & methods
Bacterial strains and growth conditions
Escherichia coli (E. coli) strains were grown in lysog-
eny broth (LB) [57], formulated as described by Lennox 
(5  g/L NaCl) at 37  °C, supplemented with appropriate 
antibiotics. For growth on solid media, 1.5% (w/v) agar 
was added.

Nostoc sp. PCC7120, formerly known as Anabaena sp. 
PCC7120, and derived strains were grown in modified 
BG11 medium, supplemented with 5 mM NaHCO3 [50]. 
More specifically, the formulation of BG11 was altered 
as follows: The amount of Na2CO3 was increased to 
0.04 g/L, while ferric ammonium citrate was replaced by 
Fe(III)citrate. If necessary, appropriate antibiotics were 
introduced to the culture. For nitrogen starvation, cells 
were grown in BG11 medium where NaNO3 was replaced 
by NaCl (BG110). The cells were cultivated at 120  rpm 
and constant illumination of 30–40 µmol m− 2s− 1 at 28 °C. 
For cultivation on solid media, 1.5% (w/v) Difco Agar was 
added. A list of the strains described in the present work 
is provided in Additional file 1: Table S1.

Semi-continuous cultivation of recombinant Nostoc sp. 
strain
Single colonies of recombinant Nostoc sp. strains 
NosPHB2.0 and NosPHB3.0 were inoculated into 50 
mL of BG11 medium supplemented with the appropri-
ate antibiotics. The cultures were incubated under con-
tinuous illumination (30–40 µmol m⁻²s⁻¹) with shaking 
at 120 rpm at 28 °C. Optical densities (OD750 λ = 750 nm) 
of these so called “seed” culture was recorded. The opti-
cal density at 750  nm (OD₇₅₀) of these “seed” cultures 
was monitored. Aliquots were periodically withdrawn for 
further experiments, including PHB content determina-
tion. The removed volume was replenished with fresh 
BG11 medium containing the corresponding antibiotics 
to maintain culture conditions.

Construction of mutant strains
Plasmids were constructed via Gibson assembly [58]. 
DNA fragments were amplified with the Q5 High-Fidel-
ity DNA Polymerase (NEB) and the primer listed in 
Additional file 2: Table S2. Isolation and purification of 
plasmid DNA and PCR product purification were con-
ducted with the NEB Monarch Plasmid Miniprep Kit, 
the Monarch Gel Extraction Kit and the NEB Monarch 
PCR Purification Kit (New England Biolabs GmbH, 
Frankfurt am Main, Germany), according to manu-
facturer specifications. All constructs were verified by 
restriction digest and sequencing (Eurofins Genomics, 
Ebersberg, Germany) and are listed in Additional file 3: 
Table S3. Plasmids were then introduced into Nostoc via 
triparental conjugation [52]. The subsequent screening 
for double-crossover mutants was performed by plating 
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exconjugants on BG11 agar plates, containing the respec-
tive antibiotics and a 5% (w/v) sucrose concentration. 
Single crossover mutants integrated the whole plasmid 
containing the selection gene sacB are not able to grow in 
presence of sucrose.

Fluorescence microscopy
Fluorescence microscopy was performed on a Lei-
caDM5500B (Leica Microsystems, Germany) with objec-
tive lenses and filter cubes listed in Table 1:

BODIPY signal detection was performed using the 
GFP channel, while cyanobacterial autofluorescence was 
detected by using the CY3 channel.

PHB granule staining procedure
PHB granules within cells were stained with the fluores-
cent dye BODIPY. For this purpose, 1 µL of a BODIPY 
solution (1 mg/ml dissolved in DMSO) was added to 100 
µL of cyanobacterial culture. After 5  min of incubation 
in the dark, cells were centrifuged (3500 ×g, 5 min, room 
temperature (RT)), washed with 100 µL PBS buffer and 
resuspended in 10 µL PBS buffer. Then, the resuspended 
cells were applied on microscopic slides coated with a 
mixture of 1% (w/v) agarose and 0.05 mg/ml propyl-cya-
nophycin for cell immobilization.

Electron microscopy
Sample preparation was performed as described by 
Fiedler et al. 2002 [59]. Briefly, Nostoc sp. samples were 
fixed and post-fixed with 25% (w/v) glutaraldehyde and 
2% (w/v) potassium permanganate, respectively. After 
embedding in EPON and staining with 2% (w/v) uranyl 
acetate and lead citrate, samples were examined with a 
Philips Tecnai 10 electron microscopy at 80 kV.

PHB quantification
The method described in [60, 61] was optimised and the 
PHB content of cyanobacterial strains was determined 
as follows. 12–15  ml bacterial culture was harvested by 
centrifugation (4000 g, 10 min, RT) in pre-weighed reac-
tion tubes and dried overnight at 90  °C. Cell dry weight 
was determined, and the cells were subsequently boiled 
in 1 ml of concentrated H2SO4 (18 M) for 1 h at 100 °C 
in order to convert PHB to crotonic acid. Then, 100 µL 
of boiled cell culture was diluted with 900 µL 0.014 M 
H2SO4 and centrifuged at 20,000 g for 5 min at RT. Next, 

500 µL of the supernatant was mixed with 500 µL 0.014 
M H2SO4 and centrifuged again. The resulting superna-
tant was analysed by high-pressure liquid chromatogra-
phy (HPLC) (HITACHI Chrommaster, VWR, Germany). 
5 µL of samples were injected onto a reverse phase col-
umn (Nucleosil 100-5 C18 column, particle size 5  μm, 
pore size 100 Å, 125 × 3  mm, fitted with a precolumn 
4 × 3  mm) at a flowrate of 1  ml/min and eluted with an 
isocratic mixture of 30/70 MeOH/20 mM phosphate buf-
fer (pH = 2.5) over 10  min for crotonic acid detection. 
Detection and crotonic acid quantification were con-
ducted at λ = 210 nm. PHB samples with known concen-
trations were prepared and processed as described above 
to determine the conversion rate of PHB to crotonic acid. 
Commercially available crotonic acid was measured in 
defined concentrations for linear regression curve fitting.

Results
Construction of first generation recombinant Nostoc sp. 
PCC7120 strain NosPHB1.0
To prove the suitability of Nostoc sp. PCC7120 as a PHB 
production host, the PHB synthesis operon from Cupri-
avidus necator H16 containing the genes phaCAB was 
placed under the control of the constitutive promoter 
PpbsA from Amaranthus hybridus [62] and cloned into the 
replicative plasmid pRL1049. Then, the resulting plas-
mid pRL1049-PpsbA-phaCAB was introduced into the 
filamentous organism by triparental mating, using the 
helper strain E. coli J53/RP4 and the cargo strain E. coli 
HB101/pRL528/pRL1049-PpsbA-phaCAB, resulting in 
the recombinant strain NosPHB1.0. After incubation on 
agar plates, the obtained exconjugants were examined by 
fluorescence microscopy to visualize PHB granules using 
BODIPY green straining and determine the distribution 
of stained PHB granules (Fig. 2, a + b).

Indeed, PHB granules could be detected inside some 
cells of filaments, as shown exemplary in the microscopic 
image in Fig. 2. However, PHB granules were not equally 
distributed in the individual cells but happened to arise 
heterogeneously in the observed filament, with some 
cells displaying strong BODIPY straining, while other 
appeared empty. A similar phenotype of potential PHB 
granule production could be observed in all exconjugants 
by fluorescence microscopic examination.

Table 1  LeicaDM5500B microscope components
Objective lenses Magnification Numerical aperture Immersion
HCX PL FLUOTAR 40x/0.75 DRY 40 x 0.75 Air
HCX PL FLUOTAR 100x/1.30 OIL 100 x 1.30 Oil
Filter cubes Excitation Filter Dichromatic Mirror Emission Filter
GFP BP 470/40 500 BP 525/50
CY3-T BP 560/10 560 610/65
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Initial characterization of PHB accumulation in NosPHB1.0
To validate that the observed BODIPY-stained granules 
consist indeed of PHB and to gain first insights into the 
recombinant PHB producer strain NosPHB1.0, initial 
cultivation experiments in BG11 medium and first PHB 
quantifications were performed with one recombinant 
strain as a proof of principle (Fig. 2, c + d).

Under standard growth conditions, NosPHB1.0 
showed a slower growth in comparison to the wild-
type Nostoc sp. PCC7120 (Fig. 2, c). Initial PHB content 
measurement showed that up to 14% (w/w) PHB/CDW 

was achieved after six days of phototrophic cultivation 
in BG11 medium (Fig.  2, d). These data confirmed that 
NosPHB1.0 is the first recombinant PHB producing Nos-
toc strain.

Morphological change of NosPHB1.0
In order to examine PHB accumulation in the recombi-
nant Nostoc strain and correlate microscopic images with 
HPLC quantification, samples for fluorescence micros-
copy were taken in parallel to samples for PHB quantifi-
cation. Samples from microscopic analysis were stained 

Fig. 2  Microscopic images of wild type and NosPHB1.0 strain (a) Wildtype Nostoc sp. 7120 (b) Recombinant Nostoc strain NosPHB1.0. PHB granules 
are visualized with BODIPY staining (GFP channel), autofluorescence (CY3 channel), overlay of phase contrast, GFP and CY3 channel, scale bar = 10 μm; 
characterization of NosPHB1.0 (c) Growth curve of wild-type strain Nostoc sp. PCC7120 (black) and NosPHB1.0 (gray), recorded by measuring the OD750. 
Longer ticks on the x-axis indicate samples taken for PHB quantification. Each point represents one biological replicate (d) PHB content of NosPHB1.0 after 
3, 5 and 6 days of constant growth conditions. Each data set represents duplicates of the same biological sample
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with BODIPY (Fig. 3) and microscopic images were taken 
in the GFP channel to visualize the green fluorescence 
coming form PHB-embedded BODIPY and in the CY3 
channel to visualize autofluorescence from the photosyn-
thetic pigments of vegetative cells.

Strikingly, PHB accumulation occurred heteroge-
neously in the filament during the entire course of the 
experiment, while remarkable growth morphologies of 
NosPHB1.0 could be noted (Fig.  3). At the start of the 
cultivation, recombinant filaments began to grow and 

accumulate PHB heterogeneously (Fig.  3, a). PHB accu-
mulation increased over time in the filaments (Fig.  3b). 
However, during prolonged cultivation, cells accumulat-
ing PHB got increasingly detached from main filaments, 
resulting in single cells displaying the highest PHB con-
tent. Furthermore, these cells showed reduced autofluo-
rescent signals, indicating loss of photosynthetic capacity 
(Fig. 3, c). We termed these accumulations of PHB-filled 
single cells “PHB graveyards”. The formation of “PHB 
graveyards” in the recombinant Nostoc strain 1.0 was 

Fig. 3  Microscopic images of NosPHB1.0 after (a) 3 days, (b) 5 days, (c) 6 days and (d + e) 18 days of constant cultivation conditions, PHB granules are 
visualized with BODIPY staining (GFP channel), autofluorescence (CY3 channel), overlay of phase contrast, GFP and CY3 channel, scale bar = 10 μm, (d) 
scale bar = 25 μm
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previously observed during routine maintenance tasks, 
such as biomass accumulation attempts and cultivation 
on solid BG11 agar plates (data not shown).

NosPHB1.0 grown under different growth conditions
For further characterization of the recombinant Nostoc 
strain, preliminary experiments under different shaking 
conditions and light intensities were tested in single cul-
tivation experiments to determine optimal PHB produc-
tion conditions for NosPHB1.0 (Additional file 4 Fig. S1).

Cultures were either cultivated under dimmed light of 
20 µmol m− 2s− 1 and constant shaking at 120  rpm (DS), 
constant light illumination of 40 µmol m− 2s− 1 and shak-
ing at 120  rpm (NS) or dimmed light condition of 20 
µmol m− 2s− 1 and no shaking (Not) (Additional file 4 Fig. 
S1 a), measuring the optical density (OD750) as a proxy 
for cell-growth and quantification of PHB content. Com-
pared to the wild type strain, NosPHB1.0 displayed dras-
tically reduced growth rates, supporting our previous 
finding regarding NosPHB1.0 in biological triplicates. 
NosPHB1.0, when cultivated without shaking showed a 
slightly higher growth rate compared to the other con-
ditions (Additional file 4 Fig. S1, a). All three conditions 
showed similar PHB/CDW rate at the beginning of the 
experiment. However, the highest PHB/CDW rate was 
obtained after 8 days of dimmed light cultivation “DS”, 
where up to 17% (w/w) PHB/CDW was measured (Addi-
tional file 4 Fig. S1, b). However, prolonged cultivation of 
NosPHB1.0 led to a separation of phenotypes, consisting 
of non-PHB producing filaments and PHB containing 
single cells (Fig. 3, d + e).

These experiments reinforced the previous observa-
tions on PHB graveyard formation. While the number of 
PHB producing filaments decreased, most PHB granula 
were detected in apparently deteriorating single cells as 
seen by the accumulation of “PHB graveyards” (Fig.  3, 
d + e). A potential reason explaining the loss of PHB 
synthesis in entire filaments could be the partial loss of 
the replicative plasmid encoding for the PHB operon. 
Similar cases of plasmid expulsion in cyanobacteria have 
been noticed in former studies [63]. Therefore, to avoid 
the potential loss of the replicative plasmid and the sub-
sequent lack of PHB production inside the filaments, 
a novel cloning strategy was devised by integrating the 
PHB operon in the genome of Nostoc sp. PCC7120.

Second generation recombinant Nostoc sp. PCC 7120 PHB 
producer NosPHB2.0
In order to integrate the PHB operon into the genome 
of Nostoc sp. PCC7120, an integrative plasmid for tripa-
rental mating and subsequent recombination into the 
known nucA-nuiA neutral site of Nostoc [64] genome was 
constructed. For this purpose, plasmid pPF08 was con-
structed: The backbone of pRL271 was combined with 

sequences homologous to the nucA-nuiA neutral site 
flanking the modified PHB operon, which consists of the 
constitutive promotor PpsbA, the biosynthetic genes pha-
CAB from Cupriavidus necator H16 and the selection 
marker, aad1, which encodes for an adenylytransferase, 
enabling the selection of successful recombination events 
with spectinomycin and streptomycin. To prevent down-
stream effects of the constitutive promoter, a t1t2 termi-
nator was added at the 3’end of the operon (Additional 
file 5 Fig. S2)After verification by sequencing, pPF08 was 
introduced into Nostoc PCC 7120 via triparental mating 
with helper strain E. coli J53/RP4 and cargo strain E. coli 
HB101/pRL528/pPF08. The successful double-crossover 
event and thus integration into the genome was validated 
by colony PCR (Additional file 7: Fig. S3) and sequencing. 
Microscopic pictures were taken before and after screen-
ing for double-crossover mutants. (Fig. 4)

Prolonged screening for double-crossover mutants via 
sucrose selection resulted in a delay of approximately 21 
days before first cultivation experiments could be per-
formed, in contrast with the more rapid screening for 
positive mutants in conjugation experiments with rep-
licative plasmids. Exemplary microscopic pictures from 
exconjugants showed a more distributive, uniformly PHB 
production in NosPHB2.0 (Fig.  4, a) in comparison of 
NosPHB1.0. After double crossover screening of posi-
tive clone, PHB production could no longer be detected 
in all recombinant filaments (Fig. 4, b) while single cells, 
detached from the filament and filled with PHB like in 
the previously observed PHB graveyards became appar-
ent. While biomass was increasing, PHB accumulation 
almost vanished. Simultaneously, prominent PHB sig-
nals were only observed in the single cells of the reoc-
curring PHB graveyards (Fig.  4, c). We concluded that 
the prolonged screening time for double recombinant 
exconjugants and therefore longer cultivation time, led 
to the loss of PHB production in the recombinant Nos-
toc strain once again. This was further confirmed in test 
cultivations of NosPHB2.0 in BG11 and BG110, where 
PHB values of 5% (w/w) PHB/CDW were achieved after 
7 days of cultivation, which further decreased after 21 
days to only 0.5% (w/w) PHB/CDW (Additional file 8: Fig. 
S4). Thus, the previously proposed loss of the replicative 
plasmid harbouring the genes for PHB biosynthesis fails 
to explain the loss of PHB production during cultiva-
tion. Instead, the accumulation of PHB might exert nega-
tive effects on cell viability, resulting in a strong selective 
pressure to eliminate PHB production. We hypothesized 
that the hydrophobic surface of the recombinantly pro-
duced PHB might interfere with cellular structures such 
as thylakoid membranes that harbour the photosynthetic 
machinery. By contrast, natural PHB synthesizing bacte-
ria contain specific PHB-surface shielding proteins, the 
amphiphatic phasines of the PhaP class [21]. To test this 
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hypothesis, we attempted a third strategy, where heter-
ologous phaP gene was co-expressed with the PHB bio-
synthesis operon.

Third generation recombinant Nostoc sp. PCC 7120 PHB 
producer NosPHB3.0
To potentially prevent toxic effects of heterologously 
produced PHB biosynthesis, the PHB operon in pPF08 
was expanded with phasin gene phaP1 from Cupriavi-
dus necator H16. PhaP1 was reported to constitute the 
major PHB coating phasin in Cupriavidus necator [21]. 
To ensure efficient translation of the phaP1 transcript, 
the native ribosomal binding sequence of the highly 
expressed apcB and apcA (apcBA) genes [65] was cloned 
in front of the phaP1 translational start site (Additional 
file 9: Fig. S5). The new construct, pPF10, was intro-
duced into Nostoc sp. PCC7120 by triparental mating as 
described above for NosPHB2.0. Successful integration 
into the genome was validated by colony PCR (Additional 
file 12: Fig. S7) and sequencing, generating NosPHB3.0. 
However, only single crossover mutants were obtained. 
In order to avoid prolonged screening times causing 
loss of PHB production, screening of double-crossover 

mutants was neglected this time. To compare cell viabil-
ity of the strains, the triparental mating of pPF08 and the 
subsequent recreation of NosPHB2.0 was performed in 
parallel.

Characterization of PHB accumulation in NosPHB3.0
NosPHB2.0 and NosPHB3.0 were grown in a semi-con-
tinuous “seed” culture in BG11 medium, where growth 
behaviour and PHB accumulation were observed over a 
prolonged period of cultivation time (Additional file 11 
Fig. S6). Additionally, the biomass from the seed culture 
was used to inoculate subsequent experiments, further 
corroborating the observed results and reinforcing the 
role of the seed culture as a source of biological repli-
cates. Another benefit of choosing this seed culture cul-
tivation strategy constitutes the repeated testing of the 
strain in each culture since every time the medium is 
refilled, the strain needs to adapt. Therefore, the seed cul-
ture provides a means of internal validation.

For the following experiments, samples of the bacte-
rial seed cultures were withdrawn, and the volume was 
refilled with BG11 medium with the respective antibiot-
ics (Additional file 11 Fig. S6, a). Over the course of this 

Fig. 4  Microscopic images of NosPHB2.0 of single colonies (a) before double crossover screening, (b) after double crossover screening and (c) after 8 
days of continuous cultivation. PHB granules are visualized with BODIPY staining (GFP channel), autofluorescence (CY3 channel), overlay of phase con-
trast, GFP and CY3 channel, scale bar = 10 μm
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experiment, PHB/ CDW values above 30% (w/w) were 
observed in the seed culture of NosPHB3.0 (Additional 
file 11 Fig. S6, c). At the same time, PHB production rates 
in NosPHB2.0 decreased from an initial 4.3% (w/w) PHB/
CDW to 2.5% (w/w) PHB/CDW in the span of 30 days 
(Additional file 11 Fig. S6, b). In addition to the observed 
PHB content, microscopic pictures were taken from 
NosPHB2.0 and NosPHB3.0 (Fig.  5) corroborating the 
quantitative PHB analysis.

The signal for PHB granules in filaments of NosPHB2.0 
was mostly abolished again during the prolonged cul-
tivation (Fig.  5, a + b), supporting the previous findings. 
However, in NosPHB3.0, bright fluorescent PHB gran-
ules were detected, which were evenly distributed over 
the entire filaments. Moreover, the abundance of the 
fluorescent granules remained constantly high during 

the continuous cultivation for 30 days (Fig. 5, c + d). This 
strongly implied that co-expression of phasin PhaP1 
apparently stabilized PHB production over prolonged 
time periods.

In order to further characterize and subsequently opti-
mize PHB production in NosPHB3.0, different shaking 
conditions and light intensities were tested. Cultures 
were either cultivated under dimmed light of about 5 
µmol m− 2s− 1 and no shaking (NS), constant moder-
ate illumination of 50–60 µmol m− 2s− 1 and shaking at 
120 rpm (S) or dimmed light of 20 µmol m− 2s− 1 and con-
stant shaking at 120 rpm (DS) (Fig. 6).

While the growth curve of NosPHB2.0 resembled the 
wild-type strain (Fig.  6,a, b), NosPHB3.0 achieved the 
highest growth rate under constant illumination and 
shaking (condition S) (Fig.  6, c), as well as the highest 

Fig. 5  Microscopic images of (a + b) NosPHB2.0 and (c + d) NosPHB3.0 after (a + c) 12 days and (b + d) 30 days of continuous cultivation, PHB granules 
are visualized by BODIPY staining and detected using the GFP channel, PHB granules are visualized with BODIPY staining (GFP channel), autofluorescence 
(CY3 channel), overlay of phase contrast, GFP and CY3 channel, scale bar = 25 μm
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PHB/CDW value of over 20% (w/w) PHB/CDW after 
7 days of cultivation (Fig.  6, e). In parallel, microscopic 
images of the cultivated NosPHB2.0 and NosPHB3.0 
strains were taken (Fig.  7, Additional file 13: Fig. S8 – 
Additional file 16: Fig. S11).

Similar as described above for one culture of 
NosPHB2.0, two independent cultures (NS and DS) 
of NosPHB2.0 displayed decreased PHB signals under 
all tested growth conditions (Fig.  7, a + b). However, 
under condition S, small filaments with remaining 
PHB signals could be observed (Fig.  7, b). Filaments 
of NosPHB3.0 showed high fluorescence signals and, 
therefore, high accumulation of PHB (Fig. 7, c + d). Simi-
lar to NosPHB2.0, the highest PHB accumulation in 
NosPHB3.0 occurred under shaking condition with mod-
erate light (Fig. 7, c + d).

Effects of phasin PhaP1 on PHB granules visualised by 
transmission electron-microscopy (TEM)
In order to visualize the effects of phasin PhaP1 utiliza-
tion in the recombinant Nostoc strain, TEM pictures 
were taken of Nostoc sp. PCC7120, NosPHB2.0 and 
NosPHB3.0 after 12 days of cultivation (Fig. 8).

The TEM pictures confirmed the higher amounts of 
PHB in NosPHB3.0 than in NosPHB2.0 (Fig.  8b + c, 1). 
PHB granule sizes varied for both recombinant strains. 
In NosPHB2.0, filaments with low number of visible PHB 
granule (Figs.  2 and 8b + 3) and single graveyard cells 
with higher amount of PHB granule (Figs.  4 and 8b + 5) 
could be distinguished which confirmed the former 
observation of PHB graveyard forming in NosPHB2.0. In 
NosPHB3.0, PHB accumulation was clearly visible in the 
filaments (Figs. 1, 2, 3 and 8c). Interestingly, the thylakoid 

Fig. 6  Growth curve of the wild-type strain, NosPHB2.0 and NosPHB3.0 and PHB production quantified in the latter two strains under different conditions. 
Growth curve of (a) Wild-type strain Nostoc sp. PCC7120, (b) NosPHB2.0 and (c) NosPHB3.0 under various growth conditions in BG11 medium, NS: 5 µmol 
m-2s-1, 0 rpm; S: 50–60 µmol m-2s-1, 120 rpm; DS: 20 µmol m-2s-1, 120 rpm, recorded by measuring the OD750. Longer ticks on the x-axis indicate samples 
taken for PHB quantification. Each point represents one biological replica recorded by measuring the OD750. Longer ticks on the x-axis indicate samples 
taken for PHB quantification. Each data point represents (a) one, (b) two, (c) three biological replicates. (d) PHB content of NosPHB2.0 after 0, 3 and 7 days 
under various growth conditions. Each data set represents two biological replicates (e) PHB content of NosPHB3.0 after 0, 3 and 7 days of various growth 
conditions. Each data set represents three biological replicates
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membrane structure was slightly disorganised in both 
recombinant strains where the parallel, densed thylakoid 
structure got loosened up (Fig. 8, b + c 4). In the case of 
the graveyard cells of NosPHB2.0, the organized stacks 
of thylakoid membranes were further disrupted when 
more PHB was accumulated (Figs.  5 and 8b). Contrast-
ingly, no forms of similar disturbance of thylakoid mem-
brane were observed in NosPHB3.0 (Figs.  4 and 8c + 5). 

It seemed that the atypical thylakoid membrane shapes 
of the graveyard cells in NosPHB2.0 could be correlated 
with the size and amount of PHB granules whereas in 
NosPHB3.0, phasin PhaP1 utilization could prevent 
major disorganization.

Fig. 7  Overlay of microscopic images of (a + b) NosPHB2.0 and (c + d) NosPHB3.0 under various growth conditions after (a + c) 3 days and (b + d) 7 days 
of cultivation. PHB granules are visualized with BODIPY staining (GFP channel), autofluorescence (CY3 channel), overlay of phase contrast, GFP and CY3 
channel, scale bar = 10 μm
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Discussion
Positive effects of PhaP1 on cell viability
In this study, constitutive PHB production introduced 
into Nostoc sp. PCC7120 seemed to exert a negative 
effect on cell viability and could, therefore, be considered 
a stress inducer. In fact, a previous proteomic analysis of 
E. coli mutants producing recombinant PHB showed an 
increased expression of stress related proteins such as 
GroEL, GroES and DnaK being induced by PHB accu-
mulation [66]. In view of this, it was proposed that cyto-
solic proteins could bind to PHB granules unspecifically 
and therefore trigger additional stress responses [66]. 
Moreover, PHB biosynthesis competes for the precursor 
acetyl-CoA with major metabolic pathways like the TCA 
cycle and the fatty acid synthesis [67], thereby affecting 
the growth behaviour of PHB producing cells.

Hence, the need to stabilize PHB production in a third 
generation of PHB-producing Nostoc mutants was appar-
ent. Improved cell viability was finally achieved through 
the utilization of phasin PhaP1 from Cupriavidus neca-
tor H16, which was integrated into the synthetic PHB 
operon and subsequently the entire novel operon was 
integrated into the genome of Nostoc sp. PCC7120 result-
ing in the recombinant NosPHB3.0. This resulted in the 
stabilization of PHB production which is congruent with 

the current state of research around phasins. More spe-
cifically, previous studies on the introduction of pha-
sin PhaP1 into E. coli showed positive effects on growth 
rates and improved stress response to heat and oxida-
tive stress [68]. In a different study, the co-expression of 
the PHB biosynthetic gene cluster phaBAC from Azoto-
bacter sp. strain FA8 and phaP reduced the response of 
heat shock proteins in E. coli. Additionally, due to phasin 
expression, unspecific protein binding to PHB granules 
could be reduced [22]. Conversely, in the natural PHB 
producer Cupriavidus necator H16, deletion of phaP1 
lead to a decrease in PHB production rate and a PHA-
leaky phenotype [22]. Another study found heat shock 
response proteins GroEL and DnaK attached to PHB 
granules analogous to recombinant PHB producers with-
out phasin expression [21]. Similarly, in the present study, 
the importance of phasin utilization for PHB stabilization 
was reiterated and phasin PhaP1 was proven an essential 
contributor to stable PHB production in recombinant 
Nostoc strain NosPHB3.0.

Thylakoid membrane disorder due to PHB accumulation
Thylakoid membranes are well-structured, internal mem-
brane systems housing proteins of the light harvesting 
complex, the respiratory and the photosynthetic electron 

Fig. 8  TEM pictures of (a) Nostoc sp. PCC7120, (b) NosPHB2.0, and (c) NosPHB3.0 after 12 days of cultivation 1: overview of many cells, 2 + 3: filaments, 
4 + 5: cells magnified, in case of NosPHB2.0, PHB graveyard cells of single cells; TM: Thylakoid membrane, PHB: PHB granule, scale bar = 1 μm
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transport [69–71]. The specific morphological arrange-
ment of thylakoid membranes varies between different 
species of cyanobacteria. In filamentous cyanobacteria, 
the thylakoid membrane tends to be fascicular, form-
ing short segments of hemispherical loops [72], which 
were also observed in the herein investigated wild type 
strain Nostoc sp. PCC7120 (Fig. 8, a). Contrastingly, the 
recorded TEM pictures of recombinant Nostoc strains 
showed filaments containing disorganized thylakoid 
membranes. The amount of PHB per filament could 
correlate with the degree of disorder characterizing the 
respective thylakoid membranes. It is not surprising that 
increased PHB production fills the intracellular space 
with the produced biopolymer, thus leading to rear-
rangements within the cell [66]. Therefore, higher PHB/
CDW ratios could correlate with a higher percentage of 
intracellular space being occupied by PHB. In fact, the 
intracellular space of Cupriavidus necator H16 might be 
occupied by PHB up to an amount of over 70–90% PHB/
CDW [15, 73]. However, an increasingly distorted thyla-
koid membrane, might affect growth rates and cell viabil-
ity of the recombinant strain. Further investigations and 
statistical analyses are necessary to provide more precise 
insights into the correlation between PHB production 
and the disorganization of thylakoid membranes.Consti-
tutive PHB accumulation in NosPHB3.0:

Traditionally, nitrogen limitation is one of the best 
studied conditions for PHB accumulation in PHB-pro-
ducing cyanobacteria [60, 74, 75]. For industrial applica-
tion, cyanobacteria are frequently cultivated in a two-step 
cultivation process. Firstly, cyanobacterial biomass has 
to be accumulated in a standard cultivation medium 
[50]. Secondly, the standard medium had to be replaced 
by a medium with limited nitrogen availability in order 
to initialize nitrogen starvation and, subsequently, PHB 
production. This constitutes a complicated cultivation 
approach, which is not economically favourable, but 
rather the major disadvantage hindering continuous, 
industrial cultivations of cyanobacteria [76]. The latter 
therefore encounter difficulties in competing with het-
erotrophic PHB-producing organisms. In recent studies, 
through the combination of genetic engineering and opti-
mized cultivation conditions of the cyanobacterial strain 
Synechocystis sp. 6803 PPT1, PHB production rates of 
up to 60% (w/w) PHB/CDW could be reported. Therein, 
acetate was described to constitute an organic carbon 
source able to boost PHB production in cyanobacte-
ria, thus, up to 80% (w/w) PHB/CDW could be achieved 
[39]. However, more sustainable strategies to produce 
PHB are preferred. Moreover, in the study in question, 
PHB production was still contingent upon nitrogen and 
phosphate starvation. Therefore, a system of constitu-
tive PHB production independent of nitrogen-limiting 
conditions in cyanobacteria would be advantageous 

regarding industrial upscale cultivations [77]. Some cases 
of cyanobacteria producing PHB under natural photo-
trophic growth conditions have been described but have 
not been found preferable for efficient PHB production. 
More specifically, some studies have reported PHB/CDW 
rates of only up to 8.5% (w/w) after 21 days of continu-
ous cultivation in the filamentous cyanobacterium Nostoc 
muscorum [73]. Likewise, in Synechocystis sp. 6803, only 
small percentage of PHB/ CDW has been reported [43].

In a recent study, phototrophic PHB production was 
genetically engineered in the non-producer Synechococ-
cus elongatus UTEX2973 [78, 79]. Intriguingly, the 
utilized PHB operon phaCAB also originates from Cupri-
avidus necator H16, similar to the operon used in the 
present study. However, Roh et al. constructed an induc-
ible PHB production system by setting the operon under 
the control of the inducible promotor Ptrc. Furthermore, 
no phasins were utilized for the stabilization of PHB bio-
synthesis in the study in question. Optimized growth 
conditions (continuous high light of 200 µmol m− 2s− 1) 
and the supplementation of 5% (v/v) CO2 brought PHB 
production in the recombinant Synecococcus elongatus 
UTEX 2973 up to 16.7% PHB/CDW after 10 days of cul-
tivation. Similar PHB production rates were achieved in 
the present study in cultivations of the first generation of 
recombinant strains NosPHB1.0, where up to 17% (w/w) 
PHB/CDW after 8 days of cultivation were achieved. It 
is not surprising that Roh et al. detected stable PHB 
production in Synechococcus elongatus UTEX2973 due 
to the inducible regulation system. In constructing an 
inducible system, the PHB-associated metabolic burden 
we observed might have been reduced in the recombi-
nant Synecococcus strain. However, prolonged cultivation 
and PHB production in the recombinant Synecococcus 
strain might lead to reduced PHB levels over time, as 
seen in NosPHB1.0 and NosPHB2.0. Furthermore, the 
need to supplement cultures with appropriate induc-
ers renders the process more complicated and is thus a 
disadvantage in comparison with the constitutive system 
described in the present work. In another recent study, 
the PHB operon phaCAB originated from Cupriavidus 
necator H16 was overexpressed under the constitutively 
promotor Pcpc560 in Synechococcus elongatus UTEX2973 
[80]. Here, up to 7.6% (w/w) PHB/CDW was achieved 
after 10 days of the same phototropic growth conditions 
as described before. PHB accumulation in recombinant 
Synecococccus strain was increased to an amount of 
17.2% (w/w) PHB/CDW after 10 days via acetate feeding.

In this study, for the first time, successful constitutive 
PHB production was shown in a recombinant Nostoc sp. 
PCC7120 strain without the need of nitrogen depletion. 
Although PHB production was reduced in the first mutant 
generations NosPHB1.0 and NosPHB2.0, the utilization of 
phasin PhaP1 enabled stable, constitutive PHB production. 
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The constitutively expressed PHB polymerase PhaC1 from 
Cupriavidus necator H16 appears to remain active during 
vegetative growth, unlike the native PHB polymerase PhaEC 
in the genetically modified Synechocystis sp. 6803 PPT1. 
This strain, PPT1, carries a pirC deletion that enhances 
carbon flux towards lower glycolysis under chlorotic con-
ditions [81] also overexpresses phaA and phaB from the 
PHB operon of C. necator H16 which enhances produc-
tion of precursors for PHB production [39]. In contrast, the 
native PhaEC is inactive during vegetative growth, support-
ing increased PHB production only under nitrogen starva-
tion. Notably, the metabolism of Nostoc sp. 7120 during 
vegetative growth may present additional advantages for 
PHB production like favourable acetyl-CoA supply and war-
rants further exploration. The constitutive PHB production 
achieved in this study, successfully decoupled from nitrogen 
starvation, represents a crucial advancement towards sus-
tainable and industrial-scale PHB production.

Accumulation of filaments lacking PHB and fluorescence 
signal in recombinant Nostoc strains
As previously described, the first two Nostoc mutant gen-
erations NosPHB1.0 and NosPHB2.0 were characterized 
by an abundance of filaments lacking PHB production. 
Contrastingly, the most recent recombinant Nostoc strain 
NosPHB3.0 displayed a stable PHB production of up to 30% 
PHB/CDW via the utilization of phasin PhaP1. Neverthe-
less, even in the latest optimized strain a few empty fila-
ments lacking fluorescence signals corresponding to PHB 
were still observed. The multifunctional role of PHB pre-
cursor acetyl-CoA might prove disadvantageous for over-
producer strains of PHB [66]. Therefore, it would not be 
surprising that during cultivation, non-fluorescent filaments 
could be detected in the culture volume due to precursor 
bottlenecks.

One of the most intriguing yet insufficiently explored 
issue of genetically engineered cyanobacteria is the occur-
rence of genetic instability [82]. The problem arises when 
metabolic pathway engineering imposes a strong selective 
pressure on decreasing this metabolic burden. Such inci-
dents of genetic instability have been described for ethylene 
and mannitol overproduction in cyanobacteria. In the for-
mer case, the ethylene producing strain was overgrown by 
a non-producing mutant strain [83]. These mutant strains 
carried a mutated efe gene containing duplicated “CGATG” 
sequences. This duplication caused a frameshift in the efe 
gene, resulting in the loss of enzymatic function. In the lat-
ter example, the biosynthesis of mannitol was obstructed 
by a single frame-shifting mutation in the mtlD gene lead-
ing to the abolishment of mannitol biosynthesis [84]. Such 
a problem of genetic instability might explain the appear-
ance of NosPHB3.0 filaments, that lack PHB synthesis. For 
example, mutation in the promoter sequence PpsbA might 
lead to reduced transcription rates, or mutations in the 

ribosomal binding sites may decrease the translation of the 
PHB synthesis genes. Single point mutations in the bio-
synthetic genes phaA, phaB or phaC could lead to loss of 
function mutations or a frameshift resulting in truncated 
biosynthetic enzymes. While the utilization of phasin PhaP1 
reduced the metabolic burden in the recombinant Nostoc 
strain, it did not completely eliminate the metabolic burden 
associated with PHB biosynthesis. Further investigation is 
necessary to resolve the genetic basis of the appearance of 
filaments that are devoid of PHB biosynthesis.

Conclusion
This study showed for the first time the recombinant, con-
tinuous PHB accumulation in Nostoc sp. 7120. PHB accu-
mulation was stabilized by the utilization of phasin PhaP1 
from Cupriavidus necator H16. Moreover, PhaP1 promoted 
the formation of PHB granules inside cyanobacterial fila-
ments. Production rates of up to 30% (w/w) PHB/CDW 
were achieved in the recombinant strain NosPHB3.0.
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