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A B S T R A C T

The aim of this study was to explore the viability of the dual production of poly(3-hydroxybutyrate) (PHB) and 
exopolysaccharides (EPS) by seven microbiomes rich in cyanobacteria. Our initial experiments involved to screen 
for EPS-producing candidates and examine the impact of salinity and acetate on EPS synthesis. Salinity’s known 
influence on EPS production and acetate’s role in enhancing PHB production guided our parameter selection. 
Surprisingly, neither the introduction of an external carbon source (acetate) nor exposure to an abiotic stressor 
(salt) significantly altered EPS synthesis rates, which ranged from 25 to 150 mg⋅L− 1, or its composition, with 
glucose being the dominant sugar component. Scaling up to a 3 L photobioreactor, we achieved simultaneous 
biopolymer production, reaching up to 205 mg⋅L− 1 EPS and 87 mg⋅L− 1 PHB. Additionally, the presence of uronic 
acid in the EPS facilitated biomass flocculation, streamlining the separation process, and potentially reducing 
associated time and costs.

Introduction

As global attention turns towards sustainable biotechnological so
lutions, there is a rising interest surrounding the diverse range of high- 
value bioproducts derived from the cultivation of cyanobacteria, 
including pigments, polymers, and the biomass itself. Particularly, 
exopolysaccharides (EPS) and poly(3-hydroxybutyrate) (PHB) have 
attracted significant attention due to their biological and physico- 
chemical characteristics [1–4]. These properties position EPS as prom
ising candidates for various applications as thickeners, stabilizers, and 
gelling agents within the agri-food, pharmaceutical, and cosmetics in
dustries [5,6], while PHB can become a suitable replacement for 
petroleum-based polymers having potential applications in agriculture, 
food packaging or medicine [3,4,7]. However, the full potential of these 
bioproducts remains limited by economic issues which in turn are linked 
to gaps in fundamental knowledge of the processes [8].

PHB is accumulated intracellularly by many cyanobacteria under 
nutrient-limited conditions. Trials with cyanobacteria wild-type (wt) 

strains monocultures in autotrophic conditions typically have achieved 
low yield (understood as a mass fraction of the product per mass of 
biomass), usually below 15 % dry cell weight (dcw) PHB [9–12]. Various 
efforts have been attempted to develop new strategies to increase these 
values, including molecular biology techniques, such as the introduction 
of genes associated with PHB metabolism to cyanobacteria cells 
[13–15], or supplementing cultures with an external organic carbon 
source. The addition of acetate to the culture medium has resulted in 
PHB production of up to 46 % dcw PHB in monocultures of Anabaena sp. 
[16], 26 %dcw PHB in Synechoccocus sp. [10] and 22 %dcw PHB in 
Synechocystis sp. [17].

Cyanobacteria produce EPS as part of their metabolism, playing 
crucial roles in cell adhesion, self-protection, and providing energy 
supply, particularly in extreme environments [18,19]. Comprising a 
variety of heteropolysaccharides, consisting of up to twelve different 
monosaccharides, these polymers form a protective barrier around the 
cell surface [20]. In addition, they also incorporate diverse non-sugar 
functional groups on their structure, including proteins, acyl or 
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sulphate groups, or uronic acids, which contribute to their functional 
properties [19,21]. Cyanobacterial EPS can be categorized into two 
main groups: (i) those associated with the cell surface (known as 
cell-bound polysaccharides, CPS), (ii) and the polysaccharides released 
into the surrounding environment (referred to as released poly
saccharides, RPS) [20]. Several cyanobacteria species, including Syn
echococcus sp., Nostoc sp., Cyanothece sp. or Spirulina sp. have been 
recognized as potential EPS producers [5,22]. However, comprehensive 
understanding of their synthesis remains challenging due to the 
strain-dependent responses to conditions in the culture affecting EPS 
synthesis. For example, abiotic stresses, such as light intensity, tem
perature, salinity, or pH, have shown diverse impacts on EPS production 
across various strains. Salinity, specifically, displays contrasting in
fluences on EPS production among cyanobacteria species. It had either 
negative or no discernible impacts on EPS production in Cyanothece sp. 
[23,24], Anabaena sp. [25], Spirulina sp. [26] or Aphanocapsa sp. [27]. 
On the contrary, salinity stress positively influenced EPS production in 
Synechocystis sp. [28], Synechococcus sp. [29], Oscillatoria sp. [30] and 
Cyanothece sp. [31]. Similarly, the availability of macro- and micro
nutrients, such as nitrogen, phosphorus, sulphate, or calcium, have also 
been explored to enhance EPS production, yielding strain-dependent 
outcomes and contradictory results [5,22].

The individual production of EPS and PHB by cyanobacteria mono
cultures has been studied [3,5,22,32]. Nevertheless, investigations into 
biopolymers synthesis within cyanobacterial microbiomes—a diverse 
microbial culture comprising various cyanobacterial strains and other 
microorganisms— have been limited to very few studies [33–35]. 
Notably, these studies have shown promising results, achieving for the 
first time in the field, PHB contents of up to 28 % dcw in a continuous 
form in a photobioreactor (PBR) operational for 108 days [36]. EPS 
synthesis has been explored to a much lesser extent. Cyanobacteria 
microbiomes offer a unique ecological context where inter-strain in
teractions, cooperative behaviours, and synergistic metabolic activities 
may lead to enhanced biopolymers synthesis compared to individual 
strains in monoculture.

Expanding the horizons of bioprocessing through exploring copro
duction of valuable metabolites can significantly improve the overall 
bioprocess efficiency by generating multiple products from a single 
cultivation. Previous research on production of both extracellular and 
intracellular compounds in this area is very limited. To our knowledge, 
studies with cyanobacteria have only investigated combinations such as 
EPS and phycobiliproteins [37–39], EPS and ethanol [40,41]; PHB and 
phycobiliproteins [42,43]. There is only one reference on PHB and EPS 
[44].

Recognizing the significance of this gap, our study aims to contribute 
to address this complexity by focusing on cyanobacteria microbiomes to 
explore the simultaneous PHB and EPS production. We employed seven 
cyanobacteria rich cultures collected from field environmental samples, 
that we previously tested for PHB production [35,36,45]. Our goal was 
to screen for potential EPS-producers and evaluate the effect of two 
parameters (salinity and presence of acetate as an external organic 
carbon source) on EPS synthesis. These two parameters were chosen 
based on their previous known effects either on EPS of PHB: Salinity has 
been observed to impact EPS production, while acetate improves PHB 
production (which in turn could affect EPS). Though the effect of using 
organic carbon sources, like glucose, lactose, or sucrose, in EPS pro
duction in cyanobacteria has been reported [44,46,47], the influence of 
acetate on EPS production has received no attention until now. In this 
investigation, acetate was deliberately chosen as carbon source to 
investigate whether acetate also induces EPS production and explore the 
potential integration of EPS production with PHB synthesis. Finally, we 
scaled-up the process in a 3 L PBR to evaluate the feasibility of simul
taneous production of EPS and PHB.

Materials and methods

Inoculum

Seven microbiomes collected in [45] were used as inoculum, with 
the sample codes established in that study (Table 1).

Samples were collected from (i) an urban pond located in a park 
(Barcelona, Spain), (ii) Besòs river (Sant Adrìa de Besòs, Spain,), (iii) 
Canyars canal outlet close to the sea (Gavà, Spain) and (iv) the con
structed wetland in Can Cabanyes (Granollers, Spain). They were kept in 
BG-11 medium with low phosphorus (P) concentration (0.1 mgP⋅L− 1) to 
favour cyanobacteria growth over other phototrophs, such as green 
algae. Cyanobacterial species Synechocystis sp., Synechoccocus sp. and 
Leptolyngbya sp. dominated the cultures used as inoculum (Table 1 and 
Figure A1). Their presence and appearance were validated by bright 
light and fluorescence microscope observations (Nikon, Japan), and 
their taxonomy classification was prior conducted by 16S rRNA gene 
amplification [45].

Experimental design

To determine the optimal cultivation conditions for EPS production 
by the seven microbiomes, response surface methodology (RSM) was 
applied [48]. This approach allowed to assess the impact and in
teractions of two key experimental variables (coded as X), (X1) salt 
stress and (X2) the presence of an external organic carbon source (ace
tate, Ac). To explore these responses comprehensively, a central com
posite rotatable design (CCRD) consisting of nine combinations was 
[49]. This design included four factorial design points at levels ± 1 
(trials 1–4), four experiments at axial level a = ± 1.414 (trials 6–9), and 
a central point with three replicates (trial 5) (Table 2). The systems 
behaviour was evaluated by fitting the experimental data to a 
second-order polynomial model. The responses (Y) under investigation 
were (Y1) maximum EPS (including both RPS and CPS) concentration, 
and (Y2) the relative proportion of individual monomers, namely, fucose 
(Fuc), rhamnose (Rha), arabinose (Ara), glucosamine (GlcN), galactose 
(Gal), glucose (Glc), galacturonic acid (GalA) and glucuronic acid 
(GlcA).

To identify an appropriate reduced quadratic model, the significance 
of each source of variation was obtained from statistical analysis using 
software JMP®, version 14 (SAS Institute Inc.). A p-value< 0.05 was 
applied as the significant level.

Experimental set up – 50 mL tubes test experiment

Conditions established by the experimental design were applied to 

Table 1 
Sample code, origin of samples and microscopic appearance of the cultures used 
in this study.

Code Origin Dominant cyanobacterial 
species

Appearance

UP Urban pond Synechocystis sp. Free cells
R1 Besòs River Synechocystis sp., 

Synechoccocus sp. and 
Leptolyngbya sp.

Free and forming 
aggregates around 
filament cells

R2 Besòs River Synechocystis sp., 
Synechoccocus sp. and 
Leptolyngbya sp.

Free and forming 
aggregates around 
filament cells

R3 Besòs River Synechocystis sp. and 
Synechoccocus sp.

Free cells

CC Canyars canal Synechocystis sp. and 
Synechoccocus sp.

Free and aggregates

CW1 Constructed 
wetland

Synechocystis sp. and 
Synechoccocus sp.

Free and aggregates

CW2 Constructed 
wetland

Synechocystis sp. Free and aggregates
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the seven microbiomes. Inoculation was carried out in 50 mL Pyrex™ 
test tubes (Figure A2) with approximately 1 g ⋅L-1 biomass (expressed as 
volatile suspended solids (VSS)). To prevent green microalgae compet
itors, 50 mL BG-11 medium as described in [9] with a modified P con
centration (0.1 mgP⋅L⁻¹) was utilized. Sodium chloride (NaCl) and 
sodium acetate (NaAc) were added to the medium when necessary 
(Table 2). Tubes were continuously agitated via compressed air 
bubbling through a 0.22 µm pore filter and illuminated by cool-white 
LED lights, producing an intensity approx. 29 µmol⋅m− 2 s− 1 in a 
15:9 h light:dark photoperiod. The test lasted seven days and afterwards, 
EPS content was analysed as detailed below.

Experimental set up - Simultaneous PHB and EPS production

Simultaneous PHB and EPS production was evaluated in a 3 L glass 
PBR (Figure A2). Production was performed following the dual cycle 
approach described in [35]. Briefly, experiment started with a growth 
phase, where the PBR was inoculated with 100 mg VSS⋅L− 1. BG-11 as 
described in [9] with modified concentrations of bicarbonate, as source 
of inorganic carbon (IC), nitrogen (N) and phosphorus (P), was used as 
media (100 mgIC L− 1, 50 mgN⋅L− 1 and 0.1 mgP⋅L− 1). When N concen
tration was below 5 mg⋅L− 1 (after 7 days), 600 mg Ac⋅L− 1 were added 
and PBRs were enclosed during seven days with PVC tubes to avoid light 
penetration. Reactors were continuously agitated by a magnetic stirrer 
ensuring a complete mixing and culture temperature was kept at 25–30 
◦C. During growth phase, illumination in the PBRs was maintained at 30 
klx (approx. 420 µmol⋅m− 2⋅s− 1) using a 200 W LED floodlight positioned 
15 cm from the reactors surface, operating in 15:9 h light:dark cycles. 
Throughout the growth phase, pH levels were regulated to remain 
within a range of approximately 8–8.3 using a pH controller system (HI 
8711, HANNA instruments). This system activated an electrovalve to 
inject CO2 into the reactors when the pH reached 8.3, subsequently 
adjusting it back to 8. pH data was recorded at 5 min intervals using the 
PC400 software (Campbell Scientific). During the dark phase, the pH 
was measured but not actively controlled as photosynthesis was not 
occurring.

This experiment was done in triplicate and results are shown as the 
mean values ± standard deviation.

Analytical methods

The acetate concentration in the medium at the end of the 50 mL 
tubes test experiment was analyzed following [50]. After centrifugation 
(12,000 g for 2 min), the supernatant was filtered (0.2 µm membrane) 
and acetate concentration was determined by HPLC using a refractive 
index detector and a BioRad Aminex HPX-87H column. The analyses 
were performed at 50 ◦C, with 0.01 N H2SO4 as eluent at a flow rate of 
0.6 mL min− 1. To normalize the results and compare acetate consump
tion across the different conditions and microbiomes tested, the 
following Eq. (1) was employed: 

Consumption yield(%) =
Ac0 − Acf

Ac0
⋅100 (1) 

where Acf represents the acetate concentration at the end of the exper
iment (day 7) and Ac0 is the initial concentration of each trial.

During simultaneous production test of PHB and EPS, biomass con
centration was determined as VSS according to procedure 2540-D 
described in Standard Methods [51]. Turbidity was measured with a 
turbidimeter (HI93703, HANNA Instruments). To provide a rapid esti
mation of biomass concentration, VSS were correlated with turbidity 
(Figure A3). To analyse the concentration of nitrogen and acetate in the 
PBRs, samples were collected and filtered through a 0.7 μm pore glass 
microfiber filter. Nitrogen analysis was conducted during the growth 
phase, following method 4500-NO-

3 (B) from Standard Methods [51]. 
Note that in BG-11 the only source of N is nitrate. acetate was analysed 
with the acetate colorimetric assay kit MAK086 (Sigma-Aldrich) 
following supplier instructions. Samples were analysed with a BioTek 
Synergy HTX plate reader (Agilent Technologies) set to 450 nm.

Glycogen extraction and quantification

Glycogen analysis was done following the method described by [52]
with minor modifications. In brief, freeze-dried biomass (2 mg) was 
mixed with 2 mL of 0.9 M HCl and subjected to digestion for 3 h at 100 
◦C. Sample was centrifuged (12,000 g for 2 min) and the supernatant 
was filtered (0.2 µm membrane). Finally, glucose was analysed by anion 
exchange chromatography, using a Metrosep Carb 2–250/4.0 column 
(Agilent Technologies), equipped with a pulsed amperometric detector. 
The eluent used was 300 mM sodium hydroxide and 1 mM sodium ac
etate. The analysis was performed at 30 ◦C, at a flow rate of 
0.5 mL min− 1. Glucose standard was used at concentrations in the range 
of 5–100 ppm.

EPS extraction

After the seven days 50 mL tubes test experiment, the culture broth 
was centrifuged at 13,000 g for 20 min. The cell-free supernatant was 
used for the RPS extraction and quantification; and the cell pellet was 
used for CPS extraction and quantification.

The methodology described in [53] was used with some modifica
tions. The culture broth was centrifuged at 8000 g for 20 min. To extract 
RPS, the cell-free supernatant was submitted to a dialysis with 
12–14 kDa MWCO membrane (Spectra/Por®, Spectrum Laboratories, 
Inc.) against deionized water, at room temperature, under continuous 
stirring. The dialysis water was changed frequently until conductivity of 
the water reached a value below 10 µS cm− 1 (approximately after 48 h). 
Finally, samples were frozen at − 80 ◦C and freeze-dried.

To extract CPS, the biomass pellet was rinsed with 2 mL saline buffer 
(2 mM Na2HPO4⋅2 H2O, 4 mM NaH2PO4⋅12 H2O, 9 mM NaCl, 1 mM 
KCl, pH 7.0) following method 3 described in [54]. Briefly, samples in 
saline buffer were sonicated with an ultrasound bath (Bandelic elec
tronic GmbH & Co) for four cycles of 30 s, alternating with 30 s in ice. 
Samples were left overnight at − 20 ◦C and the supernatant was recov
ered by centrifugation (12,000 g for 20 min at 4 ◦C). Then, the same 
methodology applied to extract RPS was used.

EPS volumetric production rate (ϒEPS (mgEPS⋅L− 1⋅d− 1)) was ob
tained by: 

γEPS =
EPStf

tf − t0
(2) 

where EPStf is the concentration of EPS (in mg⋅L− 1) quantified at the end 
of the experiment (day 14, tf).

The EPS yield on acetate (Ac) (YEPS/Ac) was calculated on a Chemical 
Oxygen Demand (COD)-basis by: 

Table 2 
Design matrix of the CCRD applied to each microbiome with two independent 
variables (X1 and X2), NaCl and acetate concentration.

Trial NaCl (g⋅L¡1) (X1) Acetate (g⋅L¡1) (X2)

1 31 2.4
2 5 2.4
3 31 0.4
4 5 0.4
5* 18 1.4
6 36 1.4
7 0 1.4
8 18 2.8
9 18 0

* center point, done in three replicates.
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YEPS/Ac =
EPStf

Ac
(3) 

where EPStf is the concentration of EPS (given 1.36 gCOD⋅gEPS− 1 [55]) 
end of the experiment (tf). Ac (mg⋅L− 1) is the acetate concentration 
(given 1.07 gCOD⋅gAc⋅L− 1) added (600 mgAc⋅L− 1) in the medium at the 
beginning of the dark phase.

EPS composition analysis

For the EPS compositional analysis, methodology described in [56]
was followed. Freeze dried samples (1 mg) were dissolved in 1 mL 
deionized water and hydrolysed with trifluoroacetic acid (TFA) 
(0.02 mL TFA 99 %) at 120 ◦C, for 2 h. The hydrolysate was used for the 
identification and quantification of the constituent monosaccharides.

Samples from the 50 mL tubes test experiment were analyzed by 
HPLC, using a CarboPac PA10 column (Dionex), equipped with pulsed 
amperometric detector. The analysis was performed at 30 ◦C, at an 
eluent flow rate of 1 mL min− 1, with the following eluent gradient: 
0–20 min, sodium hydroxide 18 mM; 20–40 min, sodium hydroxide 
(50 mM) and sodium acetate (170 mM). Fucose, rhamnose, arabinose, 
glucosamine, galactose, glucose, mannose, glucuronic acid and gal
acturonic acid at concentrations between 1 and 100 ppm were used as 
standards.

Samples from the simultaneous production test of PHB and EPS, were 
analysed by anion exchange chromatography, using a Metrosep Carb 
2–250/4.0 column (Agilent Technologies), equipped with a pulsed 
amperometric detector. The eluents used were (A) 1 mM sodium hy
droxide and 1 mM sodium acetate, and (B) 300 mM sodium hydroxide 
and 500 mM sodium acetate. The analysis was performed at 30 ◦C, at a 
flow rate of 0.6 mL min− 1, with the subsequent eluent gradient: 
0–22 min, eluent (A); 22–30 min, eluent (A) 50 % and eluent (B) 50 %; 
30–40; 22–30 min, eluent (A) 50 % and eluent (B) 50 %; 40–46 min, 
eluent (A); and 46–60 min eluent (A). Fucose, rhamnose, galactose, 
glucose, mannose, xylose, and glucuronic acid at concentrations be
tween 1 and 100 ppm were used as standards.

PHB extraction and quantification

PHB was analysed at selected time points following methodology 
described in [57]. Briefly, 50 mL samples were taken and centrifuged 
(3000 g for 10 min). Cell pellet was frozen at − 80◦C overnight. The 
frozen samples were then freeze-dried for 24 h (− 110 ◦C, 0.05 hPa). 
Freeze-dried biomass (3–3.5 mg) was mixed with 1 mL CH3OH with 
H2SO4 (20 % v/v) and 1 mL CHCl3 containing 0.05 % w/w benzoic acid 
as internal standard. The samples underwent heating for 5 h at 100 ◦C in 
a dry-heat thermo-block, followed by cooling in a cold-water bath for 
30 min. Subsequently, 1 mL of deionized water was added, and the 
tubes were vortexed for 1 min. The CHCl3 phase, was recovered and 
introduced into a chromatography vial with molecular sieves. Gas 
chromatography analysis (7820 A, Agilent Technologies) was per
formed using a DB-WAX 125–7062 column. Helium served as the gas 
carrier (4.5 mL min-1), with an injector split ratio of 5:1 and a temper
ature of 230 ◦C. The flame ionization detector (FID) temperature was set 
to 300 ◦C. A standard curve of the co-polymer poly(3-hydroxybutyr
ate-co-3-hydroxyvalerate) (P(3HB-co-3HV), 88:12 wt, Sigma Aldrich) 
was used for PHB quantification.

PHB volumetric production rate (ϒPHB (mgPHB⋅L− 1⋅d− 1)) was ob
tained by: 

γPHB =
(%dcwPHBtf ⋅xti − %dcwPHBt0⋅xt0)

/
100

tf − t0
(4) 

where %dcwPHBtf and %dcwPHBt0 are the yield on biomass quantified at 
the end of the experiment (tf) and at the beginning of the dark phase (t0). 
Xtf and Xto are the biomass concentration (in mgVSS⋅L− 1) at the end and 

at the beginning of the dark phase, respectively.
The PHB yield on acetate (Ac) (YPHB/Ac) was calculated on a COD- 

basis by: 

YPHB/Ac =
PHBtf − PHBt0

Ac
(5) 

The amount of PHB produced (given 1.67 gCOD⋅gPHB− 1) was ob
tained by multiplying the %dcw PHB produced per biomass concen
tration (in mgVSS⋅L− 1) at the end of the test (tf) and at the beginning (t0) 
of the dark phase. Ac (mg⋅L− 1) in the equation is the acetate concen
tration (given 1.07 gCOD⋅gAc⋅L− 1) added (600 mgAc⋅L− 1) in the me
dium at the beginning of the dark phase.

EPS and PHB staining

By the end of the simultaneous production test for microbiomes R1, 
both bioproducts were visualized by staining analysis. A simple staining 
with black Chinese ink was conducted for EPS visualization, and 
observation was carried out under a bright light microscope (Nikon, 
Japan). For PHB staining, 1 % (wt/vol) Nile Blue A solution was used, 
with samples examined via Confocal Laser Scanning Microscope 
(CLSM), as detailed below.

Confocal laser scanning microscope

Confocal Laser Scanning Microscopy (CLSM) images displaying 
intracellular PHB were obtained at the end of the simultaneous pro
duction test for microbiomes R1. Firstly, 2 mL of culture were centri
fuged (6000 g for 4 min). Cell pellets were then rinsed three times with 
PBS (200 µL) and fixed with a solution (400 µL) of glutaraldehyde 
(2.5 % in PBS) for 15 min, followed by three additional washes in PBS. 
Finally, 1 % (wt/vol) Nile Blue A solution was used for PHB staining. 
Stained samples were observed with a 63 × 1.4 numerical aperture oil 
immersion objective lens, excited with a diode 561 nm, and were viewed 
in a Carl Zeiss LSM 800 (Zeiss).

Results and discussion

Effect of salinity and acetate on EPS production

The influence of salinity and acetate (Ac) on EPS synthesis was 
delved across diverse conditions, ranging from 0 to 31 g⋅L-1 NaCl and 
0–2.8 g⋅L-1 Ac, respectively. Following seven days of exposure to these 
varied conditions, the EPS production of each microbiome under each 
condition was evaluated. The selection of these parameters and their 
respective values was based on several factors. Firstly, the effect of salt 
on EPS synthesis has been observed to vary depending on the cyano
bacterial strain [5,21]. Therefore, by examining a broad range of salinity 
levels, we aimed to capture potential strain-dependent responses. While 
acetate is well-known as an inducer of PHB synthesis [10,16,17,45], its 
impact on EPS production has been relatively underexplored in the 
literature. Hence, we chose to include acetate as a parameter to inves
tigate its potential influence on EPS synthesis, thus expanding the un
derstanding of the factors governing biopolymer production in 
cyanobacteria microbiomes.

The synthesis of RPS and CPS showed variations from one micro
biome to another (Table 3 and Figure A4). Generally, the production of 
RPS and CPS was comparable, except for cultures UP, CC and CW1 
where CPS synthesis was relatively higher than that of RPS (Table 3). 
Similarly, [26] also reported that RPS was formed to a lesser extent than 
CPS in Anabaena sp. and Nostoc sp.

Among the seven cultures evaluated, microbiome R3 demonstrated 
the highest content in RPS production, reaching a maximum of 
138 mg⋅L− 1 (Figure A4). This maximum was observed in trial 5, which 
involved the addition of 18 gNaCl⋅L− 1 and 1.4 gAc⋅L− 1. Prior to this, 
microbiome R3 had been tested for EPS production in another study 
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[45], resulting in a modest synthesis of 7 mg⋅L− 1 EPS with the addition 
of 0.04 gAc⋅L− 1. It is noteworthy that acetate did not statistically affect 
EPS production (p > 0.05); however, the reasons behind this lack of 
statistical significance were not explained by the authors. Interestingly, 
our recent findings align with these earlier observations; similarly, ac
etate did not significantly impact EPS production, suggesting that the 
considerable increase in polymer output can be attributed to the pres
ence of salt. This indicates salt’s positive influence on RPS production 
specifically in this culture (Table 3). Notably, microbiome R3 featured a 
higher abundance of Synechococcus sp. within its community 
(Figure A1). This prevalence of this cyanobacteria might account for the 
observed enhancement in RPS production in response to salt addition. 
Similarly, this positive correlation between NaCl exposure and EPS 
production has also been documented in other cyanobacteria, including 
Synechocystis sp., Nostoc sp. and Spirulina sp. [28,58,59]. Particularly in 
the case of Nostoc sp., CPS synthesis was higher (212 mg⋅L− 1) under salt 
stress compared to the control group (126 mg⋅L− 1) [58]. However, it is 
noteworthy that salt stress typically leads to a simultaneous decrease in 
biomass growth. High concentrations of salts, such as NaCl, can disrupt 
the osmotic balance inside and outside the cells, causing water loss and 
potentially leading to cell lysis. This osmotic stress can impair the 
normal metabolic processes and growth rates of cyanobacteria, affecting 
their overall biomass production [28,58]. Some cyanobacteria have 
developed mechanisms to tolerate and withstand high salinity levels by 
the stimulation of EPS synthesis to retain moisture around the cell 
preventing them of desiccation [60,61]. The ability of cyanobacteria to 
respond to high salinity can vary greatly among different species. 
Indeed, NaCl did not induce a significant change in EPS synthesis in 
cultures of Spirulina sp, Anabaena sp., Synechocystis sp. or Cyanothece sp. 
[23,25,26,62]. [62] investigated the effects of high NaCl (17.5 g⋅L− 1) 
and low sulphur concentration (1.2 mg⋅L− 1) on RPS production in Syn
echocystis sp. Surprisingly, neither condition led to a significant increase 
or decrease in RPS production compared to the control group, where the 
concentration was below 100 mg⋅L− 1 in all scenarios.

Differences were noted among the evaluated microbiomes regarding 
acetate consumption (Table A1). Notably, only cultures CC and CW1, 
which demonstrated the highest rates of acetate consumption, experi
enced a beneficial impact on EPS synthesis following the addition of 
acetate to the medium (Table 3). In fact, a strong correlation between 
acetate consumption and EPS production was evident, with a correlation 
coefficient (R2) higher than 0.7 in each culture (Figure A5). Specifically, 
culture CW1 saw enhancements in both RPS and CPS synthesis, whereas 
culture CC experienced a boost primarily in RPS synthesis (Table 3). 

Noteworthy is the substantial increase observed in culture CW1, 
particularly in trials 1, 2, 5–8, where the presence of acetate led to a 
substantial enhancement. Similarly, in culture CC, the final CPS con
centration rose up to six times compared to trials without acetate 
(Figure A4), underscoring the impact of acetate on EPS synthesis in these 
cultures, due to acetate consumption. This observation was consistent 
with previous findings where acetate supplementation significantly 
enhanced EPS production in these both cultures [45]. Likewise, in 
Nostoc sp., presence of acetate boosted EPS synthesis [6,47], reaching 
levels around twice as high as those observed in autotrophic cultivation 
[47]. Nonetheless, it is worth noting that addition of acetate, valerate, 
glucose or citrate to the growth medium of Anabaena sp. led to a 
reduction in EPS concentration, although the authors did not provide an 
explanation for this phenomenon [44].

Furthermore, variations in the cyanobacterial species present in each 
microbiome, along with their distinct morphologies observed under the 
microscope (Table 1), did not result in noticeable differences in EPS 
production (Table 3). In fact, results on EPS (RPS and CPS) production 
by the evaluated microbiomes were similar and comparable to that 
obtained in monocultures of various cyanobacteria [39,46,63–66]; 
however, higher production has also been documented in cultures of 
Nostoc sp. and Anabaena sp., with synthesis reaching over 1000 mg⋅L− 1 

in various days at stationary phase [6,64]. These findings underscore the 
complexity of microbial responses to environmental stimuli and high
light the need for further research to unveil the underlying mechanisms 
governing biopolymer production in microbial communities. Never
theless, moving forward, an essential consideration is the adaptation of 
culture and operational conditions to obtain polysaccharides with 
desired properties tailored to their intended application. These proper
ties will be linked to the composition of the EPS.

Effect of salinity and acetate on EPS monosaccharides composition

Analysing the monomer composition of EPS is crucial in compre
hending their functional significance. To accurately reflect the EPS sugar 
composition of each, the average RPS and CPS composition for each 
culture has been calculated based on the results obtained in each trial for 
every microbiome (Table 4).

Cyanobacterial EPS primarily consists of neutral sugars, including 
glucose, mannose, galactose, rhamnose, arabinose and fucose. Notably, 
our analysis revealed differences in monosaccharide composition be
tween RPS and CPS (Table 4), aligning with the known complexity of 
cyanobacterial polymers [20,65,67]. Generally, glucose is the main 
monosaccharide in cyanobacteria EPS [5,26,28,58,68,69]. Consistent 
with these findings, in both RPS and CPS, glucose, together with 
mannose, emerged as the most common monosaccharides across the 
seven microbiomes tested, making up around 60–80 % of the total 
polysaccharide. The predominance of glucose and mannose were 
consistent with that observed for EPS produced individually by Ana
baena sp., Microcystis sp., Cyanothece sp., Nostoc sp., Synechocystis sp. or 
Synechococcus sp., although ratios may differ between species [28,58,67, 
68,70–73]. Additional monosaccharides, including galactose, arabinose, 
rhamnose and fucose, were present in the RPS from the seven evaluated 
microbiomes (Table 4). Although their ratio was relatively low (< 11 % 
of the total RPS), values agree with that reported in other cyanobacteria 
[24,26,67,71–73]. Notably, glucosamine was present in all RPS, 
comprising an average proportion of 6 % of the total RPS, aligning with 
previous studies with cyanobacteria Anabaena sp., in which similar 
molar ratios were detected in RPS (4.7 %) and CPS (5.9 %) [26]. In CPS, 
proportion of rhamnose was around 11–20 % of the total CPS, while in 
RPS proportion of rhamnose was lower than 11 % (Table 4). Similarly, 
in cultures of Anabaena sp., major proportion of rhamnose was detected 
in CPS than in RPS [26].

The sugar composition remained consistent despite changes in 
salinity levels or the addition of acetate to the culture media. This 
finding is consistent with studies on EPS from Synechocystis sp., 

Table 3 
Summary of the statistically significant effects of the two factors evaluated 
(salinity and acetate) on EPS (RPS and CPS) synthesis in the seven microbiomes 
studied. The maximum EPS synthesis (CEPS) represents the highest concentration 
achieved by each microbiome across all conducted trials.

Factors Response

Microbiome EPS Salinity Acetate Max. CEPS [mg⋅L¡1]

UP RPS ​ ​ 62
CPS ​ ​ 140

R1 RPS ​ ​ 60
CPS ​ ​ 55

R2 RPS ​ ​ 69
CPS - ​ 17

R3 RPS + ​ 138
CPS ​ ​ 67

CC RPS ​ + 60
CPS ​ ​ 112

CW1 RPS ​ + 58
CPS ​ + 105

CW2 RPS ​ ​ 62
CPS ​ ​ 41

+ , positive effect; -, negative effect; blank space, the parameter had no statis
tically significant effect (p-value > 0.05)
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Aphanothece sp., Microcystis sp. and Nostoc sp., where the profile of 
monosaccharide composition remained unchanged despite variations in 
carbon sources or salinity [6,28,58,60,74]. However, a unique obser
vation was made in the case of microbiome R3, where exposure to NaCl 
led to a significant alteration in the sugar composition of RPS. This shift 
mirrors prior findings in the relative sugar content of RPS from Syn
echocystis sp., where high NaCl (17.5 g⋅L− 1) exposure resulted in higher 
levels of glucose, as well as, lower levels of galactosamine [62]. In EPS 
produced by Nostoc sp., the molar ratio of sugar residues underwent 
slight modifications with acetate supplementation, being the most sig
nificant change the decrease in mannose (50 % molar ratio versus 30 % 
without acetate) [6]. Other variations, including presence of nitrogen, 
have minimal effect on the monosaccharide composition and 
morphology of EPS [66]. Interestingly, despite significant variations in 
sugar ratios and potential structure adjustments in both RPS and CPS 
from Nostoc sp. under different light wavelengths, the core structural 
elements of EPS appear to maintain their integrity, as evidenced by 
Fourier transform infrared spectroscopy and X-ray diffraction charac
terizations [73]. This observation suggests the existence of a highly 
regulated biosynthesis pathway that preserves essential structural 
characteristics of these polymers under different environmental 
conditions.

Uronic acids, identified as glucuronic and galacturonic acids, are also 
characteristic components of microalgae and cyanobacteria EPS. 
Sometimes in relatively high levels, like in Phormidium sp., Neorhodella 
sp. or Heterocapsa sp, where they have shown to represent around 30 % 
of the overall composition [75,76]. However, in other microalgae and 
cyanobacteria this ratio is lower, not higher than 17 % in Anabaena sp., 
10 % in Microcystis sp., and even lower or not detected in species 
including Cyanothece sp., Synechocystis sp., Nostoc sp., Synechoccocus sp. 
or Parachlorella sp. [28,58,67,68,70–72]. Congruent with most results, 
uronic acids were almost undetected in RPS of the seven evaluated 
cultures (Table 4), where proportion did not exceed 2 % of the total 
polysaccharide. Interestingly, in CPS, their proportion was higher in all 
the samples, but still the average ratio was not more than 7 % of the 

molar ratio (Table 4).
These differences in RPS and CPS composition appear to be a ques

tion of discussion in the literature [20,66,71,74,77], and these varia
tions were also evident in the present study. This is attributed to the 
distinct roles of these polysaccharides, where each component conveys 
unique characteristics. Remarkably, the relatively high glucosamine 
ratio (Table 4) suggests that these microbiomes hold potential as sources 
of novel and improved biomaterials for health applications [53]. 
Deoxysugars like rhamnose and fucose contribute for hydrophobic 
properties, while uronic acids contribute to the anionic and sticky nature 
of the polysaccharides [78]. This distinction was particularly pro
nounced in the CPS of the seven microbiomes, where these components 
were present in a higher proportion than in RPS (Table 4). Indeed, the 
presence of a polysaccharidic layer enveloping the cells suggests a po
tential mechanism to prevent direct contact between cells and toxic 
heavy metals present in the environment [77,79].

Large photobioreactor cultivation – Simultaneous PHB and EPS production 
and characterization

The aim of the 50 mL test tubes experiment was to evaluate the EPS- 
producing abilities of seven microbiomes and examine the impact of salt 
and acetate on polysaccharide synthesis. This pursued to gain under
standing of EPS synthesis by these cultures, ultimately leading to the 
integration of EPS synthesis with PHB production. Since neither salt or 
acetate improved considerably EPS production, we assessed this dual 
production under conditions optimized for PHB synthesis [35,36]. To 
accomplish this, microbiome R1 was cultivated in a 3 L PBR following a 
dual phase approach. The methodology involved a biomass growth 
phase followed by a dark incubation period where acetate is added into 
the medium upon N limitation.

Initially, microbiome R1 was inoculated into the 3 L PBR with a 
biomass concentration of 100 mg VSS⋅L− 1. The biomass growth phase 
lasted seven days, in which the concentration reached an average 750 
mgVSS⋅L− 1 (Fig. 1A). At this time point, the concentration of N was 

Table 4 
Monosaccharide and non-sugars groups’ composition (in relative proportion, %) of EPS produced by the microbiomes tested in this study. Values are the average and 
standard deviation obtained under conditions described in Table 2.

*Ara, arabinose; Fuc, Fucose; Gal, galactose; GalA, galacturonic acid; Glc, glucose; GlcA, glucuronic acid; GlcN, glucosamine; Man, mannose; Rha, rhamnose; n.d., non- 
detected; n.m., non-measured Colors range from blue to red, where blue indicates lower values and red represents higher values. Intermediate values are shown in a 
gradient from light blue to white to red.

B. Altamira-Algarra et al.                                                                                                                                                                                                                     New BIOTECHNOLOGY 87 (2025) 82–92 

87 



Fig. 1. Concentration dynamics in (A) biomass (as VSS) and nitrogen (as N- NO3); and (B) PHB and EPS for microbiome R1 through the experiment. White and grey 
colour in the figure indicates growth phase and dark phase, respectively. Dashed line remarks the beginning of dark phase. Note that nitrate was not measured in the 
dark phase. These data represent the mean ± std of three experiments performed. (C) Aggregate of Syenchocystis sp. and Syenchoccous sp. in bright light microscope 
of microbiome R1 in 10X. Scale bar is 100 µm. (D) Bright light microscope images of microbiome R1 after black Chinese ink staining at 10X; (E) at 40x, and (F) at 
100X. EPS appear as light and shiny around the cells due to ink staining. Scale bar is 100 µm in (D); and 10 µm in (E) and (F). (G) and (H) LCSM image of an aggregate 
of microbiome R1. White arrowheads point PHB granules within the cells. Scale bar is 10 µm.
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5 mg⋅L− 1 for all the trials performed Fig. 1A). Then, the PBR was 
enclosed with PVC tubes to avoid light penetration and 600 mg⋅L− 1 of 
acetate were added to the reactor.

Interestingly, regarding EPS synthesis, both RPS and CPS values 
surpassed those obtained in the prior experimental design with the 
50 mL tubes (Table 5). This suggests that the methodology employed 
may offer potential advantages for EPS synthesis. Alternatively, the in
crease could be attributed to the extended duration of the assay. 
Notably, by the end of the experiment, microbiome R1 achieved RPS 
concentrations of 77 mg⋅L− 1 (8 %dcw) and CPS concentrations of 
128 mg⋅L− 1 (13 %dcw). Consistent with observations from the preced
ing experimental setup (Table 3), R1 demonstrated a propensity to 
produce higher CPS compared to RPS.

The monosaccharide composition remained consistent with previous 
analyses (Table 4), with glucose identified as the primary component in 
both RPS and CPS, comprising over 60 % of the polysaccharide 
(Table 6). Notably, there was a reduction in the ratio of mannose to 
below 10 %, contrasting with the 30 % ratio found in the previous test. 
Additionally, slight increases were noted in the proportions of fucose 
and rhamnose, reaching up to 8 % and 12 % of the total ratio, respec
tively. Furthermore, the sugar composition between RPS and CPS dis
played similarities, with the ratios of monosaccharides being 
comparable across both types of polysaccharides. A notable exception 
was the presence of glucuronic acid, which was found in greater abun
dance in CPS compared to RPS, constituting 8 % versus 3 % of the total 
polymer, respectively.

In relation to PHB synthesis, microbiome R1 reached an average 87 
mgPHB⋅L− 1 (9 % dry cell weight, dcw) by the end of the experiments 
performed (Table 5 and Fig. 1B). These values were relatively lower than 
those reported for other cyanobacteria species operating under similar 
conditions (with acetate added at the initiation of dark incubation). For 
example, Synechocystis sp. demonstrated PHB accumulation of up to 
22 %dcw by day 5 of incubation [17], Chlorogloea sp. reached up to 
29 %dcw by day 6 [12], or a microbiome dominated by Synechocystis sp. 
accumulated up to 27 %dcw by day 7 [36]. The observed lower PHB 
accumulation values could be attributed to EPS synthesis (Fig. 1B). Both 
PHB and EPS production are boosted by extracellular carbon sources, 
leading to competition for available exogenous carbon sources, like 
acetate [80–82]. Previous research on simultaneous PHB and EPS pro
duction by the bacteria Sphingomonas sp., the archaeon Haloferax sp., 
and microbial mixed cultures, has highlighted the impact of C/N ratio on 
biopolymer synthesis. A lower C/N ratio is often necessary for EPS 
synthesis, whereas a higher ratio is needed for maximum PHB accu
mulation [81,83,84]. Here, a high C/N ratio was employed, given that N 
was nearly depleted from the media, and 600 mg⋅L− 1 acetate were 
added to the culture. Hence, it was expected that a higher PHB pro
duction should have been observed.

Despite these conditions suggesting increased PHB production, 
relatively low yield YPHB/Ac was obtained (Table 5) because acetate 

assimilation did not occur, as evidenced by the residual acetate con
centration of 470 ± 100 mg⋅L− 1 by the end of the tests. This clearly 
hindered PHB synthesis. In fact, a theoretical maximum yield YPHB/Ac 
could be achieved if all carbon from acetate was directed towards PHB 
synthesis. This would yield a maximum PHB concentration of 384 
mgPHB⋅L− 1, representing 52 %dcw PHB (considering 750 mgVSS⋅L− 1, 
the average biomass concentration at the beginning of the dark phase). 
To enhance biopolymer production, exposing cells to alternating periods 
of growth and darkness shows potential for increasing PHB synthesis. 
This method enables cells to better adapt to conditions conducive to PHB 
synthesis [35,36], contrasting with the single-cycle experiments per
formed in this study.

Cyanobacteria also produce glycogen as storage compound even 
without N or P limitation [85,86]. Microbiome R1 synthetized 
130 mg⋅L− 1 of glycogen during the growth phase, with concentration 
reaching an average 260 mg⋅L− 1 (35 %dcw) by day 7 (Figure A6). In 
both mono- and mixed cultures of Synechocystis sp. and Synechococcus 
sp., similar glycogen levels (20 – 30 %dcw) were detected following a 
growth period of 23 days [9] as well as shorter durations of 12 and 18 
days [9,12]. Under the prolonged stress conditions in which cultures 
were submitted, characterized by nutrient deprivation and darkness 
during seven days, cells may have utilized the stored glycogen as carbon 
reserve, potentially converting it into PHB [9,14,36,87,88]. However, 
there was no observed decrease in glycogen content in the microbiome; 
rather, it remained stable (Figure A6). This stability correlates with the 
modest levels of PHB observed in the culture, suggesting that glycogen 
was not undergoing significant conversion into PHB. This phenomenon 
may be linked to EPS synthesis, using the inorganic carbon added at the 
beginning of the test (100 mg⋅L− 1), and redirecting carbon flux away 
from the glycogen metabolic pathways. Similarly, the disruption of glgC 
(encoding glucose-1-phosphate adenylyltransferase, involved in 
glycogen synthesis) in cyanobacteria Synechocystis sp. and Synechococcus 
sp. increased the EPS content by increasing the glucose concentration 
[40,69].

It seems evident that metabolic pathways associated with PHB were 
not highly active. As a response to the prolonged stress experienced by 
the cells, EPS production was triggered. Indeed, microscope observation 
revealed the presence of a mucilaginous external matrix enveloping the 
cells Fig. 1C-F). Specifically, Chinese ink staining highlighted the EPS, 
conferring a light and shiny appearance to the matrix surrounding the 
biomass. This matrix formed an aggregate containing diverse cells, 
including unicellular cyanobacteria Synechocystis sp. and Synechoccus 
sp., as well as filaments in some of the aggregates (Fig. 1 and A7). In 
microbiomes, the EPS layer plays a vital role in sustaining high-density 
populations of microorganisms and is a key factor in microbial floccu
lation [89,90]. This phenomenon is largely attributed to the presence of 
uronic acids in the polymer [60,64], accounting for 8 % of the CPS 
composition (Table 6). As cellular aggregation occurs, it accelerates the 
separation of biomass from the liquid medium, resulting in heightened 
efficiency. To visually appreciate this process, refer to Supplementary 
Video 1 for a time-lapse video.

Supplementary material related to this article can be found online at 

Table 5 
EPS (RPS and CPS) and PHB production (in terms of mg⋅L− 1 and % 
dcw) from microbiome R1. Values were calculated at the end of the 
experiment; the mean value obtained from the three tests conducted 
is shown together with the standard deviation.

Parameter

RPS (mg⋅L¡1) 76.8 ± 7.5
CPS (mg⋅L¡1) 127.5 ± 1.6
PHB (mg⋅L¡1) 96.3 ± 28.7
RPS (%dcw) 7.9 ± 1.2
CPS (%dcw) 13.1 ± 2.5
PHB (%dcw) 11.5 ± 3.5
ϒEPS (mgEPS⋅L¡1⋅d¡1) 14.6 ± 0.7
ϒPHB (mgPHB⋅L¡1⋅d¡1) 5.6 ± 1.1
YEPS/Ac (g EPSCOD ⋅ g AcCOD

¡1 ) 0.4 ± 0.0
YPHB/Ac (g PHBCOD ⋅ g AcCOD

¡1 ) 0.1 ± 0.0

Table 6 
Monosaccharide and non-sugars groups composition (in relative proportion, %) 
of EPS (RPS and CPS) produced by microbiome R1 under simultaneously pro
duction of PHB. Note that in this case arabinose, glucosamine and galacturonic 
acid were not measured.

EPS Fuc Rha Gal Glc Man Xyl GlcA

RPS 7.5 
± 1.3

12.1 
± 3.4

0.43 
± 0.1

62.4 
± 8.4

7.4 
± 1.5

7.7 
± 1.9

2.6 
± 0.9

CPS 6.0 
± 0.6

9.3 
± 2.6

0.51 
± 0.1

70.7 
± 16.2

5.7 
± 0.8

11.2 
± 09

8.2 
± 0.6

*Fuc, Fucose; Gal, galactose; Glc, glucose; GlcA, glucuronic acid; Man, mannose; 
Rha, rhamnose; Xyl, xylose; n.d., non-detected
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In the video, the flask containing microbiome R1, which produces 

EPS, the presence of this polysaccharide significantly promotes biomass 
aggregation. This is evident from the photograph showing the culture 
stained with black Chinese ink, where the EPS appears as a white gel 
surrounding the cells. This visualization effectively demonstrates how 
EPS binds cells together, thereby accelerating the sedimentation pro
cess. The aggregated biomass forms a visible layer at the bottom of the 
flask. Conversely, in the flask with microbiome CW2, which does not 
produce EPS, the lack of such a substance results in less effective biomass 
aggregation. Without EPS to facilitate cell-cell interactions and aggre
gation, the sedimentation rate is slower, and the culture broth remains 
more dispersed. This difference in culture broth appearance underscores 
the critical role of EPS in enhancing cellular aggregation and, by 
extension, the efficiency of the biomass aggregation process. Such 
improved efficiency in biomass separation would lead to notable cost 
savings in operations. Therefore, simultaneous production of PHB and 
EPS by cyanobacteria microbiomes presents a promising operational 
strategy, emphasizing practical benefits beyond the pursuit of high- 
value EPS production alone.

The presence of PHB was observed through polymer staining and 
visualization using LCSM. Nevertheless, PHB granules were clearly 
visualized as brightly fluorescent red granules within the cells (Fig. 1D). 
Remarkably, cells consisted of a heterogeneous population with respect 
to PHB accumulation, as not all cells exhibited these granules (Fig. 1D). 
This heterogeneous biopolymer content in the culture has been reported 
in other cultures due to the stochastic regulation of PHB synthesis [36, 
91–93].

Conclusions

In conclusion, our study offers a comprehensive exploration of the 
EPS-producing capabilities within seven microbiomes enriched with 
cyanobacteria, mainly Synechocystis sp. and Synechoccocus sp. We 
investigated the influence of acetate and salt on polysaccharide pro
duction and sugar composition. While acetate supplementation or salt 
exposure did not yield significant alterations in overall EPS synthesis or 
composition, the positive response observed in two microbiomes (CC 
and CW1) to acetate supplementation was related to their higher acetate 
consumption in comparison to the other microbiomes. Conversely, salt 
exposure led to a statistically significant decrease in EPS synthesis in one 
microbiome (culture R2), while it positively influenced RPS production 
in R3. Despite these intricacies, a consistent EPS synthesis was observed 
across all tested conditions, with levels ranging from 25 to 150 mg⋅L− 1, 
aligning with findings from similar cyanobacterial monocultures. 
Although differences were observed in the monosaccharide composition 
of RPS and CPS, both were identified as complex heteropolysaccharides. 
They were composed of six different monosaccharides, with glucose and 
mannose emerging as the predominant sugars among the EPS of the 
seven microbiomes studied. Together, these sugars constituted approx
imately 60–80 % of the total polysaccharide content.

Furthermore, our investigation into simultaneous EPS and PHB 
production in a 3 L PBR setup revealed challenges due to substrate 
competition. Although biopolymer synthesis was modest, the presence 
of uronic acid in the EPS facilitated biomass flocculation, streamlining 
the separation process, and potentially reducing associated time and 
costs. Finally, Nile Blue A staining revealed the internal PHB granules 
within cyanobacterial cells, while the use of black Chinese ink facilitated 
the visualization of the capsular EPS surrounding the cells.

Looking forward, refining strategies to regulate EPS production holds 
promise for enhancing the flocculation ability of PHB-producing cya
nobacteria microbiomes. This represents a compelling avenue for 
advancing biopolymer production processes.

Funding

This research was supported by the European Union’s Horizon 2020 
research and innovation programme under the grant agreement No 
101000733 (project PROMICON). B. Altamira-Algarra thanks the 
Agency for Management of University and Research Grants (AGAUR) 
from the Government of Catalonia for her grant [FIAGAUR_2021]. E. 
Gonzalez-Flo would like to thank the European Union- 
NextGenerationEU, Ministry of Universities and Recovery, Trans
formation and Resilience Plan for her research grant [2021UPF-MS-12]. 
J. Garcia acknowledges the support provided by the ICREA Academia 
program. C. A.V. Torres and M. A.M. Reis acknowledges national funds 
from FCT - Fundação para a Ciência e a Tecnologia, I.P., in the scope of 
the project UIDP/04378/2020 and UIDB/04378/2020 of the Research 
Unit on Applied Molecular Biosciences - UCIBIO and the project LA/P/ 
0140/2020 of the Associate Laboratory Institute for Health and Bio
economy - i4HB.

CRediT authorship contribution statement

Gonzalez Flo Eva: Writing – review & editing, Supervision, 
Conceptualization. Garcia Joan: Writing – review & editing, Supervi
sion, Project administration, Funding acquisition, Conceptualization. 
Altamira-Algarra Beatriz: Writing – original draft, Validation, Inves
tigation, Formal analysis, Conceptualization. A.M. Reis Maria: Project 
administration, Funding acquisition. A.V. Torrres Cristiana: Writing – 
review & editing, Supervision, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.nbt.2025.02.008.

References

[1] Najdenski HM, Gigova LG, Iliev II, Pilarski PS, Lukavský J, Tsvetkova IV, et al. 
Antibacterial and antifungal activities of selected microalgae and cyanobacteria. 
Int J Food Sci Technol 2013;48:1533–40. https://doi.org/10.1111/ijfs.12122.

[2] Fukushima S, Motoyama K, Tanida Y, Higashi T, Ishitsuka Y, Kondo Y, et al. 
Clinical Evaluation of Novel Natural Polysaccharides Sacran as a Skincare Material 
for Atopic Dermatitis Patients. J Cosmet Dermatol Sci Appl 2016;06:9–18. https:// 
doi.org/10.4236/jcdsa.2016.61002.

[3] R.P Y, Das M, Maiti SK. Recent progress and challenges in cyanobacterial 
autotrophic production of polyhydroxybutyrate (PHB), a bioplastic. J Environ 
Chem Eng 2021;9:2213–3437. https://doi.org/10.1016/j.jece.2021.105379.

[4] Jaffur BN, Kumar G, Jeetah P, Ramakrishna S, Bhatia SK. Current advances and 
emerging trends in sustainable polyhydroxyalkanoate modification from organic 
waste streams for material applications. Int J Biol Macromol 2023;253:126781. 
https://doi.org/10.1016/j.ijbiomac.2023.126781.

[5] Laroche C. Exopolysaccharides from Microalgae and Cyanobacteria: Diversity of 
Strains, Production Strategies, and Applications. Mar Drugs 2022;20. https://doi. 
org/10.3390/md20050336.

[6] Alvarez X, Alves A, Ribeiro MP, Lazzari M, Coutinho P, Otero A. Biochemical 
characterization of Nostoc sp. exopolysaccharides and evaluation of potential use 
in wound healing. Carbohydr Polym 2021;254:117303. https://doi.org/10.1016/j. 
carbpol.2020.117303.

[7] Garcia-Garcia D, Quiles-Carrillo L, Balart R, Torres-Giner S, Arrieta MP. Innovative 
solutions and challenges to increase the use of Poly(3-hydroxybutyrate) in food 
packaging and disposables. Eur Polym J 2022;178. https://doi.org/10.1016/j. 
eurpolymj.2022.111505.

[8] Meramo S, Fantke P, Sukumara S. Advances and opportunities in integrating 
economic and environmental performance of renewable products. Biotechnol 
Biofuels Bioprod 2022;15:1–18. https://doi.org/10.1186/s13068-022-02239-2.

[9] Rueda E, García-Galán MJ, Díez-Montero R, Vila J, Grifoll M, García J. 
Polyhydroxybutyrate and glycogen production in photobioreactors inoculated with 
wastewater borne cyanobacteria monocultures. Bioresour Technol 2020;295: 
122233. https://doi.org/10.1016/j.biortech.2019.122233.

B. Altamira-Algarra et al.                                                                                                                                                                                                                     New BIOTECHNOLOGY 87 (2025) 82–92 

90 

https://doi.org/10.1016/j.nbt.2025.02.008
https://doi.org/10.1016/j.nbt.2025.02.008
https://doi.org/10.1111/ijfs.12122
https://doi.org/10.4236/jcdsa.2016.61002
https://doi.org/10.4236/jcdsa.2016.61002
https://doi.org/10.1016/j.jece.2021.105379
https://doi.org/10.1016/j.ijbiomac.2023.126781
https://doi.org/10.3390/md20050336
https://doi.org/10.3390/md20050336
https://doi.org/10.1016/j.carbpol.2020.117303
https://doi.org/10.1016/j.carbpol.2020.117303
https://doi.org/10.1016/j.eurpolymj.2022.111505
https://doi.org/10.1016/j.eurpolymj.2022.111505
https://doi.org/10.1186/s13068-022-02239-2
https://doi.org/10.1016/j.biortech.2019.122233


[10] Rueda E, Altamira-Algarra B, García J. Process optimization of the 
polyhydroxybutyrate production in the cyanobacteria Synechocystis sp. and 
Synechococcus sp. Bioresour Technol 2022;356:127330. https://doi.org/10.1016/ 
J.BIORTECH.2022.127330.

[11] Ansari S, Fatma T. Cyanobacterial polyhydroxybutyrate (PHB): Screening, 
optimization and characterization. PLoS One 2016;11:1–20. https://doi.org/ 
10.1371/journal.pone.0158168.

[12] Monshupanee T, Incharoensakdi A. Enhanced accumulation of glycogen, lipids and 
polyhydroxybutyrate under optimal nutrients and light intensities in the 
cyanobacterium Synechocystis sp. PCC 6803. J Appl Microbiol 2014;116:830–8. 
https://doi.org/10.1111/jam.12409.

[13] Koch M, Bruckmoser J, Scholl J, Hauf W, Rieger B, Forchhammer K. Maximizing 
PHB content in Synechocystis sp. PCC 6803: a new metabolic engineering strategy 
based on the regulator PirC. Micro Cell Fact 2020;19:1–12. https://doi.org/ 
10.1186/s12934-020-01491-1.

[14] Khetkorn W, Incharoensakdi A, Lindblad P, Jantaro S. Enhancement of poly-3- 
hydroxybutyrate production in Synechocystis sp. PCC 6803 by overexpression of its 
native biosynthetic genes. Bioresour Technol 2016;214:761–8. https://doi.org/ 
10.1016/j.biortech.2016.05.014.

[15] Orthwein T, Scholl J, Spät P, Lucius S, Koch M, Macek B, et al. The novel PII- 
interactor PirC identifies phosphoglycerate mutase as key control point of carbon 
storage metabolism in cyanobacteria. Proc Natl Acad Sci USA 2021;118:1–9. 
https://doi.org/10.1073/pnas.2019988118.

[16] Simonazzi M, Pezzolesi L, Galletti P, Gualandi C, Pistocchi R, De Marco N, et al. 
Production of polyhydroxybutyrate by the cyanobacterium cf. Anabaena sp. Int J 
Biol Macromol 2021;191:92–9. https://doi.org/10.1016/j.ijbiomac.2021.09.054.

[17] Panda B, Mallick N. Enhanced poly-b-hydroxybutyrate accumulation in a 
unicellular cyanobacterium, Synechocystis sp. PCC 6803. Lett Appl Microbiol 
2007;44:194–8. https://doi.org/10.1111/j.1472-765X.2006.02048.x.

[18] Rossi F, De Philippis R. Exocellular Polysaccharides in Microalgae and 
Cyanobacteria: Chemical Features, Role and Enzymes and Genes Involved in Their 
Biosynthesis. Physiol Micro 2016:565–90. https://doi.org/10.1007/978-3-319- 
24945-2_21.

[19] Costa JAV, Lucas BF, Alvarenga AGP, Moreira JB, de Morais MG. Microalgae 
Polysaccharides: An Overview of Production, Characterization, and Potential 
Applications. Polysaccharides 2021;2:759–72. https://doi.org/10.3390/ 
polysaccharides2040046.

[20] Pereira S, Zille A, Micheletti E, Moradas-Ferreira P, De Philippis R, Tamagnini P. 
Complexity of cyanobacterial exopolysaccharides: composition, structures, 
inducing factors and putative genes involved in their biosynthesis and assembly. 
Microbiol Rev 2009;22:917–41. https://doi.org/10.1111/j.1574- 
6976.2009.00183.x.

[21] Cruz D, Vasconcelos V, Pierre G, Michaud P, Delattre C. Exopolysaccharides from 
cyanobacteria: Strategies for bioprocess development. Appl Sci 2020;10. https:// 
doi.org/10.3390/app10113763.

[22] Delattre C, Pierre G, Laroche C, Michaud P. Production, extraction and 
characterization of microalgal and cyanobacterial exopolysaccharides. Biotechnol 
Adv 2016;34:1159–79. https://doi.org/10.1016/j.biotechadv.2016.08.001.

[23] De Philippis R, Margheri MC, Pelosi E, Ventura S. Exopolysaccharide production by 
a unicellular cyanobacterium isolated from a hypersaline habitat. J Appl Phycol 
1993;5:387–94. https://doi.org/10.1007/BF02182731.

[24] De Philippis R, Margheri MC, Materassi R, Vincenzini M. Potential of unicellular 
cyanobacteria from saline environments as exopolysaccharide producers. Appl 
Environ Microbiol 1998;64:1130–2. https://doi.org/10.1128/aem.64.3.1130- 
1132.1998.

[25] Moreno J, Vargas MA, Olivares H, Rivas J, Guerrero MG. Exopolysaccharide 
production by the cyanobacterium Anabaena sp. ATCC 33047 in batch and 
continuous culture. J Biotechnol 1998;60:175–82. https://doi.org/10.1016/ 
S0168-1656(98)00003-0.

[26] Nicolaus B, Panico A, Lama L, Romano I, Manca MC, De Giulio A, et al. Chemical 
composition and production of exopolysaccharides from representative members 
of heterocystous and non-heterocystous cyanobacteria. Phytochemistry 1999;52: 
639–47. https://doi.org/10.1016/S0031-9422(99)00202-2.

[27] Sudo H, Burgess JG, Takemasa H, Nakamura N, Matsunaga T. Sulfated 
exopolysaccharide production by the halophilic cyanobacterium Aphanocapsa 
halophytia. Curr Microbiol 1995;30:219–22. https://doi.org/10.1007/ 
BF00293636.

[28] Ozturk S, Aslim B. Modification of exopolysaccharide composition and production 
by three cyanobacterial isolates under salt stress. Environ Sci Pollut Res 2010;17: 
595–602. https://doi.org/10.1007/s11356-009-0233-2.

[29] Bemal S, Anil AC. Effects of salinity on cellular growth and exopolysaccharide 
production of freshwater Synechococcus strain CCAP1405. J Plankton Res 2018; 
40:46–58. https://doi.org/10.1093/plankt/fbx064.

[30] Jindal N, Singh DP, Khattar JIS. Kinetics and physico-chemical characterization of 
exopolysaccharides produced by the cyanobacterium Oscillatoria formosa. World J 
Microbiol Biotechnol 2011;27:2139–46. https://doi.org/10.1007/s11274-011- 
0678-6.

[31] Zhang Y, Chi Z, Lu W. Exopolysaccharide production by four cyanobacterial 
isolates and preliminary identification of these isolates. J Ocean Univ China 2007; 
6:147–52. https://doi.org/10.1007/s11802-007-0147-x.

[32] Rueda E, Gonzalez E, Soumila F, Karl M, María D, Katharina A, et al. Challenges, 
progress, and future perspectives for cyanobacterial polyhydroxyalkanoate 
production. Rev Environ Sci Bio/Technol 2024. https://doi.org/10.1007/s11157- 
024-09689-0.

[33] Rueda E, García-Galán MJ, Ortiz A, Uggetti E, Carretero J, García J, et al. 
Bioremediation of agricultural runoff and biopolymers production from 

cyanobacteria cultured in demonstrative full-scale photobioreactors. Process Saf 
Environ Prot 2020;139:241–50. https://doi.org/10.1016/j.psep.2020.03.035.

[34] Arias DM, Fradinho JC, Uggetti E, García J, Oehmen A, Reis MAM. Polymer 
accumulation in mixed cyanobacterial cultures selected under the feast and famine 
strategy. Algal Res 2018;33:99–108. https://doi.org/10.1016/j.algal.2018.04.027.

[35] Altamira-Algarra B, Lage A, Garcia J, Gonzalez-Flo E. Photosynthetic species 
composition determines bioplastics production in microbiomes: strategy to enrich 
cyanobacteria PHB-producers. Algal Res 2024;79. https://doi.org/10.1016/j. 
algal.2024.103469.

[36] Altamira-Algarra B, Lage A, Meléndez L, Arnau M, Gonzalez-Flo E, García J. 
Perpetual bioplastic production by a cyanobacteria-dominated microbiome. 
BioRxiv Prepint 2023. https://doi.org/10.1101/2023.11.06.565755.

[37] Strieth D, Stiefelmaier J, Wrabl B, Schwing J, Schmeckebier A, Di Nonno S, et al. 
Correction to: A new strategy for a combined isolation of EPS and pigments from 
cyanobacteria (Journal of Applied Phycology, (2020), 32, 3, (1729-1740), 
10.1007/s10811-020-02063-x). J Appl Phycol 2020;32:1741. https://doi.org/ 
10.1007/s10811-020-02119-y.

[38] Ehling-Schulz M, Bilger W, Scherer S. UV-B-induced synthesis of photoprotective 
pigments and extracellular polysaccharides in the terrestrial cyanobacterium 
Nostoc commune. J Bacteriol 1997;179:1940–5. https://doi.org/10.1128/ 
jb.179.6.1940-1945.1997.

[39] Uchida A, Higashi Y, Yamamoto S, Nakanishi J, Kanayama N, Shibata K, et al. 
Production of extracellular polysaccharides and phycobiliproteins from 
Tolypothrix sp. PCC7601 using mechanical milking systems. Algal Res 2020;48: 
101929. https://doi.org/10.1016/j.algal.2020.101929.

[40] Velmurugan R, Incharoensakdi A. Heterologous Expression of Ethanol Synthesis 
Pathway in Glycogen Deficient Synechococcus elongatus PCC 7942 Resulted in 
Enhanced Production of Ethanol and Exopolysaccharides. Front Plant Sci 2020;11: 
1–12. https://doi.org/10.3389/fpls.2020.00074.

[41] Chandra N, Mallick N. Co-production of bioethanol and commercially important 
exopolysaccharides from the marine cyanobacterium Synechococcus elongatus 
BDU 10144 in a novel low-cost seawater-fertilizer-based medium. Int J Energy Res 
2022;46:13487–510. https://doi.org/10.1002/er.8069.

[42] Senatore V, Rueda E, Bellver M, Díez-Montero R, Ferrer I, Zarra T, et al. Production 
of phycobiliproteins, bioplastics and lipids by the cyanobacteria Synechocystis sp. 
treating secondary effluent in a biorefinery approach. Sci Total Environ 2023;857. 
https://doi.org/10.1016/j.scitotenv.2022.159343.

[43] Meixner K, Kovalcik A, Sykacek E, Gruber-Brunhumer M, Zeilinger W, Markl K, 
et al. Cyanobacteria Biorefinery — Production of poly(3-hydroxybutyrate) with 
Synechocystis salina and utilisation of residual biomass. J Biotechnol 2018;265: 
46–53. https://doi.org/10.1016/j.jbiotec.2017.10.020.

[44] Lama L, Nicolaus B, Calandrelli V, Manca MC, Romano I, Gambacorta A. Effect of 
growth conditions on endo- and exopolymer biosynthesis in Anabaena cylindrica 
10C. Phytochemistry 1996;42:655–9. https://doi.org/10.1016/0031-9422(95) 
00985-X.

[45] Altamira-Algarra B, Rueda E, Lage A, San León D, Martínez-Blanch JF, Nogales J, 
et al. New strategy for bioplastic and exopolysaccharides production: Enrichment 
of field microbiomes with cyanobacteria. N Biotechnol 2023;78:141–9. https://doi. 
org/10.1016/j.nbt.2023.10.008.

[46] Trabelsi L, Ben Ouada H, Zili F, Mazhoud N, Ammar J. Evaluation of Arthrospira 
platensis extracellular polymeric substances production in photoautotrophic, 
heterotrophic and mixotrophic conditions. Folia Microbiol (Praha) 2013;58:39–45. 
https://doi.org/10.1007/s12223-012-0170-1.

[47] Yu H. Effect of mixed carbon substrate on exopolysaccharide production of 
cyanobacterium Nostoc flagelliforme in mixotrophic cultures. J Appl Phycol 2012; 
24:669–73. https://doi.org/10.1007/s10811-011-9684-1.

[48] Lundstedt T, Seifert E, Abramo L, Thelin B, Nyström A, Pettersen J, et al. 
Experimental Design and Optimization. Chemom Intell Lab Syst 1998;42:3–40. 
https://doi.org/10.1007/978-3-540-49148-4_3.

[49] Torres CAV, Antunes S, Ricardo AR, Grandfils C, Alves VD, Freitas F, et al. Study of 
the interactive effect of temperature and pH on exopolysaccharide production by 
Enterobacter A47 using multivariate statistical analysis. Bioresour Technol 2012; 
119:148–56. https://doi.org/10.1016/j.biortech.2012.05.106.

[50] Fradinho JC, Domingos JMB, Carvalho G, Oehmen A, Reis MAM. 
Polyhydroxyalkanoates production by a mixed photosynthetic consortium of 
bacteria and algae. Bioresour Technol 2013;132:146–53. https://doi.org/10.1016/ 
J.BIORTECH.2013.01.050.

[51] Standard Methods for the Examination of Water and Wastewater. 22nd ed. 
Amerian Public Health Association; 2012.

[52] Lanham AB, Ricardo AR, Coma M, Fradinho J, Carvalheira M, Oehmen A, et al. 
Optimisation of glycogen quantification in mixed microbial cultures. Bioresour 
Technol 2012;118:518–25. https://doi.org/10.1016/j.biortech.2012.05.087.
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