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 ABS TRACT  

The optimization of polyhydroxybutyrate (PHB) production and accumulation in Nostoc 
muscorum was investigated by evaluating the effects of nitrogen, phosphorus, and 
photoperiod (light/dark) using a Box-Behnken design. A developed two-stage cultivation 
strategy enhanced the PHB production. The results indicated that conditions favoring 
PHB accumulation might limit biomass production, highlighting a trade-off between 
biomass yield and PHB accumulation. Experimental validation of the optimized 
conditions yielded 92.16 ± 15.84 mg PHB/L, 1.70 ± 0.19 g biomass/L, and 15.84 ± 3.11% 
dry weight of PHB. The two-stage cultivation approach consisted of producing the 
biomass with the optimal conditions in the first stage, followed by PHB accumulation of 
2.5 times in the latter stage. These findings suggest optimal culture conditions and 
provide a strategy to improve PHB yields in N. muscorum. 
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INTRODUCTION 
 

Plastic polymers derived from petroleum resources [1], 
which are notoriously difficult to degrade, have become one 
of the world's most pressing pollution issues [1, 2]. 
Microalgae represent a promising resource to produce 
biomaterials with applications in therapeutics, bioenergy, 
bioremediation, and bioplastics, among others [3]. 
Bioplastics, specifically those derived from 
polyhydroxyalkanoates (PHAs), have significant market 
potential and offer a promising alternative to conventional 
plastics [4]. PHAs are a diverse group of aliphatic polyesters 
produced by microorganisms. These bioplastics exhibit 
properties similar to traditional plastics but have the 
advantages of being biodegradable, biocompatible, and 
renewable [5]. Poly (3-hydroxybutyric acid) (PHB) is a type 
of Scl-PHA characterized by a methyl group as its R-group, 
and various microorganisms produce it naturally, including 
bacteria, cyanobacteria, and microalgae. Its primary 
biological function is long-term energy storage. The 
cytoplasm and plasma membrane of numerous 
microorganisms contain it. It is also a key component of cell 
membranes in specific yeasts, plants, and animals [6]. Recent 
studies have shown that PHB accumulation plays a dual role, 
serving as a carbon storage mechanism for long-term energy 
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and acting as a protective system that helps microorganisms 
survive various forms of cellular stress [7]. 

Several microalgae genera and some cyanobacteria can 
accumulate PHAs, particularly PHB, or the copolymer 
composed of PHB and polyhydroxyvalerate (3PHV). Notable 
among these genera are Nostoc, Chlorogloea, Synechocystis, 
Porphyridium, Microcystis, Synechococcus, Aulosira, Gleocapsa, 
Haematococcus, and Arthrospira [8, 9, 10]. These microalgae 
can synthesize and store PHAs within their cells. Utilizing 
microalgae as PHA producers offers several advantages, 
including their rapid growth, capacity to utilize diverse 
carbon sources, and ability to thrive under various 
environmental conditions [10]. As photosynthetic organisms, 
microalgae can capture carbon dioxide during their growth, 
positioning them as a promising option for sustainable 
bioplastic production. 

The lipid nature of PHAs suggests that nitrogen and 
phosphorus limitation stimulate the accumulation of PHB in 
cyanobacteria [10, 11−13]. These organisms can accumulate 
PHB under photoautotrophic and mixotrophic conditions 
[14]. Under mixotrophic conditions with nitrogen and 
phosphorus limitation, Nostoc muscorum accumulates PHB in 
the range of 21.5% to 69% DCW [14, 17]. Several culture and 
nutritional conditions influencing PHB accumulation have 
been studied. For instance, nutrient limitations (N and P) 
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[16,18], mixotrophy [16, 19−22], light-dark cycles, 
temperature, and pH [19, 23] are critical variables influencing 
PHB accumulation in cyanobacteria. An increase in PHB 
accumulation from 4.21% to 15%DCW was reported in 
Synechocystis sp. grown in a phosphorus-limited medium 
enriched with 0.17% sodium acetate [25]. The effects of 
various conditions, including pH (5–10), temperature (15–
45°C), illumination (continuous light, continuous darkness, 
and light-dark cycles), and carbon sources such as glucose, 
maltose, fructose, sucrose, lactose, and starch, under different 
light-dark periods, have also been investigated [9]. PHB 
accumulation in Nostoc muscorum NCCU-442 increased from 
6.44% to 18.01% under pH 7.5, 1 g L⁻¹ NaCl, absence of 
phosphorus, and 30°C. The maximum PHB accumulation of 
24.14% was achieved with 0.4% glucose and a 10:14 light-
dark photoperiod [9]. A recent study examined PHB 
accumulation under acute and chronic stress conditions, 
utilizing hexose sources and varying phosphate 
concentrations (0, 0.04, and 1 g/L) in Neowollea 
manoromense. Regardless of the carbon source, the highest 
PHB accumulation (156.5 ± 22.5 μg/mg) occurred under 
chronic stress (glucose medium without phosphate), whereas 
under acute stress (acetate medium without phosphate), the 
accumulation was 91.0 ± 2.7 μg/mg [26]. Despite numerous 
studies on PHB production by microalgae, most have focused 
on the effects of individual parameters, with relatively few 
addressing the role of photoperiod. Moreover, limited 
attention has been given to the relationship between biomass 
production and PHB accumulation using a two-stage 
cultivation approach, which is the focus of the present study. 
The main objective of this study was to assess the effects of 
nitrogen, phosphorus, and photoperiod (light/dark cycles) on 
PHB synthesis by Nostoc muscorum using a Box-Behnken 
design. Based on the results, a two-stage cultivation strategy 
was developed that enhanced PHB production. 
 

MATERIALS AND METHODS  
 

Microalgal Cultures 
 

The strain used in this study was Nostoc muscorum, obtained 
from the UTEX collection. The strain was cultivated in BG-11 
medium supplemented with 0.4% glucose for inoculum 
preparation. All experiments were conducted in 1 L 

photobioreactors at 25 ± 1°C, with cool-white fluorescent 
light (100 μmol photons m⁻² s⁻¹) illuminating under 12:12 h 
light/dark photoperiods. The cultures were continuously 
aerated (0.3 vvm), and the concentrations of nitrates, 
phosphates, and the light/dark photoperiod were varied. The 
experiments were performed in triplicate over 20 days, with 
samples collected on days 5, 10, 15, and 20. Microalgae 
biomass was quantified by optical density (OD 600) [27], and 
dry biomass weight by filtering the sample through an 
Ahlstrom membrane, 0.7 µm pore, 4.7 cm diameter at 
constant weight and oven drying (60 ± 2 °C) until the biomass 
weight remains constant [28]. PHB content was assessed by 
conversion to crotonic acid following the method of Law and 
Slepecky [29]; dried biomass was digested in concentrated 
sulfuric acid at 100 °C for 10 minutes, and crotonic acid was 
quantified spectrophotometrically at 235 nm. For protein and 
total sugar quantification, 1 mL samples were centrifuged at 
6000 rpm for 10 minutes, washed with 0.5 N ammonium 
formate and distilled water, and centrifuged after each wash. 
The resulting pellets were hydrolyzed with 1 mL of 1 N NaOH 
(proteins) or 2 N HCl (sugars) at 90 °C for 2 hours. Aliquots of 
200 µL were analyzed using Dubois method for total sugars 
[30] and the Lowry method for proteins [31]. For lipid 
determination, washed cell pellets from 500 µL of culture 
were used. Lipids were quantified using the sulfo-
phosphovanillin method [32]. 
 

Optimization Study 
 

A Box-Behnken design with three variables at three levels, 
requiring 13 randomized experiments with a central cube 
point (MATLAB), was employed in this study (Table 1). 
Nitrate (N), phosphate (P), and photoperiod (Pho) were 
selected as the independent variables to optimize PHB 
production and accumulation, as well as biomass production 
in N. muscorum. N and P concentrations were derived from 
the BG-11 medium, with the high level corresponding to half 
of the required BG-11 concentration, the medium level to a 
quarter, and the low level to one-eighth. The middle level of 
the photoperiod was set at 12/12 (light/dark), with 6/18 and 
18/6 representing the low and high levels, respectively. 
 
 
 

 

Table 1. Box-Behnken design for surface analysis with three factors 

Run Photo-period [N] [P] 
Light/dark 

period 
N [g/L] P [g/L] Treatment Name 

1 0 0 0 6:18 0.187 0.005 PhoL+NL+PL 

2 1 1 -1 6:18 0.375 0.010 PhoL+NM+PM 

3 -1 -1 -1 6:18 0.375 0.020 PhoL+NM+PH 

4 0 0 1 6:18 0.750 0.005 PhoL+NH+PL 

5 0 -1 1 12:12 0.375 0.010 PhoM +NM+PM 

6 1 1 0 12:12 0.375 0.020 PhoM +NM+PH 

7 -1 0 0 12:12 0.187 0.020 PhoM +NL+PH 

8 0 1 -1 12:12 0.750 0.005 PhoM +NH+PL 

9 -1 0 1 12:12 0.187 0.005 PhoM +NL+PL 

10 1 -1 1 18:6 0.750 0.005 PhoH+NH+PL 

11 1 0 0 18:6 0.750 0.010 PhoH +NH+PM 

12 -1 1 -1 18:6 0.187 0.020 PhoH +NL+PH 

13 0 -1 0 18:6 0.375 0.010 PhoH +NM+PM 
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Model Validation 
 

Three second-order polynomial equations were obtained 
through the Box-Behnken design to model PHB production 
(Y₁), biomass production (Y₂), and PHB accumulation (Y₃) as 
functions of nitrogen concentration (A), phosphorus 
concentration (B), and photoperiod (C). The general form of 
the regression model is: 
 

Y = β₀ + β₁A + β₂B + β₃C + β₁₂AB + β₁₃AC + β₂₃BC + β₁₁A² + 
β₂₂B² + β₃₃C² 

 

where β₀ is the intercept, β₁ to β₃ are the linear coefficients, 
β₁₂ to β₂₃ are the interaction coefficients, and β₁₁ to β₃₃ are 
the quadratic coefficients. The coded values of the variables 
A, B, and C are based on the experimental levels defined in 
Table 1 
 

Two-Stage Cultivation Strategy for PHB Synthesis 
 

The proposed two-stage culture strategy enhanced PHB 
production. In the first stage, N. muscorum's cultivation 
conditions maximized biomass production (as determined 
from the response surface) in five 1 L photobioreactors 
containing 700 mL of medium. After 15 days, centrifugation 
(15 min at 3500 rcf) and washing twice with nitrogen-and 
phosphorus-free medium helped harvest biomass. In the 
second stage, the 3.5 L biomass was resuspended in 350 mL 
of nitrogen- and phosphorus-free medium and used to 
inoculate another five photobioreactors, each containing 700 
mL of medium optimized for maximum PHB accumulation (as 
determined from the response surface). After 5 days, both 
biomass and PHB content were measured. 
 

Quantification of PHB by GC-MS  
 

Quantification of 3-hydroxybutyrate (3PHB) was performed 
using gas chromatography–mass spectrometry (GC-MS), 
following the method described by Juengert et al.  [33]; ten 
milligrams of dried cell pellets were transferred into screw-
capped culture tubes and resuspended in 1 mL of chloroform 
and 1 mL of 15% (v/v) H₂SO₄ in methanol. The mixture was 
incubated at 100°C in a dry bath for 2.5 h, after which the 
tubes were cooled on ice for 5 min. Once cooled, methyl 
benzoate was added as the internal standard to achieve a final 
concentration of 0.2% (v/v). The tubes were shaken and 
allowed to settle for 1 minute to facilitate phase separation. 
Then, 500 μL of the organic phase was recovered, filtered 
through a 0.22 μm Scientific Tisch PTFE syringe filter, and 
transferred into a GC vial for analysis. One microliter of the 
extracted PHB sample was analyzed by gas chromatography 
coupled with mass spectrometry (GC-MS) using an Agilent 
7890B model. A specific VF-WAXms column (polyethylene 
glycol) was employed, with dimensions of 30 m, 250 μm 
internal diameter, and a film thickness of 0.2 μm. Helium was 
used as the carrier gas at a flow rate of 0.7 mL/min. The GC 
injector temperature was set to 250°C, and the flame 
ionization detector (FID) was set to 275°C. The oven 
temperature program was as follows: 2 minutes at 80°C, 
followed by a temperature increase of 10°C/min to 245°C. A 
standard curve was constructed using a commercial PHB 
standard (Sigma-Aldrich, Cat. No. 363502). 
 

Quantification of PHB by the Crotonic Acid Method 
 

Two milliliters of culture were centrifuged (20 min at 3500 
rcf), and the supernatant was discarded. Then, 2 mL of 5% 
sodium hypochlorite solution was added, and the mixture 

was shaken at 150 rpm for one h at 37°C. Afterward, it was 
centrifuged again (20 min at 3500 rcf), and the supernatant 
was removed. The cell debris was washed first with 2 mL of 
distilled water and then with 2 mL of ethanol, centrifuging 
between each wash (20 min at 3500 cf). The samples were 
then dried at 60°C for 5 minutes, and 5 mL of chloroform was 
added. The mixture was shaken for 1 minute, and the contents 
were transferred to a glass tube with a PTFE stopper. The 
tube was stirred at 150 rpm at 60°C for 12 hours on a 
Benchmark ORBI-SHAKER orbital shaker. The final content 
was filtered through a 0.22 μm Scientific Tisch PTFE syringe 
filter, and the filtrate was immediately dried at 60°C to obtain 
PHB crystals. Once the PHB crystals had formed, 5 mL of 
concentrated H₂SO₄ were added, and the mixture was heated 
at 100°C for 20 minutes to promote crotonic acid formation. 
The final solution was allowed to cool to 25°C, and a 1:50 
dilution was prepared with H₂SO₄. The sample was analyzed 
using a GENESYS 10S UV-Vis spectrophotometer at 235 nm 
[29]. 
 

Determination of PHB by FT-IR 
 

The extraction of PHB from 50 mL of microalgal culture was 
carried out, as explained before. Washed cell debris was 
stirred in 5 mL of chloroform; then the extract was filtered 
with a Scientific filter Tisch PTFE Syringe Filter of 0.22 μm. 
The filtrate was evaporated to a volume of approximately 2 
and analyzed by a Fourier transform infrared spectroscopy 
(FTIR, Perkin Elmer Spectrum ONE NTS) in transmittance 
wavenumber range 4000 and 400 cm-1 and spectral tenacity 
of 4 cm-1. 
 

Data Analysis 
 

Minitab software was used to perform ANOVA and Tukey's T 
analysis. The response surface models, their surface graph, 
their correlations and their ANOVA analyses were performed 
with the Design Expert v13. 
 

RESULTS AND DISCUSSION  
 

Response Surface Optimization 
 

The response surfaces for biomass and PHB production, as 
well as polymer content, were analyzed for each phosphorus 
(P) level proposed in the experimental design, considering 
the variables of nitrogen concentration and photoperiod. The 
effects of these variables on biomass production are shown in 
Figure 1 (A, B, and C). At the highest phosphorus level (Figure 
1C), biomass production increased when both nitrate 
concentration and photoperiod were at their highest (0.75 
g/L and light period from 12 to 18 hours, respectively), 
reaching the optimal biomass production of 1.503 ± 0.098 g/L 
(PhoH + NH + PM, Figure 1C). However, at lower and medium 
phosphorus levels, biomass production ranged from 0.8 to 1.1 
g/L under the same light period (Figure 1A and B), indicating 
that a phosphate concentration of 0.02 g/L, combined with 
0.75 g/L of nitrate and a light period of 12 to 18 hours, is 
necessary to enhance biomass growth.  The uptake of nitrate 
is light-dependent, which is attributed to the essential role of 
nitrogen in photosynthesis and the production of proteins, 
lipids, and carbohydrates.  

Illumination can influence the biomass production [34]. The 
concentration and speciation of phosphorus (organic or 
inorganic) influence microalgal growth; high concentrations 
of inorganic phosphorus have been shown to promote 
cyanobacterial production [35]. High concentrations of 
inorganic phosphorus enhance its uptake and accumulation 
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in intracellular polymeric substances, promote its conversion 
into organic phosphorus, and, under continuous illumination, 
support increased microalgal growth [36]. Under 
phosphorus-limited conditions, the accumulated intracellular 
phosphorus sustained the growth of Scenedesmus sp. LX1 for 
several days, while chlorophyll content and photosynthetic 
activity remained stable, leading to a significant increase in 
single-cell weight and size [37]. In nitrogen-deficient media, 
biomass production in N. muscorum can decrease by up to 
40%, whereas in phosphorus-deficient media, it can be 
reduced by up to 77% [38]. 
 

 
Figure 1. Response surface plots for biomass production 
showing the interaction between nitrogen source 
concentration and photoperiod, evaluated at fixed 
phosphorus concentration levels 
 

PHB content increased as phosphorus concentration 
decreased, with maximum accumulation achieved at the 
lowest phosphate level (0.005 g/L, Figure 2A). This occurred 
in combination with nitrate concentrations ranging from 0.3 
to 0.5 g/L and a light period limited to 6 to 9 hours. The 
optimal PHB content was 15.75 ± 3.23% (Figure 2A). 

N. muscorum cultivated without phosphorus under dark 
conditions for 7 days exhibited similar results, increasing the 
PHB concentration from 8.5% to 23% [22]. It demonstrated 
the effect of these two factors on biopolymer accumulation. In 
this study, the most stressful conditions, a short light period 
and low phosphorus and nitrogen concentrations, yielded the 
highest PHB content. However, biomass production was the 
lowest under these conditions, indicating that high PHB 
content requires limiting conditions. In contrast, under 
optimal conditions for biomass production, PHB content is 
compromised. This result aligns with previous studies on N. 
muscorum [17, 24], showing that biopolymer accumulation is 
enhanced when biomass growth is restricted by phosphate 
and/or nitrogen deprivation. Additionally, dark periods may 
improve PHB accumulation [22]. It is possibly related to the 
conversion of glycogen into PHB in cyanobacteria during the 
dark phase [39]. 

High levels of phosphorus (P) and nitrogen (N), along with 
long photoperiods (greater than 12 hours), contributed to 
cellular biomass synthesis. However, under these conditions, 
organic carbon was not assimilated in the form of biopolymer, 
as the cells were in the growth stage, which prevents 

accumulation. These results suggest that slight adjustments 
in nitrogen and phosphorus concentrations and photoperiod 
duration are needed to promote either biomass growth or 
PHB accumulation in N. muscorum. In line with existing 
literature, we propose that biopolymer content in biomass 
should be evaluated in a two-stage process. Under nutrient-
sufficient conditions (0.02 g/L phosphate and 0.75 g/L 
nitrate) and photoperiods longer than 12 hours, the first 
stage allows for biomass growth. Under nutrient-deficient 
conditions (0.005 g/L phosphate and 0.35 g/L nitrate) and 
photoperiods shorter than 12 hours, the second stage 
promotes PHB accumulation. 
 

 
Figure 2. Response surface plots for PHB accumulation 
showing the interaction between nitrogen source 
concentration and photoperiod, evaluated at fixed 
phosphorus concentration levels 
 

 
 

Figure 3. Response surface plots for PHB production 
showing the interaction between nitrogen concentration 
and photoperiod, evaluated at fixed phosphorus 
concentrations 
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In addition to biopolymer content, a wide variation in PHB 
production was observed under the tested culture conditions. 
In general, at all three phosphorus levels, PHB production 
increased as the phosphorus level rose (Figure 3A, B, and C), 
with the highest production achieved at the middle nitrogen 
level and intermediate photoperiod lengths (110 mg/L, 
Figure 3C). Considering the response surface for the high 
phosphorus level (0.02 g/L phosphate, Figure 3C), the 
light/dark cycle duration had a significant effect on PHB 
production. In contrast, the nitrogen source had a more subtle 
influence. These results suggest that the optimal point for 
PHB production lies within the experimental region for 
photoperiod (around 12 hours of light) across all phosphorus 
levels. These findings are important because PHB 
productivity is one of the key factors in selecting the best 
culture media for biopolymer synthesis and choosing PHB-
producing strains [24, 40]. 
 

Polynomial Regression and Model Validation 
 

The effects of the tested factors—photoperiod (A), nitrogen 
concentration (B), and phosphorus concentration (C)—were 
analyzed using mathematical models to generate quantitative 
predictions of biomass growth, PHB production, and 
accumulation. Predicted PHB production values were derived 
from a linear model term (A), quadratic model terms (A² and 
B²), and interactive model terms (AC), established through 
regression analysis with a significance threshold of p ≤ 0.05 
(Table 2). The results indicated that the quadratic term C², 
interactive terms (AB and BC), and linear terms (B and C) did 
not exhibit significant effects on PHB accumulation (p≤0.05). 

The quadratic polynomial model of photoperiod (A2) was the 
factor with the most significant influence on PHB production 
(p ≤ 0.0033), followed by the photoperiod (A) (p ≤ 0.0314), 
AC (p ≤ 0.0626) and the quadratic polynomial model of 
nitrogen concentration (B2) (p ≤ 0.0890). These results 
revealed that photoperiod was the factor that most 
influenced the PHB production (Table 2), according to the 
factorial experimental design based on the coupled response 
surface methodology evaluated.  The regression prediction 
for the PHB production model was found to be accurate (R2 = 
0.9227 and F =16.92) (Figure 4C). On the other hand, it is 
important to mention that the F-values of all models for 
biomass, accumulation, and production were more significant 
than 1. However, the p was ≥ 0.05 for biomass and PHB 

accumulation. Regarding the accumulation of PHB in N. 
muscorum cells, the interaction of photoperiod with 
phosphorus concentration (AC) was the primary factor of 
influence (p ≤ 0.0429), followed by photoperiod with 
nitrogen concentration (AB) (p ≤ 0.0711).  Finally, the 
nitrogen source concentration has a lower interaction (p ≤ 
0.0787). 

Notably, while the F-values for all models (biomass, 
accumulation, and production) exceeded 1, p-values were 
≥0.05 for biomass and PHB accumulation. For PHB 
accumulation in N. muscorum cells, the interaction between 
photoperiod and phosphorus concentration (AC) was 
identified as the primary influencing factor (p≤0.0429), 
followed by the interaction between photoperiod and 
nitrogen concentration (AB) (p≤0.0711). The nitrogen source 
concentration exhibited the least significant interaction effect 
(p≤0.0787). Although the p-values for the biomass (p = 
0.1264) and PHB accumulation (p=0.0816) models were 
slightly above the conventional threshold of statistical 
significance (p < 0.05), their F-values remained above 1 and 
the precision values were 6.729 and 8.305, respectively. 
These indicators suggest that, while the models may not 
explain the variability in the responses with high statistical 
certainty, they still capture meaningful trends in the 
experimental data. The relatively low p-values (close to 0.05) 
and acceptable precision indicate that the models retain 
predictive value and can serve as useful tools for identifying 
the direction and relative influence of the tested variables. 
Nonetheless, caution is advised when interpreting these 
models, and further refinement or increased replication may 
improve their robustness 

To validate the predictive models, experiments were 
conducted in quintuplicate under the optimal conditions 
identified by the response surface methodology. 
Experimental results for PHB production, PHB accumulation, 
and biomass production were compared with the 
corresponding predicted values, yielding differences of 
11.5%, 8.2%, and 3.6%, respectively (Table 3). These low 
deviations confirm the adequacy of the second-order 
polynomial models and their reliability for optimizing PHB 
synthesis in N. muscorum. Under the optimized conditions, 
PHB yields reached up to 92.16 ± 15.84 mg/L, while biomass 
production ranged from 0.5 to 1.0 g/L, depending on the 
target variable. 

 

Table 2. Equations derived for each response variable, along with statistical values and key influential factors 

 Second-order polynomial equation F value P value Precision 
Biomass 

production [g/L] 
Y = 0.792 + A*0.225 + B*0.21 + C*0.255 + AB*0.052 - 

AC*0.035 + BC*0.136 - A
2
*0.164 + B

2
*0.256 - C

2
*0.021 

4.36 0.1264 6.729 

PHB 
Accumulation 

[%DCW] 

Y = 9.536 + A*0.676 - B*3.771 - C*2.351 + AB*3.928 + 

AC*5.023 - BC*0.946 - A
2
*2.619 - B

2
*7.244 + C

2
*2.187 

6.13 0.0816 8.305 

PHB Production 

[mg/L] 
Y = 70.212 + A*14.936 - B*5.080 + C*50.018 + AB*3.142 + 

AC*16.551 + BC*9.124 - A
2
*39.586 - B

2
*26.396 + C

2
*19.004 

16.92 0.0200 12.488 

A= Photoperiod, B= Nitrogen, C=Phosphorus 
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Figure 4. Correlation between experimental and predicted 
values for the response surface models: Biomass production 
(A), PHB accumulation (B), PHB production (C) and PHB 
productivity (D). 
 

The relative contributions of each factor to PHB production 
can be inferred from the polynomial model coefficients (Table 
2). The photoperiod had the strongest influence, particularly 
its quadratic term (A²), indicating a non-linear relationship 
where intermediate light/dark cycles (12/12 h) maximized 
PHB synthesis. This suggests that a balanced alternation 
between light exposure and dark periods may stimulate 
stress-induced carbon accumulation in the form of PHB. 
Phosphorus concentration (C) also showed a significant 
positive linear effect, possibly by supporting energy 
metabolism required for polymer synthesis. In contrast, 
nitrogen concentration had a negative effect on PHB 
accumulation, which aligns with previous observations that 
nitrogen limitation can trigger carbon redirection toward 
storage compounds rather than biomass. These results 
explain why the two-stage strategy, which strategically 
modulated nitrogen levels and photoperiod, led to a 
substantial increase in overall PHB productivity. 
 
 

Production of PHB in a Two-Stage Process 
 

Since PHB production is not growth-associated, a two-stage 
operational strategy comprising growth and biopolymer 
production phases can enhance PHB synthesis. Optimal 
conditions for each stage were applied based on the nutrient 
and photoperiod parameters established in the previous 
section. In the first stage, biomass pellets were obtained 
under optimal growth media conditions (0.02 g P/L, 0.750 g 
N/L, and 16/8 Light/Dark photoperiod). These pellets were 
resuspended in optimal production media (0.02 g P/L, 0.586 
g N/L, and 12/12 Light/Dark photoperiod) to enhance PHB 
production by N. muscorum in the second stage. This two-
stage strategy resulted in a 2.5-fold increase in biopolymer 
production compared to the one-stage process (Tables 3 and 
4). While the PHB content was like that achieved in the one-
stage process under optimal accumulation media, biomass 
production was three times higher, leading to a total PHB 
production of 235.42±41.55 mg/L (Tables 3 and 4). This 
value surpasses the previously reported PHB production of 
145.1 mg/L for N. muscorum using 1% glucose and 1% 
acetate under phosphate-starved conditions with CO2 supply 
in a one-stage process [17]. In this context, the results suggest 
that a two-stage process effectively enhances PHB synthesis 
under optimal conditions. A similar phenomenon has been 
reported in Spirulina sp. cultivated in Zarrouk medium, 
where an inverse relationship between cell growth and 
biopolymer synthesis was observed. Specifically, a high PHA 
accumulation of 30.7% DCW was achieved under nitrogen 
and phosphorus limitations, whereas biopolymer 
accumulation decreased to 13.4% (DCW) under conditions 
that favored maximum cell growth [41]. 

Although PHB accumulation in the two-stage process 
(14.92%) was slightly lower than under optimal one-stage 
accumulation conditions (15.84%), this was compensated by 
a substantially higher biomass yield approximately 64% 
greater than that obtained under the one-stage accumulation 
condition. This highlights a trade-off commonly observed in 
microalgal systems, where conditions that limit growth can 
enhance PHB content but reduce overall productivity. In 
contrast, the two-stage approach strikes a balance by 
allowing high biomass formation in the first stage and 
moderate PHB accumulation in the second, resulting in a 
significantly higher total PHB yield (235.42 mg/L). This 
outcome demonstrates the effectiveness of the two-stage 
process in optimizing volumetric productivity despite slightly 
lower accumulation efficiency. 

Table 3. Experimental and predicted values for PHB production, PHB accumulation and biomass production under optimum 
culture conditions 

Variable 
Optimal conditions 

Biomass Accumulation Production 

FP (Light/Dark) 14/10 6.6/17.4 14/10 

N (g/L) 0.75 0.363 0.586 

P (g/L) 0.02 0.005 0.02 

 (g/L) (%DCW) (mgPHB/L) 

Predicted 1.64 17.25 104.161 

Experimental  1.70 ± 0.19 15.84 ± 3.11 92.16 ± 15.84 

    

Production (mgPHB/L) 73.72 ± 18.82 75.84 ± 14.92 92.16 ± 15.84 

Accumulation (%DCW) 4.31±1.14 15.84 ± 3.11 9.63 ± 1.65 

Biomass (g/L) 1.70 ± 0.19 0.48 ±0.07 0.96 ± 0.06 
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Comparative PHB production of N. muscorum with others 
cyanobacterial species 
 

Table 5 compares PHB production in N. muscorum with 
several other cyanobacterial species, focusing on nutrient 
availability and limitations. Cyanobacterial species produce 
PHB under various stress conditions, such as nitrogen or 
phosphorus limitation, typically during the exponential or 
stationary growth phases. However, the regulation of 
nitrogen and/or phosphorus may be strain-specific. The 
highest reported PHB content (46.4%) was obtained by 
Anabaena sp. [42], although this was accompanied by very 
low biomass production (0.02 g/L after 7 days), which 
significantly reduced overall productivity. In a recent study 
[43], the highest PHB productivity (0.02 g/Ld) was achieved 
using nutrient-rich wastewater, likely due to the high 
biomass concentration attained (up to 2.62 g/L). Despite 
this, glucose and sodium acetate are the most tested carbon 
sources for inducing PHB accumulation in various 

cyanobacteria, with concentrations typically ranging from 1 
to 5 g/L. Overall, cyanobacteria represent a promising 
photosynthetic alternative for PHB production, with 
outcomes depending on the species, carbon sources, and 
stress conditions applied [43, 46]. 

 

Table 4. Biomass growth and biopolymer production in 
two-stage process 

Stage process 
1° Growth 

stage 
2° PHB stage 

Biomass (g/L) 1.36 1.58 ± 0.15 
PHB production 
(mg/L) 

61.2 235.42 ± 41.55 

PHB productivity 
(mg/Ld) 

4.08 11.77 ± 2.07 

PHB accumulation (%) 4.5 14.92 ± 2.63 
 

 
 

Table 5. Comparative PHB production of N. muscorum with others cyanobacterial species under various stress conditions 

 Medium 

PHB 

productivity 

(g/Ld) 

PHB 

Accumulation 

(%) 

Biomass 

Production 

(g/L) 
Reference 

Anabaena sp. 
Jaworski’s medium without P and 
sodium acetate, 5 g /L  

0.0014 46.4 0.02 [42] 

Synechocystis sp. 
PCC6714 MT_a24 

Nutrient-rich wastewater 150 
mg/L of N-NH4 and 76 mg/L P-PO4 

0.02 23.7 2.62 [43] 

Calothrix 
scytonemicola 
TISTR 8095 

P-free media with CO2 as the sole 
carbon source 

0.011 
25.4 

1.39 [43] 

Synechocystis sp. 
BG-11 medium without N, P with 
1.2 g/L of acetate 

0.016 26.1 0.8 [45] 

Neowollea 
manoromense 

P-free media with 4 g/L of glucose 
(acute stress) 

0.002 15.65 0.27 [46] 

Neowollea 
manoromense 

P-free media with 4 g/L of acetate 
(acute stress) 

0.0015 12.2 0.26 [46] 

Nostoc muscorum 
BG-11 medium with 0.58 g N/L, 
0.02 g P/L and 0.4% glucose 

0.005 9.63 0.96 This study 

Nostoc muscorum 

Two stage: conditions of maximum 
biomass production (15 d), 
followed by conditions of maximum 
PHB production (5 d)  

0.012 14.92 1.58 This study 

 

Although strains such as Synechocystis sp. PCC6714 MT_a24 
have reported higher productivities under specific conditions 
(e.g., wastewater cultivation), the performance of N. 
muscorum in this study is significant. As a nitrogen-fixing 
cyanobacterium, N. muscorum offers a distinct advantage for 
biopolymer production in low-input systems, reducing the 
dependency on nitrogen supplementation. The achieved 
productivity of 0.012 g/Ld represents one of the highest 
values reported for this genus, underscoring the potential of 
this strain as a robust candidate for sustainable PHB 
production. 
 

Polymer Analysis by FTIR Spectroscopy 
 

The polymer extracted from N. muscorum was characterized 
by FTIR analysis to identify the functional groups (Figure 5). 
The polymer exhibited some similarities with the absorption 
bands previously reported by Quines et al. [47] and Ansari 
and Fatma [9], who identified the predominant peaks found 

in the PHB molecule, such as ester bonding. The wavenumber 
range from 3100 to 2800 cm-1 corresponds to C-H stretch 
bonds of methyl (CH3) and methylene (CH2) groups, then the 
bands located at 2822 cm-1 and 2885 cm-1 (Figure 5) were 
associated with the symmetric and asymmetric axial 
deformations of the CH3 bond. Another wavenumber range of 
1750 cm-1 to 1715 cm-1 is attributed to the stretching region 
of ester carbonyl (C=O) groups, representing the PHB 
structure [48, 49]. The band peaks observed between 1732 
cm-1 and 1715 cm-1 reveal the presence of this functional 
group (Figure 5). The other bands located at 1300 cm-1 and 
1050 cm-1 were assigned to asymmetric stretching of the 
bonds formed by R-C-O groups while accompanying bands of 
the C-O-C groups appeared in lower intensity wavenumbers 
of 1191 cm-1 and 1250 cm-1. Finally, the band located at 1471 
cm-1 is associated with -CH2- bonds, strongly related to the 
deformation scissor vibratio N. muscorum. 
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Figure 5. FTIR analysis of PHB extracted from N. muscorum 
 

CONCLUSION 
 

This study highlights the interaction between nutrient 
variation and photoperiod in optimizing PHB production, 
accumulation, and biomass growth in N. muscorum. The 
optimal conditions for biomass production were 0.75 g N/L, 
0.02 g P/L, and a photoperiod of 14.4 h light / 9.6 h dark. For 
PHB production, the optimal conditions were 0.61 g N/L, 0.02 
g P/L, and a photoperiod of 14.1 h light / 9.9 h dark. Similarly, 
PHB accumulation was maximized at 0.363 g N/L, 0.005 g 
P/L, and a photoperiod of 6.6 h light / 17.4 h dark. 
Furthermore, the two-stage culture process proved to be a 
highly effective strategy for enhancing PHB synthesis when 
optimal conditions were identified using the response surface 
methodology. The regression models validated with 
experimental data confirmed the reliability of the predictions 
for PHB production and accumulation. Overall, the findings 
establish N. muscorum as a promising strain for sustainable 
PHB synthesis under controlled conditions. 
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