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Abstract:  18 

This study explored the cultivation of Porphyridium cruentum using beet molasses and corn steep 19 

liquor (CSL) as alternative agri-waste substrates. The objective was to enhance the biomass and lipid 20 

production of P. cruentum, known for its potential as an industrial EPA producer. Using a Box-21 

Behnken Design (BBD) as part of the response surface methodology (RSM), we investigated the 22 

effects of beet molasses, CSL, and F/2 nutrients on the microalga's cultivation. The results 23 

demonstrated a significant influence of these factors on the final cell count and lipid content over an 24 

8-day cultivation period. Specifically, optimal growth conditions were identified at approximately 25 

1.78 g/L of molasses and 1.89 g/L of CSL, yielding a cell count of 12.1 x 106 cell/mL and a lipid 26 

content of 24.48%. Validation experiments reaffirmed these findings, with observed results closely 27 

aligning with predicted values. This research underscores the potential of using agro-industrial by-28 

products for large-scale cultivation of P. cruentum, offering a sustainable approach for enhancing 29 

lipid production and other biotechnological applications. 30 

Keywords: food waste; microalgae; waste valorization; response surface methodology; molasses  31 
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1. Introduction 32 

Microalgae represent a pivotal role in high added value compounds production due to their capacity 33 

to accumulate significant amounts of lipids, omega-3 oil, pigments or carbohydrates under specific 34 

growth conditions (Giovanni L. Russo et al., 2021). Apart from high lipid yield per unit area, the 35 

rapid cultivation cycles (Adams et al., 2013), robustness against different environments such as 36 

saltwater or eutrophic waters (Herrera et al., 2021), and the creation of valuable by-products, e.g., 37 

proteins and residual biomass (Giovanni L. Russo et al., 2021), are some appealing features of 38 

microalgae.  39 

In the field of omega-3 oil production, the availability and cost of nutrients, particularly nitrogen, 40 

phosphorous and organic carbon, play a vital role. Omega-3 fatty acids are essential nutrients 41 

renowned for their beneficial effects on human health, notably in reducing the risk of heart disease, 42 

inflammation, and neurological disorders. The traditional sources of omega-3, mainly fish oils, have 43 

been associated with sustainability challenges, such as overfishing and contamination with heavy 44 

metals (Wang et al., 2022). However, the production of algae oil requires higher production costs if 45 

compared to the fish oil. 46 

Porphyridium cruentum (also known as Porphyridium purpureum), a red unicellular microalga, 47 

offers a promising alternative for the sustainable production of omega-3 oils (Di Lena et al., 2019; 48 

Kim et al., 2021). Rich in eicosapentaenoic acid (EPA) and other essential fatty acids, this microalga 49 

has proven to be an efficient producer of lipids that can be easily cultivated in various environmental 50 

conditions. The growth of Porphyridium cruentum not only aligns with the current trend of 51 

environmental stewardship but also introduces new avenues for industrial scalability. Understanding 52 

and optimizing the growth of P. cruentum is, therefore, not merely a scientific pursuit but a global 53 

imperative. In harnessing its potential, researchers and industries may unlock new pathways to 54 

address the intertwined challenges of health, sustainability, and energy (Kim et al., 2021). 55 

The continuous search for economical and sustainable nutrient sources for microalgae growth has 56 

directed attention towards agricultural waste products. Beet molasses (BM), a by-product of sugar 57 
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production, contains sugars, vitamins, and various organic acids, which could make it suitable for 58 

microalgae growth (Piasecka et al., 2017). The global production of BM is estimated to range between 59 

65 and 70 million metric tons annually, with a market value of approximately 7 billion US dollars 60 

(S&P global, 2023). The BM represents an easily obtainable waste in Europe, since EU (France and 61 

Germany in particular) detains the highest production of beet pulp with 13 mT beet pulp generation 62 

and about 32 mT of molasses (Diwan et al., 2018). Corn steep liquor (CSL) is another agro-industrial 63 

waste widely used as cheap substrate for bioprocessing. It is a by-product of corn wet-milling, is rich 64 

in amino acids and vitamins, making it a potential nutrient source for microalgae (Kim et al., 2020). 65 

Studies like Jung et al. (2010) have shown that these by-products can be used as substrates for 66 

bacterial fermentation (Jung et al., 2010), indicating their potential applicability for microalgae 67 

cultivation. The utilization of nutrients derived from BM and CSL represents a promising pathway. 68 

These sources contain a wealth of carbohydrates, amino acids, vitamins, and minerals essential for 69 

microalgae growth (Nakahara et al., 1996; Piasecka et al., 2017). Previous work has shown that BM 70 

can be an efficient carbon source for different microorganisms (Piasecka et al., 2020, 2017; Schmidt 71 

et al., 2005), while CSL has been used as an organic nitrogen supplement (Maddipati et al., 2011; 72 

Mohammad Mirzaie et al., 2016; Russo et al., 2023). In fact, numerous studies have explored the use 73 

of these agricultural waste materials for fermentation and microbial growth (Kim et al., 2020) but 74 

their application in microalgae cultivation remains relatively an underexplored field. The use of BM 75 

and CSL represents a sustainable approach by valorizing agricultural by-products, which are often 76 

considered waste. This not only helps in waste management but also significantly reduces the cost of 77 

cultivation media.  78 

Earlier research on aquatic protists has shown promising results using different agricultural waste 79 

products, such as Scenedesmus obliquus grown in brewery wastewater (Navarro-López et al., 2020), 80 

Chlorella vulgaris cultivated using dairy effluent (Peter et al., 2021) and Euglena gracilis on spent 81 

brewery grain and CSL (Kim et al., 2020). Nevertheless, studies focusing on BM and CSL for 82 

microalgae growth, particularly regarding biomass and lipid production, are limited.  83 
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In this study, we explore for the first time the potential of BM and CSL as alternative nutrient sources 84 

for the growth of P. cruentum. We evaluate their effectiveness in terms of biomass yield, lipid 85 

productivity, and fatty acid composition, comparing them with conventional growth media. We also 86 

analyze the sustainability and economic advantages of these agricultural by-products. To the best of 87 

our knowledge, this is the first comprehensive study assessing the use of BM and CSL for P. cruentum 88 

cultivation targeting biomass and lipid production. The outcomes of this study will provide an 89 

important contribution to the field of alternative omega-3 fatty acids oil production and may lead to 90 

more environmentally friendly and cost-effective microalgae cultivation practices. 91 

  92 
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2. Materials and Methods: 93 

2.1. Microalga and Culture Conditions 94 

P. cruentum (RCC653) was obtained from the Roscoff Culture Collection (Roscoff, France) and pre-95 

cultured for 10 days in sterilized seawater with modified F/2 medium containing 75 mg NaNO3, 5 mg 96 

NaH2PO4·H2O, 4.12 mg Na2EDTA, 3.11 mg FeCl3·6H2O, 0.02 mg MnCl2·4H2O, 0.02 mg 97 

ZnSO4·7H2O, 0.01 mg CoCl2·6H2O, 0.01 mg CuSO4·5H2O, 0.006 mg Na2MoO4·2H2O, 30 mg 98 

Na2SiO3, 0.2 mg thiamine-HCl, 0.01 mg vitamin B12, and 0.1 mg biotin per liter (Kim et al., 2021). 99 

The cultures were maintained with a working volume of 200 mL in 500 mL Erlenmeyer flasks at 21 100 

°C and 140 rpm using an orbital shaker. Continuous illumination of 150 μmol photons m−2 s−1 was 101 

provided to the flasks. 102 

 103 

2.2 Agri-waste utilization and screening experiments 104 

To establish the growth performance of the microalga under investigation, two types of growth 105 

screening were conducted: the first, evaluating the growth of the biomass with a supplementation of 106 

various sources of organic carbon; the second by evaluating biomass growth with various 107 

concentrations of BM, CSL, and a mix of the two. 108 

For the first screening, the organic carbon sources evaluated were glucose (5 g/L), sucrose (4.75 g/L) 109 

and fructose (5 g/L), supplemented to the standard media with the same concentration of carbon (2 g 110 

L.1 of C). These organic carbon sources were selected as these are the major sugar present in BM and 111 

CSL. For the second screening, different types of medium were evaluated: A medium with 1.5 g L-1 112 

of BM; media with 3 g L-1 BM; media with 6 g L -1 of BM; media with 1 g L -1 of CSL; media with 2 113 

g L -1 of CSL; media with 3 g L -1 of CSL; mixed media with 1.5 g L -1 of BM and 1 g L -1 of CSL; 114 

mixed media with 3 g L -1 of BM and 1 g L -1 of CSL; media with 1.5 g L -1 of BM and 2 g L -1 of 115 

CSL; media with 3 g L -1 of BM and 2 g L -1 of CSL. The BM and CSL used in this experiment was 116 

already used and characterized in our previous work (Russo et al., 2023). BM is characterized by very 117 
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high sugar (total sugars 667 g/kg) and ash content (81.9 g/kg) while CSL was found to be the richest 118 

in terms of proteins, with a concentration of 305 g/kg, but also in lactic acid (121.2 g/kg). 119 

All these cultivation media were obtained by adding the corresponding amount of BM or CSL to 120 

artificial seawater (ASW) without supplementation of other nutrients. The pH was adjusted at 8.0 for 121 

all the media with NaOH 5 M.  122 

The screening trials were conducted 500 mL air-lift reactor with a working volume of 350 mL. The 123 

mixing was provided through an air bubbling system equipped with a filter of 0.22 μm in order to 124 

prevent any contamination and to provide oxygenation to the culture. The initial cell density for each 125 

experiment was 1 × 105 cells/ml. To evaluate the growth performance with the various media, the 126 

optical density was determined using a spectrophotometer (ONDA UV-30 SCAN, Torino, Italy) at a 127 

wavelength of 686 nm.  128 

 129 

 130 

2.3 Box-Behnken Design 131 

In this study, a Box-Behnken Design (BBD) was employed as part of the response surface 132 

methodology (RSM) to investigate the effects of BM, CSL, and F/2 nutrients on the cultivation of 133 

Porphyridium cruentum. This design was chosen for its efficiency and robustness in modeling the 134 

response surface with three-level factorial designs (Esua et al., 2021). The three independent variables 135 

considered were molasses concentration (g/L), CSL concentration (g/L), and F/2 nutrients 136 

concentration (%). Each of these factors was varied across three levels, determined based on 137 

preliminary studies. The exact values of these levels will be detailed in the results section. 138 

The BBD for three factors includes a total of 15 experimental runs. Twelve of these runs were used 139 

to estimate the first-order and second-order terms in the regression model, and three additional center 140 

points were included to estimate the experimental error. 141 
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The BBD also allows for the estimation of interaction effects between the factors, providing a 142 

comprehensive understanding of the impact of these variables on the cultivation process. The 143 

experiments were conducted within a single block to avoid block effects.  144 

 145 

The specific levels of the three independent variables used in the Box-Behnken Design are presented 146 

in Table 1. 147 

Table 1. Levels of the independent variables used in the Box-Behnken Design for the cultivation of 148 

P. cruentum. 149 

Factor Low Level Center Level High Level 

Molasses (g/L) -1 (0) 0 (1.5) +1 (3) 

CSL (g/L) -1 (0) 0 (1) +1 (2) 

F/2 (%) -1 (0) 0 (50) +1 (100) 

 150 

The levels of the factors are coded as -1 for the low level, 0 for the center level, and +1 for the high 151 

level. The actual values corresponding to these coded levels are based on the range of feasible 152 

operation in the lab environment and preliminary experimental observations. 153 

The Box-Behnken Design matrix for this experiment consisted of 15 runs, including 12 factorial 154 

points and 3 center points. These experimental runs were conducted in a random order to minimize 155 

the effects of uncontrolled factors. 156 

In each run, the microalga P. cruentum was cultivated under the specific conditions of molasses, CSL, 157 

and F/2 nutrient levels, and the cell count and lipid content (% w/w) were measured as the response 158 

variables. 159 

 160 

2.3 Lipid analysis and cell count procedures for data collection 161 

The response variables in this study were cell count and lipid content of the P. cruentum culture. Cell 162 

count was determined using a hemocytometer (Burk chamber). The cultured sample was first diluted 163 

if necessary, and then placed onto the chamber. The cells were counted under a microscope, and the 164 

cell count was calculated based on the dilution factor and the dimensions of the counting chamber. 165 

The cell count was expressed in terms of millions of cells per milliliter (x106 cells/mL). For the lipid 166 
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evaluation, the biomass was firstly lyophilized. The lipid content of biomass was determined using a 167 

modified procedure of Bligh and Dyer method (Bligh and Dyer, 1959) (a well-established procedure 168 

for lipid extraction) using chloroform/methanol/water solution with a volume ratio of 1:2:0.8, 169 

respectively. Following the extraction, the lipids were dried and weighed, and the lipid content was 170 

expressed as a percentage of the dry weight of the algal biomass (% w/w). 171 

All the measurements were carried out at the end of each experimental run corresponding to the BBD. 172 

Care was taken to ensure the accuracy and reproducibility of these measurements. Quality control 173 

procedures, such as repeating the counts or the extraction for some samples, were also implemented 174 

to ensure the reliability of the data (n=3). 175 

 176 

2.4 Fatty acid methyl esters (FAMEs) analysis  177 

The fatty acid methyl esters (FAMEs) were prepared from the total amount of previously obtained 178 

lipids by a transmethylation reaction according to a previous methodology described with certain 179 

modifications  (Aued-Pimentel et al., 2004). For that purpose, 20 mg of lipid extract was mixed with 180 

50 µL 2N KOH in methanol, 500 µL of n-hexane and 500 µL of methylnonadecanoate (Sigma, St. 181 

Louis, MO, USA) as internal standard (1mg/ mL). The mixture was shaken by using a vortex for 2 182 

min. The upper layer supernatant (FAME extract) was collected and injected into a Gas 183 

chromatography-mass spectrometer (GC-MS). Microalgal extracts were analyzed according to the 184 

method conditions reported by Conde et al. (Conde et al., 2021). The analyses were achieved by using 185 

an Agilent 7890A Gas chromatography coupled to a Waters QUATTRO microTM mass spectrometer 186 

detector. The separation was done by using a capillary column DB-5MS (30 m × 0.25 mm; f.t. 0.25 187 

µm) from Agilent Technologies (J&W Scientific, Folsom, CA, USA). The oven temperature was 188 

58°C for 2 min, 25°C min-1 to 160°C, 2°C min-1 to 210°C, 30°C min-1 to 225°C (held for 20 min). 189 

MS detector operates with ionization energy of 70 eV and a scanning range of m/z 50–550 m/z. The 190 

conditions were helium as carrier gas at 1.4 mL min-1, inlet temperature 220°C, detector temperature 191 
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230°C, 2µL of injection volume (splitless). Data were processed by using MassLynx version 4.1 192 

(Waters, San Jose, CA, USA). 193 

 194 

2.5 Determination of carotenoids and phycobiliproteins 195 

 196 

The procedure for determining the carotenoid profile from the P. cruentum extract was already 197 

described in our prior study (Giovanni L Russo et al., 2021). The microalgal extracts were obtained 198 

using an ultrasonic bath (Bandelin, Sonorex) set with a frequency of 35 kHz. Briefly, 10 mg of 199 

microalgal sample was extracted with 1.5 mL of ethanol (with 0.1% butylated hydroxytoluene), 200 

centrifuged, and then stored at -18°C post-filtration. 201 

For analysis, UPLC Acquity coupled with XEVO-TQ-S Triple quadrupole mass spectrometry was 202 

used. The separation of carotenoids was done in  a YMC-C30 reversed-phase column. Mobile phases 203 

included methanol (with 5% water and 0.1% formic acid) and methyl tert-butyl ether. Analysis was 204 

set in a positive-ion mode, with specific mass spectrometric parameters outlined. Data was processed 205 

using MassLynx version 4.1, and carotenoids were quantified against known standards. The 206 

calibration curves have shown a good linearity with determination coefficients higher than 0.9918. 207 

The analysis method had a limit of detection between 0.02 and 2.06 µg L-1, whereas the limit of 208 

quantification was 0.08-6.85 µg L-1. 209 

The phycobiliproteins were extracted following the procedure from the method presented by (Tounsi 210 

et al., 2023). Briefly, a wet sample of P. cruentum biomass was obtained by centrifuging 1 mL of the 211 

microalgal mixture at 8000 × g for 10 minutes. This wet residue was cleaned twice using the growth 212 

medium through centrifugation and later reintroduced in a sodium phosphate buffer solution (100 213 

mM, pH 6.0) of 1 mL. To isolate the phycobiliproteins from the microalgal residues, a combination 214 

of freezing, thawing, and ultrasonication was utilized. This commenced with multiple freeze-thaw 215 

cycles until the cellular waste no longer showed a clear red hue. A single cycle comprised 3 hours of 216 

freezing at -20 °C and an hour of thawing in room temperature conditions (20–25 °C). Following this, 217 
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the mixture underwent ultrasonic exposure with a sonication probe, configured at 60% amplitude and 218 

a 0.5 cycle for 10 minutes. The separation of liquid from solid was achieved by another round of 219 

centrifugation at 8000 × g for 10 minutes. The resulting clear liquid was then collected, and the 220 

phycobiliprotein levels were determined using a spectrophotometer, referencing the absorbance A565 221 

(phycocyanin), A620 (allophycocyanin), and A650 (B-phycoerythrin) values based on the formulas 222 

provided by Marcati et al. (2014).  223 

 224 

 225 

2.6 Statistical Analysis 226 

The collected data were subjected to statistical analysis to establish the relationship between the 227 

independent variables (molasses, CSL, and F/2 nutrients) and the response variables (cell count and 228 

lipid content). A response surface regression model was fitted to the data. This type of model is 229 

particularly suitable for the analysis of factorial designs and allows for the estimation of both linear 230 

and quadratic effects of the independent variables, as well as their interactions. 231 

The model used in this study can be written as follows: 232 

Y =  β0 +  β1X1  +  β2X2  +  β3X3  +  β12X1X2  +  β13X1X3  +  β23X2X3  +  β11X1
2 +  β22X2

2233 

+  β33X3
2 +  ε 234 

Where Y is the response variable (either cell count or lipid content); X1, X2, and X3 are the 235 

independent variables (molasses, CSL, and F/2 nutrients, respectively); β0 is the intercept; β1, β2, and 236 

β3 are the linear coefficients for X1, X2, and X3, respectively; β12, β13, and β23 are the interaction 237 

coefficients for X1*X2, X1*X3, and X2*X3, respectively; β11, β22, and β33 are the quadratic 238 

coefficients for X12, X22, and X32, respectively; ε is the error term. 239 

An analysis of variance (ANOVA) was also performed to determine the statistical significance of the 240 

independent variables and their interactions. The ANOVA results provide the sum of squares, degrees 241 

of freedom, mean square, F-value, and p-value for each term in the model, which are critical for 242 

understanding the contribution of each term to the variation in the response variable. 243 
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The data were analyzed using IBM© SPSS© Statistics software Ver. 23 (SPSS, Inc., Chicago,IL, 244 

USA). RSM analysis was carried out using the Statistica 7.0 package (StatSoft, Tulsa,OK, USA). The 245 

fit of the model was checked by examining the residual plots and other diagnostic tools. The final 246 

model was chosen based on statistical significance of the terms, goodness-of-fit statistics, and the 247 

principle of parsimony. 248 

 249 

 250 

3. Results and discussion 251 

3.1 Growth performance using different organic carbon sources 252 

The screening results regarding the organic carbon supplementation to standard media for P. 253 

cruentum are reported in Figure 1. 254 

The growth curves of P. cruentum under different sugar supplementations reveal insightful trends in 255 

the organism's response to varying nutritional conditions. Among the sugars examined, glucose and 256 

sucrose were found to markedly enhance growth, as evidenced by the higher optical densities 257 

observed in the later stages of the monitoring period. In contrast, fructose supplementation mirrored 258 

the control condition, suggesting that it might not be as effective in promoting growth. These 259 

observations could be indicative of the organism's specific metabolic preferences and utilization 260 

pathways. In fact, while P. cruentum is capable of autotrophic nutrition, it can also be cultivated using 261 

certain organic carbon sources. Previous studies have provided evidence that the growth of 262 

Porphyridium spp. can be enhanced in the presence of specific organic carbon substrates (Kim et al., 263 

2021; Li et al., 2019; Oh et al., 2009). This can be attributed to the efficient uptake and assimilation 264 

of glucose and sucrose through glycolysis and the subsequent tricarboxylic acid (TCA) cycle. These 265 

pathways provide essential precursors and energy (ATP and NADPH) for biomass production and 266 

lipid biosynthesis. Sucrose resulted the optimal organic carbon source for the growth of P. cruentum, 267 

showing a significant higher value of optical density after 8 days respect to the autotrophic control. 268 

Regarding glucose supplementation, our data are in line with those of Oh et al. (2009) which found 269 

the highest growth of P. cruentum when supplementing glucose (5-15 g/L) to the media (Oh et al., 270 
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2009). The pronounced growth in the presence of glucose and sucrose may be attributed to their more 271 

efficient assimilation or the activation of specific metabolic routes that favor growth (Jiao et al., 272 

2018). Conversely, the similarity between the fructose curve and the control (without 273 

supplementation of organic carbon) may reflect a limited ability to utilize fructose as an energy source 274 

or the requirement of specific conditions for its effective uptake. Despite the need for further 275 

investigation to understand the exact mechanism, the evidence suggests that P. cruentum exhibits 276 

superior growth under mixotrophic conditions compared to strictly autotrophic conditions.  277 

 278 

3.2 Screening results with alternative agri-waste substrates 279 

Since the organic carbon supplementation lead to a growth boost, we tested the growth performances 280 

of media composed exclusively of BM, CSL and a mix of them. 281 

The figure presents an insightful comparison of the final cell count and lipid content in P. cruentum 282 

under different supplementation conditions over an 8-day cultivation period. The results highlight the 283 

significant influence of different agri-waste supplementations on both cell growth and lipid 284 

accumulation in P. cruentum. 285 

The control (without additional supplementation) resulted in a baseline cell count, establishing a 286 

reference for comparison. The cell count was notably enhanced with 1.5 g/L and 3 g/L BM 287 

supplementation, reaching a peak at 3 g/L. However, further increase in molasses concentration led 288 

to a decline in cell count. A moderate increase in cell count was observed with 1 g/L and 2 g/L CSL, 289 

while 4 g/L CSL resulted in a slight decline. The combination of molasses and CSL showed a 290 

synergistic effect on cell growth, especially in the conditions of 3 g/L of BM + 1 g/L CSL and 3 g/L 291 

of BM + 2 g/L CSL. In our previous work, we observed that also the diatom Phaeodactylum 292 

tricornutum is capable to utilize the nutrients present in BM and CSL (Russo et al., 2023). BM was 293 

already used succesfully for the growth of heterotrophic microalgae like Galdieria sulphuraria 294 

(Schmidt et al., 2005). The study by Schmidt et al., (2005) pointed out an inhibitory effect of BM 295 
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when used in high concentrations (10 g/L), and this is in line with our findings where the highest 296 

content of molasses showed a significant lower cell density respect to the control. In general, molasses 297 

serves as a rich source of carbon, primarily in the form of sugars, which is a fundamental prerequisite 298 

for mixotrophic microalgal metabolism (Mohammad Mirzaie et al., 2016). However, the 299 

concentration of molasses in the culture medium requires careful calibration. Both deficient and 300 

excessive concentrations can impede the cellular processes, leading to suboptimal growth and lipid 301 

accumulation. Similarly, CSL contains an array of nutrients including amino acids, vitamins, and 302 

minerals, which contribute to the overall nutritional quality of the culture medium (Kim et al., 2020; 303 

Russo et al., 2023). Previous research has consistently shown that these by-products can enhance 304 

microbial growth and product yield. For instance, the use of beet molasses and CSL has been 305 

associated with increased biomass production and higher yields of valuable metabolites, such as lipids 306 

and proteins. 307 

Regarding the lipid content, the lowest amounts were observed for the control (11.58%) and for the 308 

medium composed only of CSL. The lipid content of the control was higher than those of Rebolloso 309 

Fuentes et al. (2000) but lower than other found in literature for the same strain (Yongmanitchai and 310 

Ward, 1991). A substantial increase in lipid content was evident with molasses, peaking at 3 g/L 311 

concentration. CSL supplementation also resulted in an increase in lipid content, but less pronounced 312 

compared to molasses. The lipid content in mixed mediums was generally higher, indicating a 313 

favorable effect on lipid accumulation. These agro-waste substrates showed also a lipid concentration 314 

boost for P. tricornutum, which is in line to our previous study (Russo et al., 2023). Moreover, another 315 

study reported that supplementation of BM to growth media increased the lipid content of Chlorella 316 

vulgaris (Kendirlioğlu Şimşek and Cetin 2022). Mixotrophic mode has been widely reported to 317 

increase the lipid yield of microalgae cultivation respect the classic autotrophy. The recent study of 318 

Piasecka et al., (2020) investigated the role of BM in the growth of Tetradesmus obliquus under 319 

different culture conditions. The authors reported a lipid productivity doubled respect the autotrophic 320 

control  which could be due to a protective mechanism in algal cells induced by exposure to nutrient 321 
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stress (Piasecka et al., 2020). P. cruentum is recognized to be an excellent candidate for the production 322 

of long-chain polyunsaturated fatty acids, especially EPA (Hu et al., 2018; Giovanni L. Russo et al., 323 

2021; Yongmanitchai and Ward, 1991) 324 

The results demonstrate a complex relationship between sugar supplementation and both cell growth 325 

and lipid accumulation in P. cruentum. Specific concentrations of molasses and CSL, individually or 326 

in combination, could optimize the cell count and lipid content. 327 

 328 

3.3 BBD results and regression analysis  329 

The cultivation of P. cruentum is a complex process influenced by various environmental and 330 

nutritional factors. Among these, our study focused on the impacts of molasses, CSL, and F/2 nutrient 331 

concentrations, which were identified as critical parameters in the cultivation process. The response 332 

surface methodology (RSM), grounded in regression analysis, was employed in our study to 333 

scrutinize the impact of three key factors: BM concentration; CSL concentration; and F/2 nutrient 334 

concentration, on two response variables: cell count and lipid content of P. cruentum. This advanced 335 

statistical technique facilitated a comprehensive understanding not only for the main effects but also 336 

the interaction effects of the factors on the response variables.  337 

The experimental runs and results of BBD are reported in Table 2. 338 

Table 2. Box-behnken design and results of biomass growth and lipid content with supplementation 339 

of beet molasses, corn steep liquor and standard nutrients (f/2). 340 

Run Factor Assignment  Responses (Y) 

 X1 (g/L) X2 (g/L) X3 (%)  
Cell count 

(x106/mL) 
Lipid (% w/w) 

1 1.5 1 50  11.59 17.23 

2 3.0 1 100  8.92 22.14 

3 1.5 1 50  11.80 18.34 

4 1.5 0 100  8.74 13.84 

5 3.0 0 50  5.21 12.34 

6 3.0 1 0  8.26 24.32 

7 0.0 0 50  2.31 11.34 

8 0.0 2 50  7.99 19.75 

9 1.5 1 50  10.34 18.45 

10 3.0 2 50  7.16 24.75 

11 1.5 0 0  3.65 17.45 
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12 0.0 1 0  9.53 16.88 

13 0.0 1 100  9.23 19.33 

14 1.5 2 100  10.95 23.32 

15 1.5 2 0  12.17 22.85 

Coded values; X1 Beet molasses, X2 Corn steep liquor; X3 f/2 nutrients. 341 

The highest cell count was observed in Run 15 (12.171 x 106 cells/mL), where 1.5 g/L of BM, 2 g/L 342 

of CSL, and no f/2 nutrients were used. In contrast, the lowest cell count was seen in Run 7 (2.31 x 343 

106 cells/mL) with no BM, 0 g/L of CSL, and a 50% concentration of f/2 nutrients. The highest lipid 344 

concentration was observed in Run 10 with 24.75% w/w, showcasing the same composition that gave 345 

rise to the maximum cell count. On the other hand, the minimum lipid concentration was found in 346 

Run 5 with 12.34% w/w, which had 3.0 g/L of BM, no CSL, and a 50% concentration of f/2 nutrients. 347 

The significance of BBD was tested by analysis of variance (ANOVA) and reported in Table 3. P-348 

value lower than 0.05 was considered significant in the analysis. 349 

 350 

Table 3. Analysis of variance for cell count and lipid productivity from Box-Behnken Design used 351 

for P. cruentum.   352 

Source DFa 

Adj SSb Adj MSc P-Value 

Cell 

count 
Lipids 

Cell 

count 
Lipids 

Cell 

count 
Lipids 

Model 9 114.33 245.669 12.704 27.297 0.008 0.004 

Linear 3 44.44 203.241 14.815 67.747 0.008 0.001 

Molasses 

(g/L) 
1 0.030 33.008 0.030 33.008 0.877 0.007 

CSL (g/L) 1 42.17 168.361 42.177 168.361 0.002 0.001 

 F/2 (%) 1 2.239 1.872 2.238 1.872 0.219 0.346 

Square 3 56.23 30.697 18.745 10.232 0.005 0.042 

Molasses 2  1 27.64 0.008 27.647 0.008 0.004 0.950 

CSL 2 1 29.81 3.745 29.811 3.745 0.004 0.201 

F/2 2  1 0.84 25.257 0.849 25.257 0.426 0.012 

2-Way 

Interaction 
3 13.65 11.731 4.551 3.910 0.084 0.199 

Molasses x 

CSL  
1 3.49 4.000 3.495 4.000 0.139 0.189 
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Molasses x 

F/2 
1 0.23 5.359 0.230 5.359 0.671 0.139 

CSL x F/2  1 9.92 2.372 9.928 2.372 0.061 0.294 

Error 5 5.66 8.650 1.131 1.730 
 

 

Lack-of-Fit 3 4.41 7.739 1.471 2.580 0.311 0.154 

Pure Error 2 1.24 0.911 0.623 0.455 
 

 

Total 14 119.99 254.320 
 

 
 

 

R2 = 96.28 (aDF, degree of freedom; bSS, sum of squares; cMS, mean squares; P, probability; CSL, 353 

corn steep liquor) 354 

 355 

The regression equation for cell count obtained from the model has been shown in eq. (1) 356 

Cell count (x 106/mL) =  0.99 +  4.152 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) +  10.49 𝐶𝑆𝐿 (

𝑔

𝐿
) + 0.0181 𝑓/2(%) −

 1.216 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) 𝑥 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (

𝑔

𝐿
) −  2.841 𝐶𝑆𝐿 (

𝑔

𝐿
) 𝑥 𝐶𝑆𝐿 (

𝑔

𝐿
) +  0.000192 f/2(%)𝑥 f/2 (%) −

 0.623 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) 𝑥 𝐶𝑆𝐿 (

𝑔

𝐿
)  +  0.00320 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (

𝑔

𝐿
) 𝑥 𝑓/2 (%) −  0.0315 𝐶𝑆𝐿 (𝑔/𝐿) ∗

f/2 (%)  

 

(1) 

For cell count, the estimated coefficients for the factors and their interactions were obtained from the 357 

fitted model. The model was statistically significant for cell count (P=0.008). The P-value for 358 

molasses was found to be not significant (P= 0.877), indicating that variations in molasses 359 

concentration don’t have a substantial impact on cell count. Similarly, f/2 nutrients percentage also 360 

didn’t show any significant effects. CSL instead was significant for cell count (P=0.002) revealing its 361 

crucial role in influencing cell count. The square terms were also statistically significant, indicating 362 

that there are likely non-linear relationships between the factors and the responses. This is supported 363 

by the strong influence of the squared terms of molasses (P = 0.004) on cell count and f/2 (P = 0.012) 364 

on lipids. Quadratic effects refer to the impact of the square of the factor on the response variables. 365 

These effects are crucial to capture the potential non-linear relationships between the factors and the 366 

response variables (Harker et al., 1995). However, two-way interactions, although presenting various 367 

levels of impact, did not generally reach a significant level of 0.05. The role of f/2 nutrients in 368 

influencing cell count is multifaceted. In fact, it is supposed that an increased nutrient concentration 369 

would consistently result in heightened cell counts. However, our data contradicts this assumption. A 370 

Jo
urn

al 
Pre-

pro
of



17 

 

case in point is the comparison between Run 4, with a 100% f/2 nutrient concentration yielding a cell 371 

count of 8.747 x 106, and Run 6, where the absence of f/2 nutrients resulted in a slightly elevated cell 372 

count of 8.263 x 106. The derived regression equation for cell count (1) integrates all these factor 373 

influences and can be instrumental in predicting the cell count given specific concentrations of 374 

molasses, CSL, and f/2 nutrients. 375 

The same approach was employed for the lipid content. In Table 2 is reported the statistical results of 376 

the BBD used on lipid productivity, while in equation (2) is reported the regression equation. 377 

𝐿𝑖𝑝𝑖𝑑 (% 𝑤/𝑤) =  14.14 +  1.4 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) +  4.83 𝐶𝑆𝐿 (

𝑔

𝐿
) + 0.1065 𝑓/2(%) +

 0.02 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) 𝑥 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (

𝑔

𝐿
) −  1.007 𝐶𝑆𝐿 (

𝑔

𝐿
) 𝑥 𝐶𝑆𝐿 (

𝑔

𝐿
) +  0.001046 f/2(%)𝑥 f/2 (%) +

 0.667 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (
𝑔

𝐿
) 𝑥 𝐶𝑆𝐿 (

𝑔

𝐿
) −  0.01543 𝑀𝑜𝑙𝑎𝑠𝑠𝑒𝑠 (

𝑔

𝐿
) 𝑥

𝑓

2
(%) +  0.0154 𝐶𝑆𝐿 (𝑔/𝐿) ∗ f/2 (%)  

(2) 

 378 

The results from the BBD on P. cruentum lipid productivity illuminate the impacts of molasses, CSL, 379 

and f/2 nutrient concentrations on the microalgal response. The model was statistically significant for 380 

lipid productivity (P = 0.004). The linear effects were pronounced, especially for CSL, with a P-value 381 

of 0.001, suggesting a remarkable influence on lipid productivity. The linear effect of molasses was 382 

also significant (P = 0.007), indicating its importance in the lipid yield. Additionally, non-linear 383 

relationships between factors and lipid content are evident, considering the significance of squared 384 

terms. Specifically, f/2 squared (P = 0.012) points to a notable non-linear relationship between f/2 385 

concentration and lipid content. This lack of linear significance suggests a delicate balance for this 386 

nutrient concentration, which is in any case the lowest significant factor for the increase of cell count 387 

and lipid productivity. In other words, the supplementation of standard nutrients to the combination 388 

of BM and CSL was not useful in any of the analyzed responses. A similar results was obtained also 389 

on P. tricornutum cultivated using cheese whey and CSL (Russo et al., 2023). In our study the 390 

standard f/2 nutrients were not needed to support the biomass productivity, since those present in CSL 391 

and BM were sufficient to sustain biomass growth and lipid productivity. 392 
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The lack-of-fit values for both cell count and lipids indicate that the model fits the data reasonably 393 

well and the variations not explained by the model aren't significantly large. This supports the 394 

reliability of the BBD in studying the effects of these factors on P. cruentum growth and lipid 395 

productivity. 396 

The cultivation of P. cruentum, as depicted by our research, is markedly influenced by BM, CSL. 397 

The robustness of our model, as depicted by the high R2 value, underscores the criticality of these 398 

factors in determining both cell count and lipid productivity of the microalga. Among the individual 399 

factors, CSL showcased the most significant influence on both cell count and lipid productivity. This 400 

might suggest the importance of proteins, organic acids, and minerals contained in large amounts in 401 

the CSL for the growth of biomass and protists (Tan et al., 2016). The nutrient stress on P. cruentum 402 

can indeed change its biochemical composition, as reported in other studies (Hu et al., 2018). On the 403 

other hand, while molasses plays a more substantial role in lipid productivity, its impact on cell count 404 

is relatively muted. This could point towards the energy-rich sugars in molasses being primarily 405 

channeled into lipid synthesis. In fact BM, which are rich in sugars, presented a strong influence on 406 

lipid productivity. This is congruent with the idea that carbohydrate-rich substrates can often promote 407 

lipid accumulation in many microalgae, given that sugars serve as carbon sources, which are then 408 

transformed into lipids in the cells (Gao et al., 2019; Oh et al., 2009).  This is also in line with the 409 

study of Gao et al., (2019) where the organic matter in the cultivation media promoted the mixotrophic 410 

growth and lipid productivity of Chlorella sp. G-9. In algal biorefineries, achieving a high lipid 411 

content within cells is vital for ensuring the economic viability high added value compound 412 

production (Russo et al., 2022). Nevertheless, cultivating these algal cells under conditions that 413 

promote lipid accumulation, such as nitrogen starvation, cooler temperatures, elevated pH levels, and 414 

increased salinity, often coincides with a reduction in biomass productivity (Abreu et al., 2012). This 415 

compromises the overall yield of lipid production. Embracing mixotrophic cultivation methods 416 

emerges as a promising strategy to address this challenge in the context of P. cruentum biorefineries. 417 

Recent research has indicated that using these cultivation modes can concurrently boost both biomass 418 
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production and lipid accumulation in specific algae strains (Gao et al., 2019; Russo et al., 2023). 419 

However, further research is essential to fine-tune the growth conditions tailored to each specific 420 

strain, emphasizing the desired target compounds for production.  421 

 422 

3.4 Optimization and validation of cell concentration and lipid productivity 423 

The optimization strategy employed in this study was underpinned by the BBD. To better visualize 424 

the results of BBD and to provide insights for the optimization process, a 3-D surface plot combined 425 

with contour plot was reported for both cell concentration and lipid content (Figure 3). 426 

The graphical interpretation of the results allows for the easy identification of trends and optimal 427 

regions. The color of the surface and the contour plot both reflect the cell count (Figure 3a) and lipids 428 

(Figure 3b), with darker colors corresponding to lower values and lighter colors corresponding to 429 

higher values. The contour plot at the bottom serves as a 'footprint' of the surface plot, providing an 430 

additional perspective on the response surface. This can aid in identifying optimal conditions for 431 

maximizing the cell count. In fact, from the figure, it can be observed that the cell count reaches a 432 

zone of maximum concentration, after which the biomass decreases at a certain rate. In contrast, the 433 

lipid content doesn't appear to reach a maximum point; instead, it shows an increasing trend as the 434 

molasses concentration increases. 435 

To understand the optimal region, in Figure 4 is reported the overlaid contour plot between cell count 436 

and lipid content. 437 

This overlaid plot represents the total yield (product of cell count and lipid content) as a function of 438 

the CSL and molasses concentrations, with the f/2 nutrient concentration held constant at low value 439 

(0%). The contour lines represent points of equal total yield. In Figure 4 has been highlighted the 440 

optimal area where the cell count and lipid concentration is at their maximum. The stationary point 441 

where the maximum cell count meets the maximum lipid content is approximately at 1.78 g/L of 442 

molasses and 1.89 g/L of CSL. These are the most effective concentrations for maximizing both cell 443 
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count and lipid content simultaneously in the cultivation of P. cruentum following the BBD. In these 444 

conditions a cell count of 12.1 x 106 cell/mL and a lipid content of 24.48% should be reached. To 445 

validate the model the experiment was repeated with these growth media condition. The results were 446 

the following: 11.88 ± 0.6 x 106 cell/mL and 23.75 ± 0.69% of lipid concentration after 8 days of 447 

cultivation in the same conditions as the BBD first experiment. The new data obtained with the 448 

optimal nutrient concentrations were not significantly different from the predicted value, validating 449 

the BBD results. 450 

The determined optimal concentrations not only facilitate the maximization of cell count and lipid 451 

content but also potentially enhance the cost-effectiveness of the cultivation process. Particularly, the 452 

use of molasses and CSL, which are often considered waste or by-product resources, can significantly 453 

reduce the overall production costs, making the cultivation process more economically viable (Russo 454 

et al., 2022; Yan et al., 2011). 455 

However, to make a biotechnological process economically advantageous, it is also necessary to 456 

produce molecules with a high added value (Graziani et al., 2013; Massa et al., 2019).  457 

 458 

4. Biomass fatty acids and pigments profiles 459 

This study's findings hold practical implications for the large-scale cultivation of P. cruentum. This 460 

microalga is well-known as potential industrial EPA producer and other valuable lipids (Hu et al., 461 

2018; Oh et al., 2009). 462 

To harness the biotechnological process centered on molasses and CSL, we analyzed and presented 463 

the fatty acids, carotenoids and phycobiliproteins of the biomass grown with optimized media in 464 

Table 4. 465 

 466 

Table 4. Fatty acids (expressed as % of total fatty acids), carotenoids and phycobiliproteins on the 467 

extracts of P. cruentum grown in standard media and new optimized media. 468 

Fatty acids Control Optimized media 

C14:0 0.22 ± 0.03 0.2 ± 0.05 

C14:1 4.43 ± 0.23 4.85 ± 0.22 

C16:0 33.1 ± 1.02 34.2 ± 1.21 
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C16:1 4.21 ± 0.38 3.43 ± 0.52 

C18:0 2.8 ± 0.25 2.6 ± 0.36 

C18:1  1.71 ± 0.34 3.1 ± 0.12* 

C18:2 17.8 ± 0.38 18.73 ± 0.94 

C20:3 0.11 ± 0.02 0.15 ± 0.03 

C20:4 15.22 ± 0.73 17.51 ± 0.34* 

C22:1 0.53 ± 0.17 0.21 ± 0.04 

C20:5 EPA 13.15 ± 0.44 12.43 ± 0.29 

Σ PUFAs 46.2 48.7 

Lipid content (% w/w) 11.84 ± 0.24 23.75 ± 0.69* 

Carotenoids (µg/g dry weight) Control Optimized media 

Fucoxanthin 660.6 ± 3.7 808.2 ± 0.9* 

Violaxanthin 0.85 ± 0.01 0.70 ± 0.05 

Antheraxanthin 0.33 ± 0.01 0.34 ± 0.01 

Meso-zeaxanthin 0.46 ± 0.02 0.43 ± 0.05 

Zeaxanthin 56.69 ± 0.08 68.75 ± 0.04* 

Canthaxanthin 0.22 ± 0.01 10.7 ± 0.4* 

Echinenone <0.1 <0.1 

β-Carotene 100.7 ± 0.4 340.23 ± 0.01* 

Phycobiliproteins (mg/L) Control Optimized media 

Phycoerythrin  11.21 ± 1.71 23.74 ± 2.26* 

Allophycocyanin 0.89 ± 0.09 1.19 ± 0.17 

Phycocyanin 2.68 ± 0.55 4.23 ± 0.62* 

Values are expressed as means ± SD (n=3). PUFA= polyunsaturated fatty acids. Values followed by 469 

an asterisk (*) represents a significant difference respect to the control (p < 0.05).  470 

No significant differences were observed in terms of EPA between the control and the new optimized 471 

media. However, the arachidonic acid and oleic acid was found to be significantly higher in the 472 

biomass cultured with the new media. Moreover, the lipid content of P. cruentum was boosted after 473 

the optimization with BBD, doubling the lipid productivity and confirming the prediction value. The 474 

EPA content among the various Porphyridium strains can vary greatly. In the  study of Vazhappilly 475 

and Chen (1998) the fatty acids of two Porphyridium strains (CSIRO CS-25  and UTEX 161) were 476 

studied. It was noted that in CSIRO CS-25 strain there was an EPA content of 6.7% while in UTEX 477 

strain it was 19.7%. While our study did not exceed 14% of TFA, our EPA findings were consistent 478 

with other literature (Fábregas et al., 1998), and also higher than another study (Breuer et al., 2012), 479 

that reported 7% EPA content on TFA. Nonetheless, it's crucial to consider not just the EPA 480 

percentage but also lipid yield, especially given our evidence supporting the use and optimization of 481 

agro-industrial waste to enhance biomass concentration.  482 
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Regarding the carotenoids profile, distinct variations emerged between the control and the optimized 483 

media. Specifically, fucoxanthin concentrations showed a significant increase in the optimized media, 484 

underscoring the media's potential metabolic influence. Also, the canthaxanthin content was 485 

significantly higher than the control, suggesting a significant metabolic shift or stimulation provided 486 

by the optimized media. Concurrently, the tripling of β-carotene concentrations under optimized 487 

conditions cannot be overlooked, especially given its commercial and biochemical significance (Di 488 

Lena et al., 2019). These delineations underscore the necessity for further in-depth investigation into 489 

the constituents and conditions of the optimized media, as well as their interplay with the metabolic 490 

pathways of P. cruentum. 491 

The phicobiliproteins of P. cruentum also showed a significant increase when cultivated in optimized 492 

media, doubling the phycoerythrin and phycocyanin (Table 4). These bioactive compounds are 493 

known for their anti-inflammatory, immunostimulant, anti-radical, and antioxidant properties (Peña-494 

Medina et al., 2023) 495 

Harnessing the potential of microalgae for omega-3 production and other biotechnological 496 

applications necessitates a deep understanding of the complex interplay between various cultivation 497 

parameters (Giovanni L. Russo et al., 2021). P. cruentum might serve as an alternative source of EPA 498 

and can be combined with DHA-rich microalgae, such as Aurantiochytrium sp, frequently found in 499 

supplements alongside Ulkenia sp. (Lee Chang et al., 2015). Studies indicate that consistent 500 

consumption of EPA and DHA can decrease the n-6:n-3 PUFA ratio, leading to increased EPA and 501 

DHA levels in the membranes of red blood cells (known as the omega-3 index) (Stiefvatter et al., 502 

2021). This is believed to be advantageous, for instance, in reducing inflammation. Moreover, the 503 

presence of carotenoids in the obtained omega-3 rich oil, can generate additional advantages. In fact 504 

it is well known that carotenoids act as antioxidants and they might protect the oil from lipid oxidation 505 

(Yang et al., 2021; Yin et al., 2023), potentially eliminating the need for added antioxidants. 506 

Additionally, there's evidence suggesting that carotenoids might reduce oxidative stress. As such, 507 

they could potentially mitigate the oxidative stress triggered by PUFA consumption (Awada et al., 508 
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2012). Moreover, the biomass obtained is rich of phycobiliproteins. Beyond their biological 509 

significance, phycobiliproteins possess high economic value due to their potential applications in the 510 

food, cosmetic, and pharmaceutical industries (Chini Zittelli et al., 2023). One of the advantages of 511 

cultivating P. cruentum is the ability to separate phycobiliproteins from the lipid fraction, allowing 512 

for a dual stream of revenue. The separated phycobiliproteins can be sold as high-value compounds, 513 

while the lipid fraction, rich in PUFAs, can be processed further for various applications (Huang et 514 

al., 2022). 515 

Agro-industrial waste, often considered an environmental burden, can be repurposed as a cost-516 

effective growth medium for P. cruentum. Utilizing such waste not only provides a sustainable 517 

solution to waste management but also enhances the economic viability of P. cruentum cultivation. 518 

By doing so, producers can maximize the added value derived from both the phycobiliproteins and 519 

the lipid fraction, making the entire process more profitable and environmentally sustainable. 520 

  521 
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5. Conclusion 522 

This research underscores the promising potential of harnessing agro-industrial by-products, 523 

specifically BM and CSL, for the sustainable cultivation of Porphyridium cruentum. Through the 524 

application of the Box-Behnken Design, we successfully identified optimal conditions that 525 

significantly enhance both the biomass and lipid yield of P. cruentum. Our findings not only validate 526 

the efficacy of using alternative substrates in microalgal cultivation but also emphasize the 527 

environmental and economic advantages of such approaches. The consistency between predicted and 528 

observed results further strengthens the reliability of our methodology. As the demand for bioactive 529 

compounds, especially EPA, continues to rise, innovations like these play a pivotal role in meeting 530 

these demands sustainably. Future research can explore the scalability of these findings and delve 531 

deeper into understanding the seasonal variations agro-industrial by-products. The high biomass and 532 

lipid yields achieved in this study can support the development of integrated biorefineries where P. 533 

cruentum is used to produce multiple products, including biofuels, nutraceuticals, and pigments. The 534 

dual revenue stream from both lipids and valuable co-products such as carotenoids and 535 

phycobiliproteins can significantly enhance the economic sustainability of microalgae biorefineries. 536 

 537 

Acknowledgement: Beatriz Martín García thanks the Spanish Ministry of Economy and 538 

Competitiveness (MINECO) for “Juan de la Cierva” contract (FJC2020-046307-I).  539 

 540 

Funding: This study is part of ERA-Net SUSFOOD2 project SUSPUFA, ID 145, with funding 541 

provided by the Italian Ministry of Education, Universities, and Research (MIUR) and the Spanish 542 

Ministry of Science, Education, and Universities/Spanish State Research Agency (PCI2018-093178), 543 

as well as co-funding by the European Union’s Horizon 2020 research and innovation program. 544 

  545 

Jo
urn

al 
Pre-

pro
of



25 

 

References 546 

Abreu, A.P., Fernandes, B., Vicente, A.A., Teixeira, J., Dragone, G., 2012. Mixotrophic cultivation 547 

of Chlorella vulgaris using industrial dairy waste as organic carbon source. Bioresour. Technol. 548 

118, 61–66. https://doi.org/10.1016/j.biortech.2012.05.055 549 

Adams, C., Godfrey, V., Wahlen, B., Seefeldt, L., Bugbee, B., 2013. Understanding precision 550 

nitrogen stress to optimize the growth and lipid content tradeoff in oleaginous green microalgae. 551 

Bioresour. Technol. 131. https://doi.org/10.1016/j.biortech.2012.12.143 552 

Aued-Pimentel, S., Lago, J.H.G., Chaves, M.H., Kumagai, E.E., 2004. Evaluation of a methylation 553 

procedure to determine cyclopropenoids fatty acids from Sterculia striata St. Hil. Et Nauds seed 554 

oil. J. Chromatogr. A 1054, 235–239. https://doi.org/10.1016/j.chroma.2004.07.090 555 

Awada, M., Soulage, C.O., Meynier, A., Debard, C., Plaisancié, P., Benoit, B., Picard, G., Loizon, 556 

E., Chauvin, M.A., Estienne, M., Peretti, N., Guichardant, M., Lagarde, M., Genot, C., 557 

Michalski, M.C., 2012. Dietary oxidized n-3 PUFA induce oxidative stress and inflammation: 558 

Role of intestinal absorption of 4-HHE and reactivity in intestinal cells. J. Lipid Res. 53. 559 

https://doi.org/10.1194/jlr.M026179 560 

Bligh, E.G., Dyer, W.J., 1959. A RAPID METHOD OF TOTAL LIPID EXTRACTION AND 561 

PURIFICATION. Can. J. Biochem. Physiol. 37, 911–917. https://doi.org/10.1139/o59-099 562 

Breuer, G., Lamers, P.P., Martens, D.E., Draaisma, R.B., Wijffels, R.H., 2012. The impact of nitrogen 563 

starvation on the dynamics of triacylglycerol accumulation in nine microalgae strains. Bioresour. 564 

Technol. 124. https://doi.org/10.1016/j.biortech.2012.08.003 565 

Chini Zittelli, G., Lauceri, R., Faraloni, C., Silva Benavides, A.M., Torzillo, G., 2023. Valuable 566 

pigments from microalgae: phycobiliproteins, primary carotenoids, and fucoxanthin. 567 

Photochem. Photobiol. Sci. https://doi.org/10.1007/s43630-023-00407-3 568 

Conde, T.A., Couto, D., Melo, T., Costa, M., Silva, J., Domingues, M.R., Domingues, P., 2021. Polar 569 

lipidomic profile shows Chlorococcum amblystomatis as a promising source of value-added 570 

lipids. Sci. Rep. 11, 1–23. https://doi.org/10.1038/s41598-021-83455-y 571 

Di Lena, G., Casini, I., Lucarini, M., Lombardi-Boccia, G., 2019. Carotenoid profiling of five 572 

microalgae species from large-scale production. Food Res. Int. 573 

https://doi.org/10.1016/j.foodres.2018.11.043 574 

Diwan, B., Parkhey, P., Gupta, P., 2018. From agro-industrial wastes to single cell oils: a step towards 575 

prospective biorefinery. Folia Microbiol. (Praha). https://doi.org/10.1007/s12223-018-0602-7 576 

Esua, O.J., Cheng, J.H., Sun, D.W., 2021. Optimisation of treatment conditions for reducing 577 

Shewanella putrefaciens and Salmonella Typhimurium on grass carp treated by 578 

thermoultrasound-assisted plasma functionalized buffer. Ultrason. Sonochem. 76, 105609. 579 

https://doi.org/10.1016/j.ultsonch.2021.105609 580 

Fábregas, J., García, D., Morales, E., Domínguez, A., Otero, A., 1998. Renewal rate of 581 

semicontinuous cultures of the microalga Porphyridium cruentum modifies phycoerythrin, 582 

exopolysaccharide and fatty acid productivity. J. Ferment. Bioeng. 86, 477–481. 583 

https://doi.org/10.1016/S0922-338X(98)80155-4 584 

Gao, F., Yang, H.L., Li, C., Peng, Y.Y., Lu, M.M., Jin, W.H., Bao, J.J., Guo, Y.M., 2019. Effect of 585 

organic carbon to nitrogen ratio in wastewater on growth, nutrient uptake and lipid accumulation 586 

of a mixotrophic microalgae Chlorella sp. Bioresour. Technol. 282. 587 

https://doi.org/10.1016/j.biortech.2019.03.011 588 

Jo
urn

al 
Pre-

pro
of



26 

 

Graziani, G., Schiavo, S., Nicolai, M.A., Buono, S., Fogliano, V., Pinto, G., Pollio, A., 2013. 589 

Microalgae as human food: chemical and nutritional characteristics of the thermo-acidophilic 590 

microalga Galdieria sulphuraria. Food Funct. 4, 144–152. https://doi.org/10.1039/C2FO30198A 591 

Harker, M., Tsavalos, A.J., Young, A.J., 1995. Use of response surface methodology to optimise 592 

carotenogenesis in the microalga, Haematococcus pluvialis. J. Appl. Phycol. 7. 593 

https://doi.org/10.1007/BF00003797 594 

Herrera, A., D’Imporzano, G., Acién Fernandez, F.G., Adani, F., 2021. Sustainable production of 595 

microalgae in raceways: Nutrients and water management as key factors influencing 596 

environmental impacts. J. Clean. Prod. 287. https://doi.org/10.1016/j.jclepro.2020.125005 597 

Hu, H., Wang, H.F., Ma, L.L., Shen, X.F., Zeng, R.J., 2018. Effects of nitrogen and phosphorous 598 

stress on the formation of high value LC-PUFAs in Porphyridium cruentum. Appl. Microbiol. 599 

Biotechnol. 102. https://doi.org/10.1007/s00253-018-8943-3 600 

Huang, Z., Guo, S., Guo, Z., He, Y., Chen, B., 2022. Integrated green one-step strategy for concurrent 601 

recovery of phycobiliproteins and polyunsaturated fatty acids from wet Porphyridium biomass. 602 

Food Chem. 389. https://doi.org/10.1016/j.foodchem.2022.133103 603 

Jiao, K., Xiao, W., Xu, Y., Zeng, X., Ho, S.H., Laws, E.A., Lu, Y., Ling, X., Shi, T., Sun, Y., Tang, 604 

X., Lin, L., 2018. Using a trait-based approach to optimize mixotrophic growth of the red 605 

microalga Porphyridium purpureum towards fatty acid production. Biotechnol. Biofuels 11. 606 

https://doi.org/10.1186/s13068-018-1277-7 607 

Jung, H. Il, Lee, O.M., Jeong, J.H., Jeon, Y.D., Park, K.H., Kim, H.S., An, W.G., Son, H.J., 2010. 608 

Production and characterization of cellulose by acetobacter sp. V6 using a cost-effective 609 

molasses-corn steep liquor medium. Appl. Biochem. Biotechnol. 610 

https://doi.org/10.1007/s12010-009-8759-9 611 

KENDİRLİOĞLU ŞİMŞEK, G., CETİN, A.K., 2022. The Effect of Waste Molasses on the Growth 612 

and the Amount of Lipid and Protein of Chlorella vulgaris. Int. J. Nat. Life Sci. 6, 41–47. 613 

https://doi.org/10.47947/ijnls.1092216 614 

Kim, S., Lee, D., Lim, D., Lim, S., Park, S., Kang, C., Yu, J., Lee, T., 2020. Paramylon production 615 

from heterotrophic cultivation of Euglena gracilis in two different industrial byproducts: Corn 616 

steep liquor and brewer’s spent grain. Algal Res. 47. https://doi.org/10.1016/j.algal.2020.101826 617 

Kim, S.H., Lee, U.H., Lee, S.B., Jeong, G.T., Kim, S.K., 2021. Improvement of unsaturated fatty acid 618 

production from porphyridium cruentum using a two-phase culture system in a photobioreactor 619 

with light-emitting diodes (leds). J. Microbiol. Biotechnol. 31, 456–463. 620 

https://doi.org/10.4014/JMB.2011.11004 621 

Lee Chang, K.J., Paul, H., Nichols, P.D., Koutoulis, A., Blackburn, S.I., 2015. Australian 622 

thraustochytrids: Potential production of dietary long-chain omega-3 oils using crude glycerol. 623 

J. Funct. Foods 19, 810–820. https://doi.org/10.1016/j.jff.2015.01.039 624 

Li, S., Ji, L., Shi, Q., Wu, H., Fan, J., 2019. Advances in the production of bioactive substances from 625 

marine unicellular microalgae Porphyridium spp. Bioresour. Technol. 626 

https://doi.org/10.1016/j.biortech.2019.122048 627 

Maddipati, P., Atiyeh, H.K., Bellmer, D.D., Huhnke, R.L., 2011. Ethanol production from syngas by 628 

Clostridium strain P11 using corn steep liquor as a nutrient replacement to yeast extract. 629 

Bioresour. Technol. 102, 6494–6501. https://doi.org/10.1016/j.biortech.2011.03.047 630 

Marcati, A., Ursu, A.V., Laroche, C., Soanen, N., Marchal, L., Jubeau, S., Djelveh, G., Michaud, P., 631 

Jo
urn

al 
Pre-

pro
of



27 

 

2014. Extraction and fractionation of polysaccharides and B-phycoerythrin from the microalga 632 

Porphyridium cruentum by membrane technology. Algal Res. 5. 633 

https://doi.org/10.1016/j.algal.2014.03.006 634 

Massa, M., Buono, S., Langellotti, A.L., Martello, A., Russo, G.L., Troise, D.A., Sacchi, R., 635 

Vitaglione, P., Fogliano, V., 2019. Biochemical composition and in vitro digestibility of 636 

Galdieria sulphuraria grown on spent cherry-brine liquid. N. Biotechnol. 53, 9–15. 637 

https://doi.org/10.1016/j.nbt.2019.06.003 638 

Mohammad Mirzaie, M.A., Kalbasi, M., Mousavi, S.M., Ghobadian, B., 2016. Statistical evaluation 639 

and modeling of cheap substrate-based cultivation medium of Chlorella vulgaris to enhance 640 

microalgae lipid as new potential feedstock for biolubricant. Prep. Biochem. Biotechnol. 641 

https://doi.org/10.1080/10826068.2015.1031398 642 

Nakahara, T., Yokochi, T., Higashihara, T., Tanaka, S., Yaguchi, T., Honda, D., 1996. Production of 643 

docosahexaenoic and docosapentaenoic acids by Schizochytrium sp. isolated from Yap Islands. 644 

J. Am. Oil Chem. Soc. 73, 1421–1426. https://doi.org/10.1007/BF02523506 645 

Navarro-López, E., Ruíz-Nieto, A., Ferreira, A., Gabriel Acién, F., Gouveia, L., 2020. Biostimulant 646 

Potential of Scenedesmus obliquus Grown in Brewery Wastewater. Molecules 25. 647 

https://doi.org/10.3390/molecules25030664 648 

Oh, S.H., Han, J.G., Kim, Y., Ha, J.H., Kim, S.S., Jeong, M.H., Jeong, H.S., Kim, N.Y., Cho, J.S., 649 

Yoon, W.B., Lee, S.Y., Kang, D.H., Lee, H.Y., 2009. Lipid production in Porphyridium 650 

cruentum grown under different culture conditions. J. Biosci. Bioeng. 108. 651 

https://doi.org/10.1016/j.jbiosc.2009.05.020 652 

Peña-Medina, R.L., Fimbres-Olivarría, D., Enríquez-Ocaña, L.F., Martínez-Córdova, L.R., Del-653 

Toro-Sánchez, C.L., López-Elías, J.A., González-Vega, R.I., 2023. Erythroprotective Potential 654 

of Phycobiliproteins Extracted from Porphyridium cruentum. Metabolites 13. 655 

https://doi.org/10.3390/metabo13030366 656 

Peter, A.P., Chew, K.W., Koyande, A.K., Yuk-Heng, S., Ting, H.Y., Rajendran, S., Munawaroh, 657 

H.S.H., Yoo, C.K., Show, P.L., 2021. Cultivation of Chlorella vulgaris on dairy waste using 658 

vision imaging for biomass growth monitoring. Bioresour. Technol. 341. 659 

https://doi.org/10.1016/j.biortech.2021.125892 660 

Piasecka, A., Krzemińska, I., Tys, J., 2017. Enrichment of Parachlorella kessleri biomass with 661 

bioproducts: oil and protein by utilization of beet molasses. J. Appl. Phycol. 662 

https://doi.org/10.1007/s10811-017-1081-y 663 

Piasecka, A., Nawrocka, A., Wiącek, D., Krzemińska, I., 2020. Agro-industrial by-product in 664 

photoheterotrophic and mixotrophic culture of Tetradesmus obliquus: Production of ω3 and ω6 665 

essential fatty acids with biotechnological importance. Sci. Rep. 10. 666 

https://doi.org/10.1038/s41598-020-63184-4 667 

Rebolloso Fuentes, M.M., Acién Fernández, G.G., Sánchez Pérez, J.A., Guil Guerrero, J.L., 2000. 668 

Biomass nutrient profiles of the microalga Porphyridium cruentum. Food Chem. 70. 669 

https://doi.org/10.1016/S0308-8146(00)00101-1 670 

Russo, Giovanni L., Langellotti, A.L., Oliviero, M., Sacchi, R., Masi, P., 2021. Sustainable 671 

production of food grade omega-3 oil using aquatic protists: Reliability and future horizons. N. 672 

Biotechnol. 62, 32–39. https://doi.org/10.1016/j.nbt.2021.01.006 673 

Russo, G.L., Langellotti, A.L., Sacchi, R., Masi, P., 2022. Techno-economic assessment of DHA-674 

rich Aurantiochytrium sp. production using food industry by-products and waste streams as 675 

Jo
urn

al 
Pre-

pro
of



28 

 

alternative growth media. Bioresour. Technol. Reports 18, 100997. 676 

https://doi.org/10.1016/j.biteb.2022.100997 677 

Russo, Giovanni L, Langellotti, A.L., Verardo, V., Martín-García, B., Di Pierro, P., Sorrentino, A., 678 

Baselice, M., Oliviero, M., Sacchi, R., Masi, P., 2021. Formulation of New Media from Dairy 679 

and Brewery Wastes for a Sustainable Production of DHA-Rich Oil by Aurantiochytrium 680 

mangrovei. Mar. Drugs 20, 39. https://doi.org/10.3390/md20010039 681 

Russo, G.L., Langellotti, A.L., Verardo, V., Martín-García, B., Oliviero, M., Baselice, M., Di Pierro, 682 

P., Sorrentino, A., Viscardi, S., Marileo, L., Sacchi, R., Masi, P., 2023. Bioconversion of Cheese 683 

Whey and Food By-Products by Phaeodactylum tricornutum into Fucoxanthin and n-3 Lc-PUFA 684 

through a Biorefinery Approach. Mar. Drugs 21. https://doi.org/10.3390/md21030190 685 

S&P global, 2023. Molasses and Feed Ingredients Market Analysis [WWW Document]. URL 686 

https://www.spglobal.com/commodityinsights/en/ci/products/food-commodities-food-687 

manufacturing-softs-molasses-feed-ingredients.html (accessed 8.10.23). 688 

Saisithi, P., 1994. Traditional fermented fish: fish sauce production, in: Fisheries Processing. Springer 689 

US, Boston, MA, pp. 111–131. https://doi.org/10.1007/978-1-4615-5303-8_5 690 

Schmidt, R.A., Wiebe, M.G., Eriksen, N.T., 2005. Heterotrophic high cell-density fed-batch cultures 691 

of the phycocyanin-producing red alga Galdieria sulphuraria. Biotechnol. Bioeng. 90. 692 

https://doi.org/10.1002/bit.20417 693 

Stiefvatter, L., Lehnert, K., Frick, K., Montoya-Arroyo, A., Frank, J., Vetter, W., Schmid-Staiger, U., 694 

Bischoff, S.C., 2021. Oral bioavailability of omega-3 fatty acids and carotenoids from the 695 

microalgae phaeodactylum tricornutum in healthy young adults. Mar. Drugs 19. 696 

https://doi.org/10.3390/md19120700 697 

Tan, J.P., Jahim, J.M., Wu, T.Y., Harun, S., Mumtaz, T., 2016. Use of corn steep liquor as an 698 

economical nitrogen source for biosuccinic acid production by Actinobacillus succinogenes, in: 699 

IOP Conference Series: Earth and Environmental Science. https://doi.org/10.1088/1755-700 

1315/36/1/012058 701 

Tounsi, L., Ben Hlima, H., Fendri, I., Abdelkafi, S., Michaud, P., 2023. Photoautotrophic growth and 702 

accumulation of macromolecules by Porphyridium cruentum UTEX 161 depending on culture 703 

media. Biomass Convers. Biorefinery. https://doi.org/10.1007/s13399-023-04703-x 704 

Vazhappilly, R., Chen, F., 1998. Eicosapentaenoic acid and docosahexaenoic acid production 705 

potential of microalgae and their heterotrophic growth. JAOCS, J. Am. Oil Chem. Soc. 75. 706 

https://doi.org/10.1007/s11746-998-0057-0 707 

Wang, X., Liu, S.-F., Wang, Z.-Y., Hao, T.-B., Balamurugan, S., Li, D.-W., He, Y., Li, H.-Y., Lin, 708 

C.S.K., 2022. A waste upcycling loop: Two-factor adaptive evolution of microalgae to increase 709 

polyunsaturated fatty acid production using food waste. J. Clean. Prod. 331, 130018. 710 

https://doi.org/10.1016/j.jclepro.2021.130018 711 

Yan, D., Lu, Y., Chen, Y.F., Wu, Q., 2011. Waste molasses alone displaces glucose-based medium 712 

for microalgal fermentation towards cost-saving biodiesel production. Bioresour. Technol. 713 

https://doi.org/10.1016/j.biortech.2011.03.036 714 

Yang, Q., Lu, T., Yan, J., Li, J., Zhou, H., Pan, X., Lu, Y., He, N., Ling, X., 2021. Regulation of 715 

polyunsaturated fatty acids synthesis by enhancing carotenoid-mediated endogenous antioxidant 716 

capacity in Schizochytrium sp. Algal Res. 55. https://doi.org/10.1016/j.algal.2021.102238 717 

Yin, F.W., Zhan, C.T., Huang, J., Sun, X.L., Yin, L.F., Zheng, W.L., Luo, X., Zhang, Y.Y., Fu, Y.Q., 718 

Jo
urn

al 
Pre-

pro
of



29 

 

2023. Efficient Co-production of Docosahexaenoic Acid Oil and Carotenoids in 719 

Aurantiochytrium sp. Using a Light Intensity Gradient Strategy. Appl. Biochem. Biotechnol. 720 

195. https://doi.org/10.1007/s12010-022-04134-w 721 

Yongmanitchai, W., Ward, O.P., 1991. Screening of algae for potential alternative sources of 722 

eicosapentaenoic acid. Phytochemistry 30. https://doi.org/10.1016/S0031-9422(00)98231-1 723 

 724 

  725 

Jo
urn

al 
Pre-

pro
of



30 

 

 726 
Figure 1. Screening test for different type of organic carbon source for P. cruentum cultivation. The 727 

basal medium used is Guillard f/2. Control refers to Guillard f/2 media without supplementation of 728 

organic carbon. Data are reported as mean (n=3) ± SD. 729 
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 732 

Figure 2. Comparison of the final cell count, lipid content and EPA concentration of P. cruentum 733 

after 8 days of cultivation under various supplementation conditions. The blue bars represent the final 734 

cell count (mean ± SD). The red line plot illustrates the lipid content (% w/w) for the corresponding 735 

conditions. The green line represents the EPA content (% of total fatty acids). 736 
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 738 

Figure 3. Surface and contour plot for cell count (A) and total lipid content (B) of Porphyridium 739 

cruentum cultivated with beet molasses and corn steep liquor through box-behnken design. 740 
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 742 

Figure 4. Overlaid contour plot for cell concentration and lipid content in the cultivation of microalga 743 
Porphyridium cruentum. The blue lines depict the minimum and maximum predicted cell concentrations (in 744 
×106 cells/mL) across varying levels of beet molasses (g/L) and corn steep liquor (CSL, g/L), with f/2 nutrients 745 
fixed at 0%. The overlaid red lines represent specific levels of lipid content (in % w/w). White colored region 746 
is the optimal region to maximize the responses.  747 
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Highlights 

• First-time use of beet molasses and corn steep liquor for cultivating P. cruentum. 

• Demonstrated the potential of agro-industrial by-products for sustainable microalgae 

cultivation. 

• Optimized biomass and lipid production using Box-Behnken Design. 

• Achieved 12.1 x 106 cell/mL & 24.48% lipid content with optimal conditions. 

• Showcased P. cruentum as a sustainable source for omega-3 production. 
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