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Cecilia Faraloni 1,* and Eleftherios Touloupakis 2

1 Istituto per la Bioeconomia, Consiglio Nazionale delle Ricerche, Via Madonna del Piano 10, Sesto Fiorentino,
50019 Firenze, Italy

2 Istituto di Ricerca sugli Ecosistemi Terrestri, Consiglio Nazionale delle Ricerche, Via Madonna del Piano 10,
Sesto Fiorentino, 50019 Firenze, Italy; eleftherios.touloupakis@cnr.it

* Correspondence: cecilia.faraloni@cnr.it

Interest in renewable biomass sources has increased due to global population growth,
the growing need for sustainable resources, and a surge in consumer demand for natural
ingredients driven by concerns regarding the harmful effects of synthetic chemicals, leading
to a rise in the use of high-value products from natural sources in the fields of human
health, food, cosmetics, and animal nutrition. Microalgae are considered an attractive
solution to this problem because of their photosynthetic efficiency, the diversity of their
metabolic pathways, and their ability to thrive in harsh conditions.

Over the last 50 years, scientists and engineers have paid great attention to microalgae
due to the increasing demand for sustainable development [1]. By using sunlight for
conversion into valuable bioproducts, microalgae can contribute significantly to creating
links between the water, energy, food, and climate cycles [2]. Microalgae can withstand
harsh conditions in natural environments and grow in a variety of water sources [3]. Several
species have attracted much attention due to their high growth rate, high capacity for CO2

sequestration, and lack of need for arable land [2,4–6].
Microalgae have evolved different strategies to survive under complex and extreme en-

vironmental conditions (high light, high salinity, extreme temperatures, nutrient deficiency,
UV radiation) by adapting their metabolism. Various species of microalgae are capable of
producing a large amount of secondary metabolites such as carotenoids, polyphenols, and
essential oils, which have a wide range of therapeutic properties due to their antioxidant
activity [7–12]. This peculiarity mainly depends on the species, strains, genetic diversity,
and/or abiotic stress. Therefore, it is becoming increasingly important to understand the
biology of these microorganisms in order to make informed decisions about their use in
food, feeds, pharmaceuticals, and cosmetics. Numerous studies have been carried out
to increase knowledge in this field and to optimize the recovery of natural antioxidant
compounds under different growing conditions and with different stress factors.

The commercialization of microalgae as feedstock for natural products requires the
use of efficient cultivation systems. These microorganisms can be cultivated using a variety
of methods, including open and closed systems.

1. Advancements in Algal Cultivation Techniques

1.1. Design and Optimization of Photobioreactors

Photobioreactors provide controlled environments to optimize growth conditions and
maximize productivity. Recent advances include the following:

- The development of novel photobioreactor geometries that improve light penetration
and mixing efficiency.

- LED lighting for the precise control of light intensity and wavelength, tailored to
specific microalgae species and target products.

Mar. Drugs 2025, 23, 107 https://doi.org/10.3390/md23030107
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- Automated control systems: the implementation of advanced sensors and control
systems for real-time monitoring and adjustment of parameters such as temperature,
pH, dissolved oxygen, and nutrient levels.

1.2. Nutrient Optimization

In order to optimize the growth of microalgae, their biomass, and the productivity
of their by-products, a cultivation medium tailored to the specific needs of the desired
microalgae species must be selected. At the same time, research into alternative and cost-
effective cultivation media is essential to overcome economic barriers and thus facilitate
the scaling up and commercialization of microalgae-based products.

1.3. Genetic Engineering and Strain Improvement

Metabolic and genetic engineering and synthetic biology are used to enhance target
product synthesis, improve growth rate and stress tolerance, and reduce feedstock costs.

1.4. Downstream Processing

- Cell disruption techniques: efficient cell disruption is critical for releasing intracellular products.
- Extraction and purification: developing efficient and environmentally friendly extrac-

tion and purification techniques.

2. Challenges and Future Prospects

Despite significant progress, several challenges in the commercialization of microalgae-
derived high-value products still remain, such as high production costs, challenges to
scaling up, regulatory hurdles, and public perception.

The future of algal cultivation for high-value products is promising. Continued
research and development efforts in the following areas are critical:

• Developing more efficient and cost-effective cultivation systems;
• Harnessing the power of synthetic biology;
• Developing sustainable and scalable downstream processing techniques;
• Addressing regulatory challenges and promoting public awareness.

This Special Issue, entitled “Algal Cultivation for Obtaining High-Value Products”,
focuses on the promotion of algae capable of producing high-value products, as well as
cultivation technologies, strategies, and growth conditions that will lead to the proliferation
of these compounds; techniques for the extraction and purification of these compounds
and their potential applications are also explored. This Special Issue comprises ten original
articles and a review. Below, we provide an overview of the research results and a review
of the existing literature to help readers find suitable articles for their fields of interest. The
contributions are listed in the List of Contributions.

Contribution 1 investigates the impact of salinity and brewery wastewater on the
mixotrophic cultivation of Arthrospira platensis. This study aimed to clarify the specific
effects of salinity on the production of phycocyanin by A. platensis under mixotrophic
conditions in a continuous mode, and to evaluate the effects of seawater on biochemical
composition in terms of lipids, proteins, and carbohydrates in view of its use in the
food market.

In Contribution 2, Cao et al. used Synechocystis sp. PCC6803 as a microbial chassis for
heme production. The objectives of their study were to construct a genetically engineered
Synechocystis sp. PCC6803 with high heme production, to explore effective methods to
increase its heterotrophic capacity, and to investigate the optimal glucose concentration
that would promote its growth in order to increase heme production.
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In Contribution 3, Yang et al. demonstrated an increase in lipid production in
Aurantiochytrium sp. DECR-KO using a two-stage strategy.

Contribution 4 investigates the optimization of biomass and fucoxanthin production
of Isochrysis galbana, isolated from the coast of Tadjoura (Djibouti), by testing various
culture media.

Contribution 5 investigates the biological profiles of the Chromochloris zofingiensis
mutant LUT-4 under different light intensities by linking the physiological properties and
molecular characteristics to assess the potential of LUT-4 in producing lutein.

In Contribution 6, Yi et al. investigated the effects of calcium gluconate, magnesium
gluconate, and bainengtai as additional supplements in a culture of Porphyridium purpureum.

Contribution 7 investigated the production of fucoxanthin and fatty acids in Conticribra
weissflogii. The authors proved that the content of the active substance C. weissflogii can be
increased by adjusting the iron concentration.

In Contribution 8, An et al. identified and analyzed an indigenous Odontella aurita
strain isolated from the coastal waters of Sonyang-myeon, Republic of Korea. The study
aimed to determine the optimal culture conditions, including temperature, salinity, irra-
diance, and nutrient concentration, that affect the growth of this species and to analyze
the composition of fatty acids and carotenoid pigments to investigate its potential use in
various industries.

Contribution 9 investigated scalable methods to produce a highly concentrated
biomass of Scenedesmus rubescens under heterotrophic conditions. Their aim was to find an
optimal culture medium for the cultivation of S. rubescens under heterotrophic conditions.

In Contribution 10, the authors review recent advances in genetic engineering and
cultivation strategies to improve the production of lutein by microalgae. Techniques such
as random mutagenesis; genetic engineering, including CRISPR technology; and multi-
omics approaches are discussed in detail in terms of their impact on improving lutein
production. Innovative cultivation strategies are compared, and their advantages and
challenges are highlighted.

This Editorial’s concluding remarks are as follows:
Microalgae provide a sustainable and versatile platform to produce a wide range of

high-value products. Recent advances in algae cultivation techniques, including the devel-
opment of photobioreactors, nutrient optimization, genetic engineering, and downstream
processing, are paving the way for more efficient and cost-effective production. Addressing
the remaining challenges and seizing opportunities in this area will be critical to realizing
the full potential of algae as a source of sustainable and valuable resources. Continued
innovation and collaboration between researchers, industry, and policy makers will be
crucial to driving the commercialization of high-value algae products and contributing to a
bio-based economy.

We would like to thank the Editorial Board, the Managing Editors, and the Editorial
Assistant. We greatly appreciate the efforts of the authors who have contributed their
results to this Special Issue. Finally, we thank the reviewers who carefully evaluated the
submitted manuscripts for their support.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Arthrospira platensis holds promise for biotechnological applications due to its rapid growth
and ability to produce valuable bioactive compounds like phycocyanin (PC). This study explores
the impact of salinity and brewery wastewater (BWW) on the mixotrophic cultivation of A. platensis.
Utilizing BWW as an organic carbon source and seawater (SW) for salt stress, we aim to optimize
PC production and biomass composition. Under mixotrophic conditions with 2% BWW and SW, A.
platensis showed enhanced biomass productivity, reaching a maximum of 3.70 g L−1 and significant
increases in PC concentration. This study also observed changes in biochemical composition, with el-
evated protein and carbohydrate levels under salt stress that mimics the use of seawater. Mixotrophic
cultivation with BWW and SW also influenced the FAME profile, enhancing the content of C16:0
and C18:1 FAMES. The purity (EP of 1.15) and yield (100 mg g−1) of PC were notably higher in
mixotrophic cultures, indicating the potential for commercial applications in food, cosmetics, and
pharmaceuticals. This research underscores the benefits of integrating the use of saline water with
waste valorization in microalgae cultivation, promoting sustainability and economic efficiency in
biotechnological processes.

Keywords: brewery wastewater; circular bio-economy; Arthrospira platensis; salt stress; Phycocianin;
FAME profile

1. Introduction

Microalgae represent a promising frontier in biotechnology due to their rapid growth
rates, high biomass productivity, and ability to produce a wide array of bioactive com-
pounds [1,2]. These microorganisms can be exploited for various applications, such as
biofuel production, wastewater (WW) treatment, CO2 sequestration, and the generation
of nutraceuticals and pharmaceuticals [3–5]. Their ability to thrive in various and harsh
environmental conditions makes them versatile candidates for sustainable biotechnological
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processes [6,7]. Cyanobacteria can produce a large set of valuable compounds [8]. Among
them, phycocyanin (PC) is a blue pigment-protein complex which has garnered significant
interest due to its extensive applications in the food, cosmetic, and pharmaceutical indus-
tries [9]. Indeed, PC is of interest for its antioxidant, anti-inflammatory, and neuroprotective
properties and is used for the production of a drug called phycocyanobilin [10]. The filamen-
tous cyanobacterium A. platensis (universally known as Spirulina), beside its high protein
content, productivity and resilience, is also renowned for accumulating high PC levels [11].
Among the various cultivation strategies employed to optimize biomass and metabolite
production, mixotrophy stands out as an effective approach [12,13]. Mixotrophy combines
autotrophic (photosynthesis) and heterotrophic (organic carbon utilization) modes, poten-
tially enhancing the yield of PC by providing a flexible nutrient environment [14]. One
of the most promising aspects of mixotrophic cultivation is the use of organic sources
derived from food industry wastes to sustain growth [15]. Dairy wastewater (DWW), rich
in lactose and other organic compounds, provides a viable nutrient source for A. platensis,
promoting biomass and PC production while simultaneously addressing waste manage-
ment issues [16]. Brewery wastewater (BWW), containing residual sugars and proteins,
can similarly support mixotrophic growth, enhancing the economic and environmental
sustainability of both the microalgae cultivation and brewing industries [17]. Molasses, a
byproduct of sugar processing, offers another potent carbon source, rich in sucrose and
other nutrients, that can be utilized to boost PC yield in Spirulina cultures [18,19]. Using
these food industry wastes not only reduces the cost of cultivation by substituting expen-
sive chemical nutrients but also mitigates environmental pollution by recycling organic
waste streams. This synergy between waste valorization and microalgae cultivation pro-
motes sustainability when producing strategic molecules such as PC [16]. Salinity is a
crucial environmental factor that significantly influences the physiological and biochemical
processes in A. platensis metabolism. It affects osmoregulation, enzyme activity, and the
structural integrity of cellular components [20]. Under mixotrophic conditions, the interac-
tion between salinity and nutrient availability can further complicate these effects. Salinity
stress induces the synthesis of compatible solutes and stress proteins, which can alter the
metabolic flux towards secondary metabolite production, including PC [21]. Studies have
shown that moderate salinity levels can stimulate the production of PC by enhancing the
expression of genes involved in its biosynthesis. However, excessive salinity may lead
to osmotic stress, reducing cell viability and PC yield [22]. The balance between salinity
levels and nutrient supply is thus critical in optimizing PC production under mixotrophic
conditions [23]. Understanding how different waste-derived organic sources interact with
salinity levels under mixotrophic conditions will be key to optimizing the sustainable
production of PC. This study aims to elucidate the specific impacts of salinity levels on
the production of PC by A. platensis under mixotrophic conditions in a continuous mode.
A second aim is to assess the effects of seawater (SW) on the biochemical composition of
A. platensis in terms of lipids, proteins, and carbohydrates in view of its use in the food
market. To the best of our knowledge, the combined effect of SW and brewery wastewater
(BWW) on the content and composition of fatty acids (FAs) is unknown. Therefore, BWW
is used to guarantee mixotrophic conditions while cultivating A. platensis using SW to
assure salt stress. By exploring the biochemical response of A. platensis to salinity under
mixotrophy, this research seeks to identify optimal cultivation parameters that enhance
biomass composition and PC yield.

2. Results

2.1. BWW Characterization

Table 1 presents the fundamental characteristics of the clarified BWW utilized in this
work in comparison with those of other studies. It can be inferred that the loads of organic
matter and N in the form of ammonium were consistent compared to other reported
BWWs, with total organic carbon (TOC) > 11 g L−1 and NH4

+ > 15 mg L−1, respectively.
It should be considered that, despite the fact that brewery effluents may exhibit different
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chemical compositions, based on the technological steps employed for manufacturing beer
(mashing, boiling, fermentation and maturation, wort separation, wort clarification, and
rough beer clarification), these effluents are usually characterized by the presence of easily
biodegradable sugars, soluble starch, ethanol, and volatile fatty acids [24]. Their typical
high organic content is confirmed by biological oxygen demand (BOD5), chemical oxygen
demand (COD), and a total suspended solids (TSS) range of 1.2–3.6 g L−1, 2–6 g L−1, and
0.2–1 g L−1, respectively [25]. Usually, BWW is not toxic and is characterized by very low
levels of heavy metal as well as N and P levels, which can vary depending on the handling
of the raw material used for beer production. The BWW temperature can range from 18
to 40 ◦C, occasionally reaching values higher than this range [25]. The pH levels, ranging
from 4.5 to 12, are highly dependent on the cleaning and sanitizing chemicals used [26].
A common procedure to allow microalgae growth inside a culture medium with a huge
organic content, such as for instance a BWW, is its physical and chemical pre-treatment [24].
Due to several chemical and biochemical reactions and several solid–liquid separations
performed for beer production, BWW pre-treatment is mandatory. This allows us to reduce
and separate the large amounts and different varieties of wastes produced including water,
spent grains and trub, hops, caustic and acid cleaners, surplus yeast, waste labels, and
waste beer [27].

Table 1. Physiochemical characteristics of brewery wastewater.

Parameter This Work [26] [28] [29] [30] [31]

TSS - 0.2–1 - - - 0.66–0.77
BOD - 1.2–3.6 - - - -
COD - 2–6 2.1–5.8 - 2 2.1–3.54
TOC 11.2 25–80 * - 16.5 - -
TN 0.427 10–50 * 5 * 1.2 23 * 23–69 *

N-NO3
2− - - - - - 0.1–9 *

N-NH4
+ 26.55 * - 0.004 * 11.3 18 * 18–48 *

TP 0.1 * - 0.44 * 95.2 * - 8.2–18.4 *
P-PO4

3− - - - - - 4–6 *
Fe 0.1 * - - - - -
Mg 0.1 * - - - - -
pH 6.7 4.5–1.2 6.9 6.1 - 7.66–7.89

Note: TSS = total suspended solid, BOD = biological oxygen demand, COD = chemical organic demand,
TOC = total organic carbon. All the concentrations are expressed in terms of g L−1, except those with * which are
reported in terms of mg L−1.

The choice of using very low concentrations of BWW (2% v v−1) was dictated by the
elevated TOC of the effluent (Table 1). Previous studies have suggested that the optimal
BWW concentration for mixotrophic cultivation of microalgae is less than 3% v v−1, with
higher concentrations (>30% v v−1) resulting in growth inhibition [32]. This was recently
confirmed by Miotti et al. [33], who supplemented a mix of synthetic medium and BWW
with lower organic carbon content in terms of glycerol, ranging from 0.2% to 2% v v−1, to
monitor the growth of Chlorella vulgaris.

Additionally, when assessing the N:P molar ratio for the BWW used in this study,
considering N (nitrate and ammonia) and P (phosphate) values, it appears to be much
lower than the N:P ratios of approximately 10:1 reported in Table 1 for other BWWs by other
studies. Moreover, the N:P ratio is smaller than the Redfield ratio (N:P of 16:1), suggesting
that the BWW serves as an N-limited medium for microalgae.

2.2. Growth Profile and Biomass Composition of A. platensis in BWW and SW

A. platensis was cultivated in both photoautotrophic and mixotrophic conditions
utilizing brewery effluent (JB) and SW (JBS) at a concentration of 2% v v−1 for a duration
of 15 days until the early stationary phase of growth was achieved. This investigation
aimed to assess key kinetic parameters, including maximum biomass concentration (Xmax),
average biomass productivity (ΔX), doubling time (td), and specific growth rate (μ).
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Figure 1 depicts the progression of A. platensis growth curves under both mixotrophic
and photoautotrophic conditions. The lag phase persisted for 96 h in both JB and JBS
systems while in the control there was no lag phase at all. This was primarily due to
the time needed by A. platensis to adapt to the new growth conditions represented by
the addition of the brewery and SW to the JM. Similar behavior was also reported when
cultivating A. platensis in both freshwater and SW [34]. At the end of the batch phase,
maximum biomass concentrations of 0.98 g L−1 and 0.90 g L−1 were obtained in freshwater
and SW, respectively. In addition, the duration of the batch phase was affected since 9 and
12 days were required to reach the maximum concentration in the two systems.

Figure 1. Kinetic evolution of optical density at 680 nm in the investigated cultures.

In our study, the longer adaptation phase was primarily due to the time needed by A.
platensis to acclimate to the novel growth conditions represented by the addition of both
BWW and SW to the JM. Acclimation is a key phase in cyanobacteria adaptation affecting
the overall performance of the culture. Subsequently, the exponential growth phase in all
samples persisted for up to 15 days, displaying varying patterns. Around the midpoint of
the cultivation period (7 days), all systems exhibited an OD680nm > 1.5. By the end of the
cultivation period, the JB and JBS systems outperformed the control, with the JBS system
still increasing OD values on the 16th day.

The maximum biomass production for JB and JBS cultures occurred at the end of
the stationary growth phase, while the control was attained after 10 days. The control
achieved a maximum concentration of biomass equal to 2.22 g L−1, i.e., the lowest among
the investigated mixotrophic conditions (Figure 2a).

Remarkably, the photoautotrophic Xmax value was 2.5–5 times higher than the values
(0.55–0.89 g L−1) reported for A. platensis by Sassano et al. [35] for the same strain grown
in continuous mode using NH4Cl as N source. The mixotrophic cultivation of S. platensis
in JBS exhibited the highest biomass yield of 3.70 g L−1. In Figure 2b, it is apparent that
the JB and JBS systems displayed a superior specific growth rate (0.083 and 0.073 day,
respectively) compared to the control (0.055 day). Additionally, JB also showed the high-
est average biomass productivity at 302 mg L−1 day−1. This represented about a 50%
increase in biomass compared to the control (172 mg L−1 day−1), as illustrated in Figure 2d.
Mixotrophic cultures exhibit elevated growth rates compared to photoautotrophic and
heterotrophic cultures. Their ability to assimilate both growth substrates, coupled with
the advantage of performing photosynthesis, provides independence. This is advanta-
geous because the acetyl-CoA pool is preserved for both CO2 fixation through the Calvin
cycle and extracellular organic carbon production [36]. The suitability of BWW to boost
mixotrophic metabolism in microalgae and cyanobacteria has been addressed in many
scientific reports. Miotti et al. cultivated Chlorella vulgaris in BWW with varying concentra-
tions of glycerol under both autotrophic, heterotrophic, and mixotrophic conditions [33].
When C. vulgaris was cultivated under mixotrophic conditions, it exhibited a significantly
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higher biomass yield (1.33 g L−1) compared to the autotrophic cultivation (1.08 g L−1).
The FAME profile analysis revealed that, in comparison to the autotrophic control, higher
PUFA contents were obtained under mixotrophy within the range of glycerol mL tested.
Similarly, our study observed that mixotrophic cultivation of A. platensis in JBS yielded the
highest biomass concentration (3.70 g L−1), which significantly surpassed the control. This
outcome underscores the potential of mixotrophic systems to enhance biomass productivity,
corroborating Miotti et al.’s findings. Moreover, their observation of higher PUFA content
under mixotrophic conditions aligns with the increased biomass productivity and superior
specific growth rates we reported in the JB and JBS systems. BWW allowed the vigorous
growth of a filamentous microalga, Tribonema aequale, to a final biomass concentration as
high as 6.45 g L−1.

Figure 2. Comparison of growth performance indicators including maximum biomass content Xmax

(a), specific growth rate μ (b), doubling time td (c), and average biomass productivity ΔX (d) for the
three investigated media. Mean differences were compared using 2-way ANOVA (n = 3, **** indicates
p < 0.0001).

The resulting algal biomass obtained under mixotrophy contained high amounts of
high-added value products such as chrysolaminarin, palmitoleic acid, and eicosapentaenoic
acid (EPA) [31]. A. platensis was also successfully cultivated in non-diluted and non-
pretreated BWW under non-sterile and alkaline growth conditions. The mixotrophic
growth of this cyanobacterium was evaluated in terms of pollutant consumption, biomass
productivity, and composition as well as pigment production. It was obtained that the
combination of sodium chloride with sodium bicarbonate determined a maximum final
pigment production. Moreover, the use of a photoperiod of 16:8 h caused an increase in
the pollutant removal rate (up to 90% of initial concentrations) and biomass concentration
(950 mg L−1) [37]. Their findings, in terms of biomass productivity, pigment production,
and pollutant removal, are indeed noteworthy. In comparison, our research, which utilized
a diluted BWW blend, also demonstrated significant improvements in biomass production
and μ (Figure 2b) under mixotrophic conditions. However, the use of non-diluted BWW
in their study suggests the possibility of further optimizing our culture conditions to
potentially achieve even higher yields. This comparison highlights the importance of
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exploring a range of BWW concentrations to balance the benefits of increased organic load
with the risks of contamination and growth inhibition.

The effect of mixotrophy on the biomass composition of A. platensis in terms of
macronutrients, such as total carbohydrates (TC), total proteins (TP), and total lipids
(TP), is summarized in Figure 3.

Figure 3. Total carbohydrates (TC), lipids (TL), and proteins (TP) obtained with the investigated
media. Mean differences were compared using Tukey’s test (n = 3, *** indicates p < 0.001).

TP represented the main fraction, followed by TL and TC, both under photoautothropy
and mixotrophy. These macronutrients’ distribution, characterized by a remarkable fraction
of lipids, differs significantly from a typical chemical composition reported for A. platensis
which consists of 15–25% carbohydrates, 55–70% proteins, and 4–7% lipids according to
Bezerra et al. [38]. Batch or continuous growth impacts not only microalgae growth and
biomass productivities but also their biochemical composition [39]. Compared to photoau-
tothropy, there was a considerable rearrangement of proteins and lipids under mixotrophy,
with an increase in TP and a decrease in TL after BWW addition. The addition of SW to
the JB under mixotrophy produced a considerable decrease in TP with an enhancement of
TC fraction.

The effect of salt on the biochemical composition of biomass is not well understood.
Some studies have demonstrated a direct relationship between cultivating A. platensis in SW
and a reduction in protein content and FAs [34] along with an increased accumulation of
carbohydrates [39], essential amino acids including valine, leucine, and isoleucine as well
as carotenoids [34]. In another study, a direct relationship between increased salinity and
the enhancement of lipid fraction was demonstrated in Spirulina [40]. These findings are
corroborated by this study in terms of TP, TL, and TC modifications. Salinity is known to
influence the morphology of trichomes and the biochemical composition of biomass, mak-
ing it a potential method for manipulating the morphological and biochemical properties
of produced biomass. These effects are obtained after cell acclimation to increasing salinity.
However, there are only a few studies on the impact of salt stress after cell acclimation
on the biochemical composition and the growth rate of A. platensis [21]. In mixotrophic
cultivation, several approaches can be applied to improve the production of high-value
metabolites. Among them, salinity (along with pH and nutrient availability) as well as the
selection of the operation mode (batch, fed-batch, and continuous cultivation) are regarded
as valid bioengineering approaches that can be used to optimize microalgae biomass pro-
duction and composition [41]. It should be noted that not all the microalgae strains adapt
to the high salinity levels typical of SW. However, A. platensis is known to thrive at the
SW salinity level (35 g L−1), and the strain used in this study exhibited a tolerance of up
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to 41 g L−1. Studies confirm that biomass production can be enhanced in salinity up to
40 g L−1 NaCl, while at 60 g L−1 NaCl biomass production decreases slightly [21]. Other
authors demonstrated that it is possible to produce A. platensis biomass using SW after an
adaptation period producing a biomass suitable for food applications [34].

2.3. Phycobiliproteins Production by A. platensis under Mixotrophy and Salt Stress

Figure 4 depicts the concentration of PC, APC, PE, and total phycobiliproteins (PBPs) in
extracts from A. platensis biomass cultivated both under photoautotrophic and mixotrophic
conditions with the addition of BWW (JB) and SW (JBS).

Figure 4. Phycobiliproteins concentration in extracts of A. platensis grown in the investigated media.
Mean differences were compared using Tukey’s test (n = 3, * p < 0.05; ** p < 0.01; **** indicates
p < 0.0001).

The analysis revealed that pigment concentrations, especially under mixotrophic
conditions with BWW, were particularly relevant. Under these conditions, A. platensis
showed a notable increase in PC production, more than doubling the concentration in JB
and nearly doubling it in JBS when compared to the control (7.70 mg L−1 and 5.25 mg L−1

vs. 3.28 mg L−1). This increase highlights the beneficial effects of mixotrophy on both
microalgal growth rates and pigment synthesis, with notably higher levels of PC and APC
compared to the control.

Previous research suggests that the increase in PC production is influenced by a
complex interaction between culture medium composition, the presence of an organic
carbon source, and the physiological responses of microalgae to specific culture conditions,
which create a stress environment favorable for PC synthesis.

In this study, it was evident that mixotrophic cultures had a significant increase
in overall PBP concentration compared to the photoautotrophic control. Specifically, JB
showed the highest total PC content at 7.70 mg L−1, confirming the effectiveness of BWW
supplementation in enhancing pigment synthesis. Similarly, APC and PE concentrations
increased significantly, reaching 2.35 mg L−1 and 0.95 mg L−1, respectively, compared to
the control values of 1.21 mg L−1 and 0.45 mg L−1.

These findings are consistent with the trend observed during the mixotrophic growth
of A. platensis using cheese whey as an organic carbon source. In this case, the positive
correlation between organic load and increased PBP content was demonstrated in an
upscaled volume process [16]. Similarly, higher PC content compared to the conventional
control Zarrouk medium was reported for A. platensis cultivated mixotrophically in tofu
WW [42], and for the microalga Galdieria sulphuraria ACUF 064 grown in media containing
buttermilk as a carbon source [43]. Regarding the correlation between salinity and PBP
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production, the addition of SW to JB resulted in a slight increase in PC, APC, and PE. These
results are consistent with documented behavior in A. platensis, which exhibited increased
protein and PC content when different NaCl concentrations were added [21,40].

The suitability of PC for various applications largely depends on its purity, which
is typically assessed using an absorbance ratio. This ratio measures PC’s absorbance at
620 nm (A620) against that of other proteins at 280 nm (A280). A PC with an A620/A280
ratio, defined as extraction purity (EP), of 0.7 or higher is classified as food grade, making
it apt for use as a food additive or a natural blue pigment in cosmetics. When EP falls
between 0.7 and 3.9, PC is considered a reagent grade, with EP values of 1.5 or higher
suitable for cosmetic applications. An EP of 4 or more qualifies PC as an analytical grade,
which is suitable for pharmaceutical uses [44].

In the current study, PC purity under mixotrophy conditions was found to have an EP
of 1.15 with JB and 0.92 with JBS, compared to a control of 0.77 (Figure 5a). Correspondingly,
the PC yields were 100, 50, and 35 (mg g−1) for JB, JBS, and CTRL cultures, respectively
(Figure 5b). These findings are consistent with previous research by Khandual et al. [45] on
A. platensis and by Chini Zittelli et al. [46] on various strains, which demonstrate that an
organic source (such as dairy WW or BWW) in concentrations of 0.5–2% v v−1 can enhance
PC synthesis in mixotrophic cultures of A. platensis.

Figure 5. Purity (a) and yield (b) of PC in the investigated media. Mean differences were compared
using 2-way Tukey’s test (n = 6, * p < 0.05; ** p < 0.01; *** indicates p < 0.001).

PC purity is closely linked to the extraction methods used, which are influenced
by physical and chemical parameters such as temperature, pH, solvent type, biomass-to-
solvent ratio, and the form of biomass (dried or fresh). The commercial value of PC varies
greatly depending on its purity level. According to the literature, the cost of PC increases
with its purity, particularly in industries like cosmetics, agro-chemistry, and food [47]. For
instance, analytical-grade PC with a purity exceeding 4 can cost up to 60 US$ g−1, and for
the highest purity levels, prices can soar up to 19,500 US$ g−1. Recent studies indicated
that PC for biocolorant use costs around 0.35 US$ g−1, while analytical-grade PC can reach
up to 4500 US$ g−1 [48]. The global PC market is projected to grow to $245.5 million by
2027 and $279.6 million by 2030 [49]. These high prices are due to the challenges in the
extraction and purification processes, making PC an expensive protein pigment. Overall,
the findings from this study on PC yield and purity offer new insights into developing
algal cultivation strategies that maximize the production of bioactive components while
promoting sustainable and eco-friendly practices.

The increased yield of PC observed in JB and JBS compared to the control may be due
to the cellular stress from the abrupt shift from autotrophic to mixotrophic conditions and
the high turbidity and salinity of BWW. BWW is known for its turbidity and salinity [50].
When microalgae are transferred to a more opaque medium, lower light intensity might
inhibit photosynthesis, promoting cells to overexpress light-harvesting pigments like PC to
capture light more efficiently [51].
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Conversely, high light intensity can downregulate PC content to avoid excessive
electron formation and oxidative damage [52]. High PC content in some strains is often
observed under very low light intensity [53,54]. Using continuous cultivation modes can
mitigate excessive turbidity, enhancing medium transparency and thereby potentially
increasing PC content [55]. Therefore, the increased PC content observed when passing
from the control to BWW and SW-supplemented media could be ascribed to this phe-
nomenon. Additionally, osmotic stress can lead specific microalgae strains to boost PBP
production [22]. High salinity may cause rapid sodium ion absorption, leading to phycobil-
isome separation from thylakoid membranes [56]. Cells responding to increased salinity
may overregulate PC production to counteract this effect. Thus, the high salinity of BWW
likely contributed to the increased PC observed in microalgae cultivated under mixotrophic
conditions in JB and especially in JBS.

2.4. FAME Profile by A. platensis under Mixotrophy

The fatty acid methyl ester (FAME) profile of A. platensis under mixotrophic condi-
tions with (JBS) and without (JB) salt stress, compared to the control (CTRL), is shown in
Table 2. Overall, there were no significant differences in the FAME profile between the
photoautotrophic and mixotrophic cultures systems, except for certain FAs. Specifically,
myristic acid (C14:0), palmitic acid (C16:0), and oleic acid (C18:1) exhibited higher levels
under mixotrophy, whereas stearic acid (C18:0), linoleic acid (C18:2), and y-linolenic acid
n-6 (C18:3) had lower values. In CTRL, the most abundant FA was C16:0 (40.57%), followed
by C18:3 (15.59%), C18:2 (15.18%), and stearic acid C18:0 (15.6%). In the JB group, C16:0
was also the most prevalent (43.77%), with C18:0 (12.73%), C18:2 (12.47%), and C18:3
n-6 (12.27%). For the JBS group, the sequence of FAs’ predominance resulted in C16:0
(41.48%) > C18:2 (14.68%) > C18:3 n-6 (14.57%) > C18:0 (13.43).

Table 2. Effect of different growth media on FAME composition. Values are reported as mean
% ± standard deviation (n = 6). The percentages refer to the total weight of FAMEs produced.

FAME C:N $ CTRL JB JBS

Myristic acid 14:0 1.98 ± 0.30 3.14 ± 0.40 **** 2.70 ± 0.91 **
Palmitic acid 16:0 40.57 ± 2.97 43.77 ± 4.00 41.48 ± 4.48

Hexadecenoic acid 16:1 4.12 ± 0.62 **** 3.24 ± 0.80 3.20 ± 0.45 ****
Heptadecenoic acid 17:0 0.19 ± 0.06 0.27 ± 0.06 0.18 ± 0.04

cis-10-Heptadecanoic acid 17:1 0.56 ± 0.10 0.61 ± 0.14 0.54 ± 0.09
Stearic acid 18:0 15.16 ± 1.69 12.73 ± 6.14 13.43 ± 4.59
Elaidic acid 18:1 0.71 ± 0.09 0.80 ± 0.34 0.68 ± 0.15
Oleic acid 18:1 3.50 ± 1.65 7.85 ± 2.09 6.49 ± 2.63 *

Linoleic acid 18:2 15.18 ± 1.32 12.47 ± 1.14 14.68 ± 1.61
α-Linolenic acid 18:3 (ω-3) 1.19 ± 0.21 1.43 ± 0.43 0.75 ± 0.51
y-Linolenic acid 18:3 (ω-6) 15.59 ± 1.49 12.27 ± 2.57 14.57 ± 2.30

8,11,14-Eicosatrienoic acid 20:3 0.87 ± 0.10 1.04 ± 0.08 0.89 ± 0.14
13-Docosenoic acid 22:1 0.39 ± 0.05 0.38 ± 0.09 0.42 ± 0.08

Σ SFAs / 57.84 59.91 57.79
Σ UFAs / 42.11 40.09 42.22

Σ MUFAs / 9.28 12.88 11.33
Σ PUFAs / 32.83 27.21 30.89

PUFA:SFA / 0.57 0.45 0.53
C16-C18 / 6.02 94.56 95.28

h/H / 0.85 0.74 0.84

Note: $, which represents C:N, refers to number of atom carbon (C) and double bonds (N). Mean differences
were tested using two-way ANOVA. No asterisk denotes p-value > 0.05; * p-value < 0.05; ** p-value < 0.01;
**** p-value < 0.0001.

The C16:0 was the predominant FA across all the cultivation systems. The total percent-
ages of C16–C18 FAs in A. platensis showed minor differences between photoautotrophic
(96.02%) and mixotrophic conditions (94.56% and 95.28%). These findings are consistent
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with the study by Cavallini et al. [16], who observed a similar FA distribution pattern in A.
platensis cultivated under both autotrophy and mixotrophy conditions with cheese whey
supplementation. This study also found no significant changes in the levels of saturated
(SFAs), monounsaturated (MUFAs), and polyunsaturated fatty acids (PUFAs) when A.
platensis was grown under photoautotrophy (CTRL) and mixotrophy with salt stress (JBS).
However, mixotrophy without salt stress (JB) resulted in increased levels of SFAs and
MUFAs and a decrease in the total unsaturated fatty acids (UFAs) and PUFAs.

While C16:0 is an important energy source in infant nutrition, given its presence in
breast milk at levels between 20 and 30%, heightened levels of free SFAs, including C16:0
and, to a lesser extent, C18:0, are correlated with an elevated risk of cardiovascular disease
in adults [57]. This association is primarily due to vascular endothelial dysfunctions linked
to oxidative stress, which arises from increased mitochondrial uncoupling [58]. Medical and
pharmaceutical research highlights the importance of maintaining normal or non-elevated
levels of C16:0 and C18:0 within the physiological range to prevent oxidative stress in the
vascular endothelium. The FAME profile observed in this study is like that of olive oil,
containing beneficial MUFAs known for their positive effects in preventing cardiovascular
disease and addressing various risk factors. Therefore, it can be hypothesized that regular
consumption of A. platensis biomass, where the levels of these two FAs do not exceed
physiological limits, as seen in CTRL, JB, and JBS, could play a significant role in protecting
cells against endothelial dysfunctions [58].

The α-linolenic acid (ALA, C18:3 ω-3) and γ-linolenic acid (GLA, C18:3 ω-6) are two
PUFAs commonly found in microalgal and cyanobacterial oils [59]. Consistent with our
results, various scientific reports have shown that GLA is the predominant isomer of this
FA synthesized by A. platensis [60]. A recent review by [61] discussed several culture
conditions (temperature, light intensity, nitrogen cell concentration, growth phase, and
light/dark cycle) that enhance lipids and GLA production in Spirulina. It was noted that
both lipid content and GLA levels are higher under mixotrophy compared to autotrophic
conditions. However, our study did not align with this finding, as the addition of BWW to
the culture medium reduced GLA content from 15.59% under photoautotrophy (CTRL) to
12.27% under mixotrophy (JB), with the addition of salt to JB only slightly decreasing the
GLA content to 14.57%.

The content of ALA in A. platensis is generally negligible compared to GLA. In our
study, ALA content increased significantly with the addition of BWW, rising from 1.19% in
the CTRL to 1.43%, while the inclusion of salt led to a substantial decrease to 0.75%. ALA
plays a critical biological role, particularly as a precursor for the synthesis of eicosapen-
taenoic acid C20:5 ω-3 (EPA) and docosahexaenoic acid C22:6 ω-3 (DHA). ALA is one of
two essential FAs that humans must obtain through their diet for optimal health because it
cannot be synthesized internally. The human body must convert ALA into EPA and DHA
to harness its biological benefits, essential for the proper functioning of vital organs. This
conversion process, although not highly efficient, allows the body to utilize 5% to 10% of
the consumed ALA, with approximately 7% converting into EPA and from this, about 1%
further converting into DHA [62].

The ratio of PUFA to SFA is a crucial parameter in assessing the nutritional quality
of foods and their impact on cardiovascular health. PUFAs are known to lower low-
density lipoprotein cholesterol (LDL-C) and overall serum cholesterol levels, whereas SFAs
generally increase cholesterol levels. A higher PUFA:SFA ratio is thus considered beneficial.
The British Department of Health recommends a PUFA:SFA ratio exceeding 0.45 in the
human diet, and WHO/FAO guidelines suggest a balanced diet should have a PUFA:SFA
ratio above 0.4, as the higher ratio is believed to mitigate the risk of cardiovascular and other
chronic diseases [63]. In this study, the observed ratio exceeded 0.4 for both A. platensis
cultivated under both autotrophy (0.85) and mixotrophy with (0.84) and without (0.74) the
addition of salt.

The ratio of Σ hypocholesterolemic FAs/Σ hypercholesterolemic FAs (h/H) is another
important factor in cholesterol metabolism. Higher h/H values are considered more fa-
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vorable for human health, as they may accurately reflect the impact on cardiovascular
disease. In our study, A. platensis showed an h/H ratio of 0.85 under photoautotrophic
conditions and 0.74 under mixotrophic conditions with the addition of BWW to JM. When
salt was added to JB, the value reverted to that of the control at 0.84. These h/H ratios
under mixotrophy were higher than those (0.60–0.66) reported for Spirulina sp. by other au-
thors [64,65]. However, various freshwater microalgae strains such as Scenedesmus obliquus
(2.9), Chlorella vulgaris (2.8–2.04), Porphyridium cruentum (1.90), Phaeodactylum tricornutum
(1.8–1.72), Chlorococcum amblystomatis (1.7), Nannochloropsis oceanica (1.7), Nannochloropsis
oculata (1.44), and Tetraselmis chui (1.4) exhibited higher values [64,65]. It should be noted
that variations in oil recovery methods (including the solvents used) from microalgae cells
are not consistently specified in the literature.

3. Materials and Methods

3.1. Inoculums and Culture Media Preparation

The strain Arthrospira platensis SAG 21.99 used in this study was sourced not axenic
from the culture collection of algae at the Gottingen University, Germany. The cell cultures
were maintained and grown in a modified version of the Jourdan Medium (JM), composed
as follows: in g L−1: 5 NaHCO3; 1.6 KOH, 5 NaNO3; 0.027 CaCl2 * 2H2O; 0.4 K2SO4,
2 K2HPO4; 1 NaCl; 0.4 MgSO4 * 7H2O; 0.16 EDTA-Na2; 0.01 FeSO4 * 7H2O; and 1 mL of
Trace elements. The Trace elements solution was prepared with the following composi-
tion (mg L−1): 250 EDTA-Na2; 57 H3BO3; 110 ZnSO4 * 7H2O; 25.3 MnCl2 * 4H2O; 8.05
CoCl2 * 6H2O; 7.85 CuSO4 * 5H2O; and 5.5 Mo7O24(NH4)6 * 4H2O. The original version
of JM is detailed in Jourdan. Erlenmeyer flasks of 150 mL were filled with 50 mL of JM
medium, inoculated with approximately 10 mL of microalgae, sealed with a cotton plug,
and continuously illuminated at room temperature by white fluorescent lamps (Model T8
36 W IP20, CMI, Ense-Höingen, Germany) providing a light intensity of 50 μmol m−2 s−1,
measured with a luxmeter (Model HD 2302.0, Delta OHM, Padua, Italy). The inoculum was
cultivated for about one week, until the end of exponential growth phase, before being used
for experiments. BWW samples were collected from “Birrificio Emiliano”, a brewery in
Anzola, BO, Italy. The main chemical–physical parameters of these effluents are presented
in Table 1.

Once collected, BWW was stored at 4 ◦C until use. It was then filtered using glass filter
microfiber disks (GF/CTM 47 mm diameter, Whatman, Incofar Srl, Modena, MO, Italy), to
remove solid materials, and sterilized at 121 ◦C and 0.1 MPa for 20 min before microalgae
cultivation. Seawater, collected from the Adriatic Sea (N 42◦67′07.58, E 14◦02′43.14), was
also sterilized at 121 ◦C and 0.1 MPa for 20 min.

3.2. Cultivation Conditions and Experimental Setup

A. platensis was cultivated in 20 L cylindrical PVC reactors (hereafter referred to as
PBRs) with an outer diameter of 16 cm, inner diameter of 14 cm, and a height of 27 cm.
Filtered compressed air, provided by an air pump (GIS Air Compressor, Carpi, MO, Italy),
was supplied to the PBRs through a perforated rubber. PBRs were illuminated with a
photoperiod of 12 h light/12 h dark at room temperature by four LEDs (model 2835, 30 W
IP33, ImportLed, Desio, MB, Italy) providing a warm white light with an intensity of
150 μmol m−2s−1. A series of experiments were conducted with a working volume of 3 L
to evaluate cell growth, biomass composition, FAME profile, and phycobiliproteins’ (PBPs)
production of A. platensis. In these experiments, JM was used as control (CTRL). In one
setup, only BWW was added to JM (JB), and in another, both BWW and SW were added
to JM (JBS). The PBRs operated in continuous mode with a daily removal and addition of
specific percentages of JM, BWW, and SW according to the experiments setup detailed in
Table 3. All tests were carried out at least in triplicate and lasted for 15 days. Microalgae
growth was monitored by measuring optical density and biomass concentration. After
cultivation, the final dry weight (g L−1) and PBP content (mg g−1

DW) were determined. In
all experiments, the initial concentration of the inoculum was 0.3 g L−1.
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Table 3. Experimental setup showing the % (v v−1) of BWW and SW added to the control.

JM BWW SW

CTRL 2.5 - -
JB 2.5 2 -

JBS 2.5 2 2
Note: JM = Jourdan medium, BWW = brewery wastewater, SW = seawater.

3.3. Cell Growth and Dry Weight Determination

A. platensis growth was evaluated by monitoring the absorbance (ABS) of the culture
at 680 nm using a spectrophotometer (model ONDA V30 SCAN—UV VIS, ZetaLab, Padua,
Italy). A regression equation was calculated to describe the relationship between dried
biomass concentration and ABS. Dry biomass concentration was evaluated gravimetrically
as follows: (a) a known volume (10 mL) of culture (V) was drawn from the PBRs, (b) the
sample was filtered through a pre-weighted (W1) glass microfiber filter (GF/CTM 55 mm
diameter, Whatman, Incofar Srl., Modena, Italy), the biomass retained on the filter was
dried at 105 ◦C overnight to a constant weight (W2), and (c) the filter paper had been
previously dried in a forced-air oven (model 30, Memmert Gmbh, Scwabach, Germany)
at 105 ◦C for 2 h, then cooled to room temperature in a desiccator, and weighed using an
analytical scale (model M, Bel Engineering Srl, Monza, MI, Italy). The cell concentration
(dry weight), X (g L−1) was calculated using the following equation:

X =
W1 − W2

V
(1)

where W = weight (g) of dried algal biomass, and V = volume (L) of the algae culture used
for the test. The average biomass productivity (ΔX) was expressed as follows:

ΔX =
Xmax

tmax
(2)

where Xmax is the maximum biomass (g L−1) obtained at (tmax). The specific growth rate (μ)
was calculated according to the following equation:

μ =
ln(X2 − X1)

(t2 − t1)
(3)

where X2 and X1 correspond to dry biomass concentration (g L−1) at time t2 and t1,
respectively.

The pH of culture suspensions was measured by a pHmeter (model HI 2210, Hanna
Instruments, Woonsocket, RI, USA).

3.4. Phycobilinproteins Extraction and Spectrophotometric Determination

The extraction of PBPs was conducted using an aqueous saline solution as described
by [66]. Specifically, a known amount (10 g) of frozen A. platensis biomass was placed in
50 mL of a buffer solution consisting of water with 10 g L−1 of calcium dichloride (1%),
then frozen and thawed repeatedly until the cells were completely broken up. This mix-
ture was stirred for 30 to 45 min. This extraction process was performed twice, and the
resulting phycobilins solution was separated by centrifugation at 8000 rpm for 10–15 min.
The blue-colored supernatant was recovered and then used for optical readings with a
spectrophotometer. The concentration of different PBPs, including C-phycocyanin (PC),
allophycocyanin (APC), and phycoerythrin (PE), were determined by measuring the ab-
sorbance of each extract at three different wavelengths: 565, 620, and 650 nm.

The concentration of these PBPs was then calculated using the equations established
by [67].

[PC] =
A620 − 0.72 A652

6.29
(4)
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[APC] =
A652 − 0.191 A620

5.79
(5)

[PE] =
A565 − 2.41 ∗ [PC]− 1.40 [APC]

13.02
(6)

The total PBP concentration was evaluated as the sum of PE, PC, and APC (mg mL−1)
of the collected supernatant as follows:

[PBPs] = [PC] + [APC] + [PE] (7)

The extraction yield, estimated by relating the concentrations to the biomass of A.
platensis used (expressed in mg of dry weight), was obtained according to Equation (8):

PBP
(

mg
g

)
=

[PBPs] Vext

Wb.0.1
(8)

In this equation, where Vext (mL) represents the volume of the extract and Wb (g)
denotes the weight of the wet biomass subjected to the extraction process, it is assumed
based on experimental observations and literature data that the biomass pellet subjected to
extraction contains 10% solid content.

The purity of PC was calculated according to the following equation:

PC purity (/) =
A620

A280
(9)

3.5. FAMEs Determination

The fatty acids methyl ester (FAME) profile analysis in this study followed the
method proposed by [68]. The 10 mg of biomass was weighed using a tube of glass
after lyophilization. Subsequently, the biomass was suspended in a suitable volume of a
methanol/chloroform (4:5 v v−1) mixture along with 50 mg L−1 of the internal standard
tritridecanoin (TAG 39:0, 13:0/13:0/13:0). The samples underwent eight rounds of vor-
texing for 60 s each, followed by sonication using an ultrasonic bath for 15 min at 5 ◦C.
Subsequently, 2.5 mL of MilliQ water containing Amino-2-hydroxymethyl-propane-1,3-diol
(Tris) (50 mg L−1) and NaCl (1 M), with a pH adjusted to 7.0 using an HCl solution, were
added. The solutions underwent sonication for 10 min at 5 ◦C. Subsequently, the samples
were centrifuged for 10 min at 177 rcf at 5 ◦C and the chloroform phase was carefully
transferred into a glass tube. The remaining samples were subjected to re-extraction with
1 mL of chloroform and were then further sonicated for 10 min at 5 ◦C. After an additional
centrifugation step, the chloroform phase was mixed with the one formerly collected and
then dried using a mild stream of nitrogen.

To obtain fatty acid methyl esters (FAMEs), the fatty acids (FAs) underwent trans-
esterification. This process involved the addition of 3 mL of methanol, which contained
5% (v v−1) sulfuric acid, to the tube containing the dried lipid samples. The mixture was
then incubated at 70 ◦C for a duration of 3 h. After cooling, 3 mL of n-hexane and 3 mL of
MilliQ water were added to the samples. The mixtures were vortexed three times for 1 min
at 10 min intervals and then centrifuged at 177 RCF (Relative Centrifugal Force) at 5 ◦C
for 10 min. For every sample, 2 mL of the hexane phase was recovered and washed with
2 mL of MilliQ water twice. The hexane phase with the FAMEs was then put into glass
vials for subsequent GC-MS analysis. A gas chromatography trace 1300 equipped with a
triple quadrupole mass spectrometry (TSQ 9000), a fused capillary column Agilent HP-5
(30 m × 0.32 i.d, 0.25 μm f.t.), and an automatic sampler (AI 1310) with a split-splitless
injector were used (Waltham, MA, USA). The injector was set at 250 ◦C, and the carrier
gas (helium) flow was 1.5 mL min−1. The oven temperature was initially held at 50 ◦C for
1 min, followed by an increase from 50 to 175 ◦C at 10 ◦C min−1. It was then kept at 175 ◦C
for 10 min, augmented from 175 to 210 ◦C at 5 ◦C min−1, kept at 210 ◦C for 10 min, and
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further increased at 5 ◦C min−1 from 210 ◦C to 230 ◦C. Afterwards, it was held for 9.5 min
at 230 ◦C and then re-increased at 10 ◦C min−1 from 230 ◦C to 300 ◦C. The sample was
injected in split mode (0.4 μL) with a split ratio set at 1:20. The mass spectrometry transfer
line temperature and ion source were set at 250 ◦C and 300 ◦C, respectively. Ions were
generated at 70 eV with electron ionization and recorded at 1.5 scans s−1 over the mass
range m z−1 50 to 550. Peak identification was conducted by comparing peak retention time
with Supelco 37 component FAME Mix (Sigma Aldrich). Data are expressed as a mg g−1 of
dry weight (mean ± standard deviation) and calculated using Equation (10) by [68]:

FA
(

mg
g

)
= IS

AFAMEi
AC13:0 RRFFAMEi

mb
(10)

where IS refers to the internal standard added; AFAMEi represents the area of the ith FAME;
A(C13:0) is the area of the FAME C13:0; RRFFAMEi denotes the relative response factor of
the ith FAME; and mb is the mass of the processed biomass. The relative abundance of the
generic FA was determined by dividing its concentration by the total FA content. The ratio
between the sum of hypocholesterolemic FAs and the sum of hypercholesterolemic FAs
(h/H) was calculated according to the equation suggested by [69]:

h
H

=
∑n

j=1 Chypo
j

∑m
k=1 CHype

k

(11)

with j = 18:1 n-9, 18:1 n-7, 18:2 n-6, 18:3 n-6, 18:3 n-3, 20:3 n-6, 20:4 n-6, 20:5 n-3, 22:4 n-6,
22:5 n-3, and 22:6 n-3 while k = 14:0 and 16:0.

3.6. Statistical Analysis

Each experimental condition was investigated in triplicate. Statistical analysis was
carried out using the software MetaboAnalysts 5.0 tuned by McGill University, Montreal,
Canada. In particular, the difference among groups was evaluated by the one-way analysis
of variance (ANOVA) followed by the honestly significant difference (HSD) test by Tukey.
Variations were considered significant at 95% confidence.

4. Conclusions

This study highlighted the efficacy of using food industry wastes like BWW, which is
rich in organic carbon, as a cost-effective and sustainable nutrient source for A. platensis.
The application of BWW not only promoted higher biomass yields (3.70 g L−1) but also
addressed waste management issues by recycling industrial effluents. The mixotrophic
conditions facilitated higher PC production, with BWW and SW supplements notably
enhancing PC content (7.70 mg L−1 and 5.25 mg L−1) compared to controls (3.28 mg L−1).
The observed increase in PC yield was attributed to the synergistic effects of mixotrophy
and salt stress, which stimulated the metabolic pathways involved in PC biosynthesis.
Additionally, the study explored the impact of salinity on the biochemical composition of
A. platensis biomass. The addition of SW resulted in significant changes in protein, carbohy-
drate, and lipid fractions, suggesting that salinity stress can be leveraged to manipulate the
biochemical profile of microalgal biomass. This adaptability of A. platensis to saline envi-
ronments underscores its potential for large-scale cultivation in marine or brackish waters,
thus expanding its applicability in diverse geographic regions. Mixotrophic cultivation
with BWW and SW also influenced the FAME profile, enhancing the content of specific
FAs such as C16:0 (43.77% and 42.48%) and C18:1 (7.85% and 6.49%). This modification
in the lipid profile could have implications for the nutritional and commercial value of
the biomass produced. The purity of the extracted PC under mixotrophic conditions was
found to be suitable for various applications, including food and cosmetic industries, with
BWW and SW supplementation yielding higher EP values (1.15 with JB and 0.92 with JBS,
respectively). The economic analysis of PC production emphasized the potential market
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value of high-purity PC, which can reach significant commercial prices, highlighting the
economic benefits of optimizing cultivation parameters for maximum PC yield. Overall,
this study contributes to the understanding of the complex interactions between salinity,
organic carbon sources, and A. platensis metabolism. It underscores the feasibility of using
mixotrophic cultivation strategies to enhance biomass and metabolite production while
promoting environmental sustainability through waste valorization. The findings pave the
way for developing efficient and cost-effective bioprocesses for the profitable production of
high-added-value compounds from microalgae, aligning with the principles of a circular
bio-economy. Future research should focus on scaling up these processes and further
exploring the biochemical mechanisms underlying the observed enhancements to optimize
industrial applications.
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Abstract: Heme, as an essential cofactor and source of iron for cells, holds great promise in various
areas, e.g., food and medicine. In this study, the model cyanobacteria Synechocystis sp. PCC6803
was used as a host for heme synthesis. The heme synthesis pathway and its competitive pathway
were modified to obtain an engineered cyanobacteria with high heme production, and the total heme
production of Synechocystis sp. PCC6803 was further enhanced by the optimization of the culture
conditions and the enhancement of mixotrophic ability. The co-expression of hemC, hemF, hemH, and
the knockout of pcyA, a key gene in the heme catabolic pathway, resulted in a 3.83-fold increase in
the heme production of the wild type, while the knockout of chlH, a gene encoding a Mg-chelatase
subunit and the key enzyme of the chlorophyll synthesis pathway, resulted in a 7.96-fold increase
in the heme production of the wild type; further increased to 2.05 mg/L, its heme production was
10.25-fold that of the wild type under optimized mixotrophic culture conditions. Synechocystis sp.
PCC6803 has shown great potential as a cell factory for photosynthetic carbon sequestration for heme
production. This study provides novel engineering targets and research directions for constructing
microbial cell factories for efficient heme production.

Keywords: heme; Synechocystis sp. PCC6803; cell factory; metabolic transformation

1. Introduction

Heme (C34H33FeN4O4) is a type of iron porphyrin complex with a molecular weight
of 616.49. As an important cofactor, heme is also involved in a variety of key life activities in
the cell. For example, heme is responsible for oxygen transport/storage and its cytochromes
facilitate electron transfer in the respiratory chain [1,2]. Heme also acts as a pro-oxidant
and is involved in the production of reactive oxygen species (ROS), which is required for
both growth and differentiation processes [3]. Heme is also a precursor of phycocyanin
(C33H38N4O6), which is mainly present in cyanobacteria in the form of phycocyanin and is
involved in efficient energy transfer [4].

In microorganisms, the heme biosynthesis pathway is divided into three modules, i.e.,
the 5-aminolevulinate (5-ALA) synthesis, the uroporphyrinogen (urogen) III syntheis, and
the heme synthesis (Figure 1). The formation of 5-aminolevulinic acid is an important rate-
limiting step in the heme biosynthesis pathway [5]. The C5 pathway for the formation of
5-ALA is predominantly found in algae, higher plants, and bacteria, while the C4 pathway
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is detected in animals, fungi, and non-sulfur photosynthesizing bacteria [6]. The C4 path-
way primarily involves the conversion of CO2 to organic acids (e.g., oxaloacetate, malate,
and aspartate) through a series of enzymatic reactions in specific plants and some microor-
ganisms that are subsequently involved in heme synthesis as intermediates. However, the
C4 pathway is more associated with CO2 fixation in plant photosynthesis than with direct
involvement in heme biosynthesis. The C5 pathway is one of the direct pathways for heme
synthesis and involves a series of enzymatic reactions, starting with precursors such as
glycine and succinyl CoA, and culminating in the production of heme. The pathway from
5-ALA to uroporphyrinogen (urogen) III synthesis is highly conserved in microorganisms.
The heme synthesis module includes the protoporphyrin-dependent (PPD) pathway, the
cecal-porphyrin-dependent (CPD) pathway, and the siroheme-dependent (SHD) pathway.
The PPD pathway is the most widely distributed and is present in Gram-negative bacteria
and eukaryotes, the CPD pathway is mainly revealed in Gram-positive bacteria, and the
SHD pathway is the most ancient but least common heme synthesis pathway [7]. The
heme synthesis pathway in Synechocystis sp. PCC6803 consists of three modules: the C5
synthesis, the uroporphyrinogen (urogen) III synthesis, and the PPD synthesis modules [7].
Glu-tamyl-tRNA reductase, involved in the C5 synthesis module, is the key enzyme in the
tetrapyrrole pathway, catalyzing the first reaction in the biosynthesis of tetrapyrrole, i.e.,
the conversion of tRNAGlu to glutamate-1-semialdehyde. Glutamate-1-semialdehyde is
relatively unstable and can be non-enzymatically converted to 5-ALA [8], which is sequen-
tially converted to protoporphyrinogen IX by a group of enzymes, including cholecalciferol
synthase (HemB), cholecalciferol deaminase (HemC), uroporphyrin III synthase (HemD),
uroporphyrinogen decarboxylase (HemE), and fecal porphyrinogen oxidase (HemF and
HemN), after which heme is finally synthesized via the PPD pathway. Our previous
study found that the three enzymes in the heme synthesis pathway, i.e., HemC, HemF,
and HemH, are the key regulators for heme synthesis in Synechocystis sp. PCC6803 [9].
However, whether or not the co-expression of these three key genes and the modification of
key gene targets related to heme content outside the heme synthesis pathway can promote
heme production in Synechocystis sp. PCC6803 has not yet been reported.

Currently, the heme on the market is mainly derived from plant materials (e.g., soybean
roots) and chemical synthesis. However, there are many drawbacks in the actual produc-
tion process, such as the collection, transportation, and storage of materials, the excessive
cycle time, the cumbersome extraction processes, and environmental pollution [10–12].
The market demand for heme in many areas, such as food and pharmaceuticals, has been
increasingly expanding, and the traditional heme production methods are no longer able to
meet the increasing demand for heme applications. Recently, the development of microbe-
based heme production methods has become a potential solution to this problem. In recent
years, extensive research has been performed to construct heme-producing microbial cell
factories using Escherichia coli [13], yeast [14], and Corynebacterium glutamicum [15] as chas-
sis. All these studies have used heterotrophic microorganisms as chassis modified into
cell factories. Although the heme production found in these studies is high, these meth-
ods lack the advantages of photosynthetic carbon fixation and autotrophic oxygenation,
in addition to the fact that some of the bacteria themselves secrete endotoxins, severely
limiting the application of the final heme product. Selecting cyanobacteria that can rapidly
accumulate biomass through photosynthetic carbon sequestration and convert that biomass
into high value-added products as the chassis to build a cell factory for high heme pro-
duction is economically effective and environmentally friendly, meeting the demand of
low carbon emission. Synechocystis sp. PCC6803 is a unicellular cyanobacteria capable
of both photosynthetic autotrophic and heterotrophic growth. Synechocystis sp. PCC6803
co-cultured using both seawater and industrial wastewater has shown great potential in
various areas, such as lipid [16] and amino acid [17] production. Synechocystis sp. PCC6803
is a model species of cyanobacterium, with the advantages of having a well-investigated
genetic background, high resistance, and an anti-pollution ability, and which is also able to
utilize mariculture and industrial flue gas cultivation to effectively solve the problems of
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occupying arable land and consuming freshwater resources [18]. In addition, Synechocystis
sp. PCC6803 has shown a strong photosynthetic carbon sequestration efficiency which is
more than 10-fold higher than that of terrestrial plants [19,20]. Synechocystis sp. PCC6803 is
an excellent chassis organism that has been successfully transformed into cellular factories
to produce a wide range of chemicals, such as acetone [21], ethylene [22], isoprene [23], β-
hydroxybutyrate [24], and astaxanthin [25]. These studies indicate the significant potential
of converting Synechocystis sp. PCC6803 into a light-driven, carbon-fixing heme cell factory
to enhance the production of heme.

 

Figure 1. Heme synthesis pathway in microorganisms. 3-PG, 3-phosphoglycerate; 3-HP, 3-
Hydroxypyruvate; PS, phosphatidyl serine; O-KG, α-ketoglutarate; PA, pyruvic acid; PEP, phos-
phoenolpyruvate; OAA, oxaloacetic acid; CA, citric acid; Glu-tRNA, glutamate-transfer RNA; GSA,
glutamate-1-semialdehyde; 5-ALA, 5-aminolevulinic acid; PBG, porphobilinogen synthase; MeCh,
methylocholine; UroIII, uroporphyrinogen III; CPO III, coproporphyrinogen III; CP III, copropor-
phyrin III; CP, coproporphyrin; PPG IX, protoporphyrinogen IX; PP IX, protoporphyrin IX; HM
B, heme B; BV, biliverdin; HemB, bilirubinogen synthase; HemC, cholesterol deaminase; HemD,
uroporphyrin III synthase; HemE, uroporphyrinogen decarboxylase; HemY, protoporphyrinogen
oxidase; HemH, iron chelating enzyme; HemQ, fecal heme decarboxylase; HemF/HemN, fecal
porphyrinogen oxidase; HemL, glutamate-1-semialdehyde 2,1-aminomutase; Ho1/Ho2, heme oxyge-
nase; PcyA, phycocyanobilin:ferredoxin oxidoreductase; CysG, uroporphyrin-III C-methyltransferase;
ChlI, magnesium chelatase subunit I; ChlH, magnesium chelatase subunit H; ChlD, magnesium
chelatase subunit D. These are the siroheme-dependent (SHD) pathway, which is the most ancient
but least common of the three; the coproporphyrin-dependent (CPD) pathway, which, with one
known exception, is found only in Gram-positive bacteria; and the protoporphyrin-dependent (PPD)
pathway, which is found in Gram-negative bacteria and all eukaryotes.

In this study, Synechocystis sp. PCC6803 was used as a microbial chassis for heme
production. First, the competitive pathway for heme synthesis was knocked down, the
heme repository was enhanced, and high-yielding strains were constructed both in com-
bination with and modified in conjunction with the synthesis of heme in Synechocystis sp.
PCC6803; then, the modules that could promote the heme synthesis of Synechocystis sp.
PCC6803 were combined and modified to construct a high-yield cyanobacteria; finally,
the mixotrophic fermentation of the recombinant cyanobacteria was optimized to further
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increase the heme production of Synechocystis sp. PCC6803. The objectives of this study
were: (1) to construct an engineered cyanobacteria of Synechocystis sp. PCC6803 with high
heme production, (2) to investigate effective methods to enhance the heterotrophic capacity
of Synechocystis sp. PCC6803, and (3) to investigate the optimal glucose concentration
for promoting the growth of Synechocystis sp. PCC6803 and optimize the mixotrophic
fermentation of Synechocystis sp. PCC6803 to increase the heme production of Synechocystis
sp. PCC6803. This study is highly expected to further broaden the application field of
microalgae and provide a novel strategy to find new ways of increasing heme production.

2. Results

2.1. Modular Modification of the Heme-Producing Synthesis-Related Pathways of Synechocystis sp.
PCC6803 and Its Enhanced Mixotrophic Capacity

The transformation of exogenous plasmid of Synechocystis sp. PCC6803 was carried
out by the natural transformation method. The transformed Synechocystis sp. PCC6803
was incubated in an incubator, screened for resistance, and verified by colony PCR testing;
singly picked single clones were streaked and passed four times and then transferred to a
liquid medium for further culture.

Based on the plasmid transformation and transformant screening, the Synechocystis sp.
PCC6803 mutant strain (CFH) with the co-expression of three Synechocystis sp. PCC6803
heme synthesis-related genes (hemC, hemF, and hemH) was obtained, and mutant strain
ptsG was established with the overexpression of the E. coli glucose transporter protein gene
ptsG. Another two Synechocystis sp. PCC6803 mutant strains, i.e., ΔChlH and ΔPcyA, were
constructed based on homologous recombination. The knockout of the gene ChlH, which
encodes a key enzyme for chlorophyll synthesis, and the gene pcyA, which encodes a key
enzyme involved in phycocyanin synthesis, respectively, was achieved. The mutant strain
Glbn-ptsG was established with the co-expression of both the Synechocystis sp. PCC6803
heme gene glbn and the E. coli glucose transporter protein gene ptsG.

2.1.1. Heme Content of Synechocystis sp. PCC6803

The results of the heme contents of Synechocystis sp. PCC6803 WT and the mutant
strains showed that, compared to the WT, the heme contents of four mutant strains were
increased, all except for the ptsG strain (Figure 2). Among these mutants, ΔPcyA showed
the highest heme content (0.97 mg/L), reaching 4.41-fold higher content than the WT.
Heme is a key precursor for phycocyanin synthesis in Synechocystis sp. PCC6803. Knocking
out the key gene, pcyA, for phycocyanin synthesis can reduce the breakdown of heme
into phycocyanin, thereby increasing the heme production in ΔPcyA. Zhao et al. effec-
tively increased the accumulation of heme in E. coli by knocking down heme degrading
enzymes [26]. This is consistent with our strategy of increasing the heme content in cells
by reducing heme decomposition, and both have achieved positive results. The heme
content of the mutant strain ΔChlH (0.29 mg/L) was 1.31-fold higher than that of the WT.
ChlH drives the direct precursor of heme, protoporphyrin IX, towards the competitive
pathway of heme synthesis, i.e., the chlorophyll synthesis pathway. Therefore, knocking
out the gene encoding ChlH can promote an increase in protoporphyrin IX to synthesize
more heme. The CFH strain (0.67 mg/mL) achieved a heme content that was 3.05-fold
higher than that of the WT (0.22 mg/L). The co-expression of hemC, hemF, hemH, and other
heme synthesis-related genes promoted heme synthesis in E. coli [27]. In addition, Lee et al.
found that the expression of hemC enhanced the synthesis of the heme precursors ALA
and uroporphyrin [28]. Both mutant strains, ptsG and Glbn-ptsG, showed no significant
variations in heme content in comparison with the WT. This is due to the expression of
ptsG encoding glucose transporter protein, the use of which aimed to enhance the biomass
accumulation of Synechocystis sp. PCC6803 in cultures containing glucose, as previously
reported [29]. In our study, we applied autotrophic culturing in glucose-free media. There-
fore, the overexpression of ptsG showed no significant effect on the heme production of
Synechocystis sp. PCC6803.
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Figure 2. Heme contents of wild-type (WT) and five mutant strains of Synechocystis sp. PCC6803.
Symbols “**” indicate significant difference compared with WT based on p < 0.01.

2.1.2. Growth Curves of Synechocystis sp. PCC6803

The WT and mutant strains of Synechocystis sp. PCC6803 were separately inoculated
into BG11 liquid medium, with the absorbance detected at 730 nm by sampling at 48 h
intervals after inoculation started to plot the growth curves (Figure 3A). The results showed
that, up to 26 d after inoculation, the WT of Synechocystis sp. PCC6803 grew faster than all
the mutant strains.

 
Figure 3. Growth and chemical characterization of wild-type (WT) and mutant strains of Synechocystis
sp. PCC6803. (A) Growth curves. (B) Phycocyanin content. (C) Chlorophyll a content. (D) Carotenoid
content. Symbols “*” and “**” indicate significant difference compared with WT based on p < 0.05
and p < 0.01, respectively.
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2.1.3. Phycocyanin Content in Synechocystis sp. PCC6803

The phycocyanin contents of the WT and mutant strains of Synechocystis sp. PCC6803
revealed the highest phycocyanin content in the mutant strain ΔChlH (4.70 μg/mL), being
1.24-fold higher than that of the WT (3.79 μg/mL) (Figure 3B). Phycocyanin was still de-
tected in the mutant strain ΔPcyA (1.28 μg/mL), with a 66.2% decrease in the phycocyanin
content compared to the WT. The mutant strains ptsG and Glbn-ptsG showed a 1.18-fold
(4.49 μg/mL) and 1.12-fold (4.23 μg/mL) increase, respectively, in the phycocyanin content
compared to the WT, whereas no significant difference in the phycocyanin content was
detected between the CFH strain and the WT.

2.1.4. Chlorophyll a Content in Synechocystis sp. PCC6803

Synechocystis sp. PCC6803 contains chlorophyll a but no chlorophyll b. Therefore,
the chlorophyll a content of Synechocystis sp. PCC6803 was determined (Figure 3C). The
results showed that the mutant strain ΔPcyA was revealed to have the highest chlorophyll
a content (4.9 μg/mL), which was 1.53-fold higher than that of the WT (3.2 μg/mL),
whereas the chlorophyll a content in the mutant strain ΔChlH (2.1 μg/mL) was reduced by
34.4% compared with that of the WT. The chlorophyll a content of the mutant strain CFH
(4.1 μg/mL) was 1.28-fold higher than that of the WT, whereas the chlorophyll a content of
both the ptsG and Glbn-ptsG strains showed no significant variation from that of the WT.

2.1.5. Carotenoid Content of Synechocystis sp. PCC6803

The results of the carotenoid content of Synechocystis sp. PCC6803 revealed a trivial
increase in the carotenoid content of all mutant strains compared to the WT (1.6 μg/mL)
(Figure 3D), with the Glbn-ptsG strain showing the lowest carotenoid content (1.7 μg/mL)
among all transformants.

2.1.6. Mixotrophic Capacity of the Synechocystis sp. PCC6803 Mutant Strain ptsG

The growth curves of the WT and the mutant strain ptsG of Synechocystis sp. PCC6803
grown in mixotrophic medium containing different concentrations (0, 0.5, 1, 5, and 10 g/L)
of glucose under low light culture conditions were established (Figure 4A). The results
showed that both the WT and ptsG strain could grow in the mixotrophic medium with
glucose concentrations of 0.5 and 1 g/L, and the growth rate of ptsG was higher than that
of the WT; 1 g/L glucose was identified as the optimal concentration for the growth of
Synechocystis sp. PCC6803 in the mixotrophic medium.

Figure 4. Growth of wild-type and mutant strain ptsG of Synechocystis sp. PCC6803, showing
(A) growth curves and (B) residual amount of glucose in the culture medium containing glucose of
different concentration. For example, “G 0.5” indicates transformant medium containing 0.5 g/L
glucose and “W 0.5” stands for wild-type medium containing 0.5 g/L glucose.

Among the five glucose concentrations in the heterotrophic medium, only heterotrophic
cultures with 0.5 and 1 g/L glucose caused increases in the concentrated biomass of Syne-

29



Mar. Drugs 2024, 22, 378

chocystis sp. PCC6803. Therefore, the changes in the glucose residual content in the
heterotrophic culture medium of Synechocystis sp. PCC6803 with 0.5 and 1 g/L glucose
were further investigated (Figure 4B). The results showed that the remaining glucose con-
tent in the culture medium was inversely proportional to the biomass of the Synechocystis
sp. PCC6803. These results indicated that the addition of 1 g/L glucose to the culture
medium promoted the growth of Synechocystis sp. PCC6803.

2.2. Multidimensional Engineering Modification of Heme-Producing Cell Factories Based on
Synechocystis sp. PCC6803

The natural transformation method was performed based on multiple antibiotics
corresponding to the plasmids that were added to the screening plate to obtain positive
clones with successfully transformed multiple plasmids. After the second round of transfor-
mation and screening, two transformant strains of Synechocystis sp. PCC6803 were obtained
that successfully transformed two plasmids, respectively, including (1) the Synechocystis
sp. PCC6803 transformant with the co-expression of hemC, hemF, and hemH, as well as
pcyA knockout (CFH-PcyA), and (2) the Synechocystis sp. PCC6803 transformant with the
co-knockout of both the gene chlH, which encodes a key enzyme for chlorophyll synthe-
sis, and the gene pcyA, which encodes a key enzyme involved in phycocyanin synthesis
(PcyA-ChlH). After the third round of transformation and screening of the PcyA-ChlH
strain, a transformant strain of Synechocystis sp. PCC6803 which successfully transformed
two plasmids was obtained with the co-expression of hemC, hemF, hemH, ptsG, and glbn
(glbn-ptsG-CFH). PCR testing of the insertion site and exogenous gene expression cassette
was performed based on the above Synechocystis sp. PCC6803 transformants as well as the
WT (Figure S2). The results of the electrophoresis and sequencing confirmed that these
transformants contained the target exogenous gene expression cassette.

2.2.1. Heme Content of Combined Transformants of Synechocystis sp. PCC6803

The results of the heme contents of the combined transformants of Synechocystis sp.
PCC6803 revealed the highest heme content of 1.83 mg/L in the mutant strain PcyA-ChlH,
which was 7.96-fold higher than that of the WT (0.23 mg/L), and the heme content of the
transformant CFH-PcyA (0.88 mg/L) was 3.83-fold higher than that of the WT (Figure 5).
No significant variation was detected in the heme content between the transformant glbn-
ptsG-CFH and the WT.

Figure 5. Heme content of wild-type (WT) and three transformant strains of Synechocystis sp. PCC6803.
Symbols “**” indicate the significant difference compared with WT based on p < 0.01.

2.2.2. Growth of Combined Transformants of Synechocystis sp. PCC6803

Both the WT and mutant strains of Synechocystis sp. PCC6803 were inoculated into
BG11 liquid medium and cultured under photoautotrophic conditions. Samples were taken
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at 48 h intervals starting from the inoculation to measure the absorbance at 730 nm and
plot the growth curves (Figure 6A). The results showed that the growth rates of three
combination-transformed Synechocystis sp. PCC6803 mutant strains were all lower than
that of the WT, with the slowest growth rate being revealed in the CFH-PcyA strain.

Figure 6. Growth and chemical characterization of wild-type (WT) and mutant strains of Synechocystis
sp. PCC6803. (A) Growth curves. (B) Phycocyanin content. (C) Chlorophyll a content. (D) Carotenoid
content. Symbols “**” indicate the significant difference compared with WT based on p < 0.01.

2.2.3. Phycocyanin Content in Combined Transformants of Synechocystis sp. PCC6803

The results of the phycocyanin contents revealed that, compared to the WT (3.79 μg/mL),
all three transformants of Synechocystis sp. PCC6803, PcyA-ChlH (1.30 μg/mL), CFH-
PcyA (2.02 μg/mL), and glbn-ptsG-CFH (2.20 μg/mL), showed significantly decreased
phycocyanin content, by 65.7%, 46.7%, and 41.9%, respectively (Figure 6B).

2.2.4. Chlorophyll a Content in the Combined Transformants of Synechocystis sp. PCC6803

The results of the chlorophyll a content showed that, compared with the WT
(3.00 μg/mL) of Synechocystis sp. PCC6803, the chlorophyll a content of the mutant strain
CFH-PcyA was slightly increased to 3.20 μg/mL, whereas the chlorophyll a contents of
both the mutants of PcyA-ChlH (2.50 μg/mL) and glbn-ptsG-CFH (2.70 μg/mL) were
lower than that of the WT (Figure 6C).

2.2.5. Carotenoid Content of Combined Transformants of Synechocystis sp. PCC6803

The results of the carotenoid contents showed that, compared with the WT (3.20 μg/mL)
of Synechocystis sp. PCC6803, the carotenoid content was slightly increased in the PcyA-
ChlH strain (3.40 μg/mL) and slightly decreased in the Glbn-ptsG-CFH (2.90 μg/mL)
strain, whereas no significant difference was revealed in the carotenoid contents between
the CFH-PcyA strain and the WT (Figure 6D).

2.2.6. Expression of Heme Synthesis-Related Genes in Synechocystis sp. PCC6803
Combined Transformants

The expression patterns of heme synthesis-related genes, including hemA, hemC, hemF,
and hemH, the hemoglobin-encoding gene glbn, the key gene for phycocyanin synthesis
(pcyA), the key genes for chlorophyll synthesis (chlH and chlM), and a gene of glucose
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transporter protein (ptsG), were detected in the mutant strains of Synechocystis sp. PCC6803
using qRT-PCR testing (Figure 7). The results showed that, compared to the WT, most
genes, except for hemF and hemH, were down-regulated in the glbn-ptsG-CFH strain. In
the CFH-PcyA strain, hemF, hemH, chlH, and chlM were up-regulated, the expression of
ptsG was not detected, and all other genes were down-regulated. In the PcyA-ChlH strain,
hemF, hemH, glbn, and chlM were up-regulated, the expression of both hemF and glbn was
substantially up-regulated by more than 5-fold, the expression of ptsG was not detected,
and all other genes were down-regulated.

 
Figure 7. Expression profiles of nine heme synthesis-related genes in three mutant strains of Syne-
chocystis sp. PCC6803, i.e., Glbn-ptsG-CFH, CFH-PcyA, and PcyA-ChIH.

2.2.7. Scanning Electron Microscopic Observation of the Morphological Characteristics of
Synechocystis sp. PCC6803 Transformant Cells

Scanning electron microscopic observations of cells of both the WT and transformed
strains of Synechocystis sp. PCC6803 revealed evident variations in extracellular adhesion,
cell morphology, and cell size between the transformed strains and the WT (Figure 8). In
both the PcyA-ChlH and CFH-PcyA strains, the algal cells were bound together by the
extracellular secretion of large amounts of adhesive substances. Both the transformants
CFH-PcyA and Glbn-ptsG-CFH showed smaller cell diameters and flatter cell shapes
compared with the WT, and the Glbn-ptsG-CFH strain showed a decreased level of cell
surface wrinkling.

Figure 8. Cont.
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Figure 8. Scanning electron micrographs of wild-type (WT) and three combined transformants of
Synechocystis sp. PCC6803.

2.3. Fermentation Optimization of Synechocystis sp. PCC6803 Cell Factories
2.3.1. Heme Content of Combined Transformants of Synechocystis sp. PCC6803 Based on
Optimized Fermentation Conditions

The Synechocystis sp. PCC6803 conditions with a glucose concentration of 1 g/L in
the medium were analyzed. The results of the heme content of Synechocystis sp. PCC6803
revealed the highest heme content of 2.05 mg/L in the combined transformant PcyA-
ChlH, which was 10.25-fold higher than that of the WT (0.20 mg/L) (Figure 9). The heme
contents of both the combined transformants CFH-PcyA (0.14 mg/L) and Glbn-ptsG-CFH
(0.23 mg/L) were slightly elevated, i.e., they were 0.70- and 1.15-fold higher than that of
the WT, respectively.

Figure 9. Heme content of wild-type (WT) and three combined transformants of Synechocystis sp.
PCC6803 under optimized fermentation conditions. Symbols “**” indicate the significant difference
compared with WT based on p < 0.01.

2.3.2. Growth of Synechocystis sp. PCC6803 Combined Transformants Based on Optimized
Fermentation Conditions

Based on the results of Section 2.1.6, 1 g/L glucose was added to BG-11 culture
medium, and the Synechocystis sp. PCC6803 combinatorial transformants with an OD730
value of 0.1 were initially inoculated and then cultivated in a thermostatic light-illuminated
shaker at 100 rpm, with a light intensity of 2000 lux, a temperature of 30 ◦C, and a light/dark
photoperiod of 12 h/12 h. The results of the growth curves showed that, unlike under
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photoautotrophic conditions, the engineered strains showed higher growth rates in the
mixotrophic medium than the WT (Figure 10A). The highest heme production was achieved
in the PcyA-ChlH strain, indicating that its growth disadvantage under autotrophic condi-
tions was greatly improved. The maximum biomasses of the PcyA-ChlH and glbn-ptsG-
CFH strains, as indicated by the OD730 values of 4.32 and 4.07, respectively, were obtained
at day 15 of incubation.

 
Figure 10. Growth and chemical characterization of wild-type (WT) and three mutant strains of
Synechocystis sp. PCC6803. (A) Growth curves. (B) Phycocyanin content. (C) Chlorophyll a content.
(D) Carotenoid content. Symbols “*” and “**” indicate the significant difference compared with WT
based on p < 0.05 and p < 0.01, respectively.

2.3.3. Phycocyanin Content of Synechocystis sp. PCC6803 Combined Transformants Based
on Optimized Fermentation Conditions

The results of the phycocyanin content revealed the highest content of 22.99 μg/mL
in the combined transformant CFH-PcyA, which was 1.31-fold higher than that of the
WT (17.57 μg/mL), followed by the combined transformant PcyA-ChlH, which showed
slightly higher phycocyanin content (18.01 μg/mL) than that of the WT (Figure 10B). The
phycocyanin content of the Glbn-ptsG-CFH strain (9.49 μg/mL) was decreased by 46.0%
compared to the WT.

2.3.4. Chlorophyll a Content of Synechocystis sp. PCC6803 Combined Transformants Based
on Optimized Fermentation Conditions

The chlorophyll a contents were decreased in all three combined transformants, i.e.,
glbn-ptsG-CFH (2.68 μg/mL), CFH-PcyA (1.97 μg/mL), and PcyA-ChlH (1.09 μg/mL), by
29.7%, 48.3%, and 71.4%, respectively, compared to the WT (3.81 μg/mL) (Figure 10C).

2.3.5. Carotenoid Content of Synechocystis sp. PCC6803 Combined Transformants after
Fermentation Optimization

The results of the carotenoid content revealed a slightly higher carotenoid content
in the Glbn-ptsG-CFH strain (2.01 μg/mL) than in the WT (1.85 μg/mL), whereas both
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the PcyA-ChlH (1.08 μg/mL) and CFH-PcyA (0.52 μg/mL) strains showed significantly
decreased carotenoid contents, by 41.6% and 71.9%, respectively, compared to the WT
(Figure 10D).

3. Discussion

The construction of microbial cell factories for heme production through metabolic en-
gineering modifications has been widely successful in heterotrophic microorganisms, such
as E. coli [13,26,28,30], C. glutamicum [15], and yeast [14]. We have also successfully con-
structed a heme-producing cell factory based on B. subtilis using metabolic engineering and
synthetic biological techniques [11]. However, all the above chassis cells are heterotrophic
microorganisms, which need to consume large amounts of organic cultures, lacking the
advantages of photosynthetic carbon fixation and autotrophic oxygen release. In addition,
E. coli and several other microbial taxa used as chassis secrete endotoxins [10], which
severely limit the use of the high value-added products synthesized in these microbes.
Microalgae hold strong promise as a source of bioavailable heme [31]. Although Synechocys-
tis sp. PCC6803 contains a complete heme synthesis pathway, its heme yield is generally
low. Previously, we found that the overexpression of biliverdinogen deaminase (HemC),
fecal porphobilinogen oxidase (HemF), iron chelatase (HemH), and Heme GlbN outside
of the heme synthesis pathway, respectively, promoted heme synthesis in Synechocystis
sp. PCC6803 [32]. Based on this study, we utilized metabolic engineering and synthetic
biology to engineer Synechocystis sp. PCC6803, targeting the heme synthesis pathway,
competitive pathways, metabolic sinks, and biomass accumulation to obtain a high heme-
producing Synechocystis sp. PCC6803 cell factory, i.e., PcyA-ChlH. In addition, we further
explored methods to enhance the mixotrophic capacity of Synechocystis sp. PCC6803 by
adding appropriate amounts of glucose (1 g/L) to the culture medium to promote the rapid
accumulation of biomass of Synechocystis sp. PCC6803, ultimately increasing the heme
production of Synechocystis sp. PCC6803. In our previous study, we screened for genes with
positive effects on the accumulation of phycocyanin and heme in Synechocystis sp. PCC6803
by overexpressing 22 genes involved in the heme synthesis pathways of Synechocystis sp.
PCC6803 and Synechococcus elongatus PCC7942, respectively, and individually in Synechocys-
tis sp. PCC6803. In this study, we applied the combined overexpression of three key genes
previously screened for heme synthesis to construct a heme-producing heme cell factory
and investigated the effects of knocking out genes outside the heme synthesis pathway on
the production of heme in Synechocystis sp. PCC6803. In addition, we further promoted
heme production by introducing heterologous glucose transporter proteins and combining
them with the optimization of mixotrophic culture conditions.

3.1. Improved Heme Production of Synechocystis sp. PCC6803 with Knockout of Genes pcyA and
chlH and Co-Expression of Genes hemC, hemF, and hemH

In recent years, research on the use of microorganisms for heme production has mainly
focused on heterotrophic microorganisms, such as E. coli, B. subtilis, and yeast. For example,
Ge et al. constructed a high heme-producing E. coli strain, Ec-M13, which was engineered
by the co-expression of the genes hemE, hemF, hemG, and hemH in E. coli, achieving a high
heme production of 1.04 mg/L-OD600 [33], and Zhao et al. reported that E. coli with the
knockout of ldhA, pta, and yfe produced a total heme of 7.88 mg/L and 1.26 mg/L of
extracellular heme. In addition, the engineered strains of E. coli with the overexpression of
the heme exporter CcmABC for feed batch fermentation from glucose only and glucose
supplemented with l-glutamic acid secreted extracellular heme amounts of 73.4 mg/L and
151.4 mg/L, respectively, which accounted for 63.5% and 63.3%, respectively, of the total
heme production [26]. Yang et al. reported that, in B. subtilis, the knockout of hemX, hemA,
and rocG resulted in an increase of 42.7% in heme production, the overexpression of hemCDB
caused increased heme production by 39%, and the knockout of nasF, hmoA, and hmoB
resulted in an increase of 52% in heme production [11]. The modified strain of B. subtilis
produced 248.26 ± 6.97 mg/L of total heme and 221.83 ± 4.71 mg/L of extracellular heme
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during feed batch fermentation in a 10 L fermenter [11]. Kwon et al. reported the assembly
of the entire heme biosynthesis pathway in a triple plasmid system and overexpression
of the corresponding genes using E. coli as the host [27]; without further optimization,
this method yielded significantly increased porphyrin production up to 90 μM, which
was comparable to the industrial production levels of vitamin B12 [27]. Ishchuk et al.
achieved a dramatic increase in the intracellular heme content in yeast cells by constructing
a genome-scale metabolic model and combinatorically modifying the corresponding target
genes based on computer simulations [18].

In this study, Synechocystis sp. PCC6803 was used as a chassis to overexpress a group
of genes involved in heme synthesis, including the hemC, hemF, and hemH genes, the
Synechocystis sp. PCC6803 hemoglobin gene, glbn, and the E. coli glucose transporter
protein gene ptsG, all of which were co-expressed. The key enzyme ChlH of the chlorophyll
synthesis gene (chlH) and the key enzyme PcyA of the phycocyanin synthesis gene (pcyA)
were knocked out. A total of five mutant strains (ΔPcyA, ΔChlH, ptsG, CFH, and Glbn-
ptsG) were successfully constructed. The heme contents of both the ΔPcyA and CFH strains
were significantly increased by 4.41- and 3.05-fold, respectively, compared to the WT, with
the highest heme content detected in the mutant strain ΔpcyA. This may be because, in
Synechocystis sp. PCC6803, phycocyanin is synthesized using heme as a precursor, and
the synthesis of phycocyanin causes a decrease in the heme content. Therefore, we further
used homologous recombination knockout in Synechocystis sp. PCC6803 to knockout the
key enzyme for phycocyanin synthesis to generate a mutant strain (PcyA-ChlH) with
the heme content greatly increased. However, because of the important physiological
functions that phycocyanin plays in the life activities of Synechocystis sp. PCC6803, it is
still technically challenging to achieve a complete knockout of the phycocyanin synthesis
pathway. A previous study found that overexpression of the genes hemC, hemF, and hemH,
respectively, caused increased heme content in Synechocystis sp. PCC6803 [32]. In our
study, the results indicated that co-expression of the genes hemC, hemF, and hemH was
also effective in promoting heme content in mutant strains. Among the five Synechocystis
sp. PCC6803 mutant strains constructed in this study (ΔPcyA, ΔChlH, CFH, ptsG, and
Glbn-ptsG), a phycocyanin content of 4.70 μg/mL was obtained in strain ΔChlH, which
was 1.24-fold higher than that of the WT. This may be because chlorophyll synthesis is
a competing pathway of the phycocyanin synthesis pathway, and the knockout of chlH
directs more metabolic fluxes to phycocyanin synthesis. In contrast, phycocyanin was still
detected in the knockout mutant strain of the key enzyme for phycocyanin synthesis, PcyA,
with a decreased phycocyanin content by 66.3% compared to the WT. This may be because
phycocyanin is an important photosynthetic pigment of Synechocystis sp. PCC6803, playing
an irreplaceable role in the life activities of Synechocystis sp. PCC6803. Therefore, it is not
possible to obtain the mutant strain of Synechocystis sp. PCC6803 with complete knockout
of phycocyanin.

Chlorophyll a contents of 4.90 μg/mL and 2.10 μg/mL were obtained in both the
mutants ΔPCYA and ΔChlH of Synechocystis sp. PCC6803, respectively. The chlorophyll
a content of the mutant strain ΔPcyA was 1.5-fold higher than that of the WT. This may
be because phycocyanin synthesis is a competing pathway of the chlorophyll synthesis
pathway, and the knockout of pcyA directs more metabolic fluxes to chlorophyll synthesis.
However, the magnesium chelating enzyme ChlD/I, an isoform of ChlH, was present
in Synechocystis sp. PCC6803. Therefore, although the knockout of chlH reduced the
chlorophyll a content of Synechocystis sp. PCC6803 by 34.0% compared with that of the WT,
chlorophyll a synthesis was not completely prevented.

Our results showed that the co-expression of three key enzymes (HemC, HemF, and
HemH) of the heme synthesis pathway in Synechocystis sp. PCC6803 was also effective in
promoting the content of heme in Synechocystis sp. PCC6803. However, the modification
of a single engineered target played a limited role in enhancing the heme content in
Synechocystis sp. PCC6803 and was prone to cause metabolic burden and cytotoxicity,
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ultimately adversely affecting the growth of Synechocystis sp. PCC6803. Further metabolic
engineering modification and optimization are needed to solve these problems.

3.2. Highest Heme Yield Obtained by the Combined Transformant PcyA-ChlH of Synechocystis
sp. PCC6803

The screened high heme-producing Synechocystis sp. PCC6803 mutant strain PcyA-
ChlH was further combinatorically transformed with multiple heme synthesis-related
plasmids to obtain three combined transformants (PcyA-ChlH, CFH-PcyA, and glbn-ptsG-
CFH). Our findings revealed that the heme contents of all three combined transformants
were higher than that of the WT, with the strain PcyA-ChlH showing a heme content that
was 8.03-fold higher than that of the WT. The scanning electron microscopic observations
revealed that the combined transformants underwent significant changes in extracellular
adhesion as well as cell morphology and size. In particular, adhesion among algal cells
was evident in the strain PcyA-ChlH. It is hypothesized that the increase in heme content
caused significant changes in the oxidative stress and metabolic levels of the cyanobacterial
cells, resulting in the secretion of large amounts of extracellular polysaccharides, which
were accumulated to bind the cyanobacterial cells together.

Synechocystis sp. PCC6803 is rich in phycocyanin, with a well-established genetic
transformation system [34]. Previous studies reported that the rate-limiting reaction in the
synthesis of phycocyanin is catalyzed by Ho1 and PcyA [35–39]. In addition, PcyA plays a
crucial role in the process of constructing heterologous hosts to synthesize phycocyanin [40].
The findings of our study revealed the highest heme content in the mutant strain ΔPcyA
of Synechocystis sp. PCC6803 with the knockout of PcyA, a key enzyme for phycocyanin
synthesis, and the lowest phycocyanin content in the combined transformants.

The results of biomass variations between the combined transformants and the WT
revealed slower growth rates in all combined transformants than in the WT. Therefore, it
is hypothesized that the increased contents of heme and its synthetic precursors caused
metabolic burden and cytotoxicity to the cyanobacterial cells and, to a certain extent, ad-
versely affected the growth of cyanobacterial cells. In addition, the contents of phycocyanin,
chlorophyll a, and carotenoids of both the WT and combined transformants were investi-
gated, and it was found that the increase in heme content showed the most pronounced
effect on phycocyanin synthesis. In particular, the lowest content of phycocyanin was
revealed in the strain PcyA-ChlH, showing a decrease of 65.7% compared to the WT. This
could be due to the competition between the phycocyanin synthesis and heme synthesis
for metabolic flux. It is noted that, although the heme content of Synechocystis sp. PCC6803
was improved in this study, it is still far from the industrial production level.

3.3. Addition of Glucose Enhanced Heme Content and Growth of Synechocystis sp. PCC6803
Combined Transformants under Mixotrophic Culture

Synechocystis sp. PCC6803, a mixotrophic cyanobacteria, can utilize glucose as the
sole carbon source for biomass accumulation [41,42]. In this study, three metabolically
modified heme-producing Synechocystis sp. PCC6803 combinatorial transformants were
obtained. However, the growth rates of the three mutant strains under photoautotrophic
conditions were all lower than that of the WT. This may be due to the increased intracellular
free heme content causing an increase in the level of intracellular reactive oxygen species
(ROS), which is detrimental to the metabolic activities and growth of Synechocystis sp.
PCC6803 [43–45]. In order to promote the accumulation of biomass and heme synthesis in
combinatorial transformants, we further explored the growth of Synechocystis sp. PCC6803
in a mixotrophic medium with additional glucose as a carbon source. The results revealed
an enhanced growth rate and biomass accumulation of Synechocystis sp. PCC6803 in the
mixotrophic medium containing 1 g/L glucose in comparison with glucose levels of 0, 0.5,
5, and 10 g/L, and, in particular, Synechocystis sp. PCC6803 could not grow in medium
containing glucose levels of 5 and 10 g/L. In addition, compared to the WT, higher growth
rates were revealed in the mutant strain ptsG in medium containing glucose levels of
0.5 g/L and 1 g/L.
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Both the WT and combined transformants of Synechocystis sp. PCC6803 were cultured
in the mixotrophic medium containing 1 g/L glucose. The biomass of two combined trans-
formants, PcyA-ChlH and glbn-ptsG-CFH, reached the maximum level, as determined
by the OD730 values of 4.32 and 4.07, respectively, at the 15th day of culture, which were
higher than that of the WT (2.94). In addition, the contents of heme, phycocyanin, chloro-
phyll a, and carotenoid were assayed to investigate the variations in heme content and
metabolic flow of Synechocystis sp. PCC6803. The highest intracellular and extracellular
heme contents were revealed in the combined transformant PcyA-ChlH in mixotrophic
culture (2.05 mg/L), which were both 10.25-fold higher than those of the WT. PcyA is a key
enzyme involved in the synthesis of phycocyanin using heme as a precursor, while ChlH is
a key enzyme in the chlorophyll synthesis pathway, which is a competing pathway of the
heme synthesis pathway in Synechocystis sp. PCC6803. Thus, the knockout of these two
enzymes facilitates the direction of more metabolic flow to heme synthesis. These results
indicated that the mixotrophic conditions were effective in improving the poor growth of
the combined transformants compared to the WT, and ultimately further increasing the
heme content of the combined transformants of Synechocystis sp. PCC6803. This generates
significant potential to help increase the heme content to the industrial production level.

4. Materials and Methods

4.1. Microbial Strains and Plasmids

All the microbial strains used in this study were listed in Table S1. Escherichia coli
DH5α was used for DNA cloning as well as construction and preservation of plasmids.
Synechocystis sp. PCC6803 was used as a template for amplification of the target genes.

4.2. Culture Condition

All strains of Synechocystis sp. PCC6803 were incubated at 30 ◦C in BG-11 medium
(Table S2). BG-11 liquid culture medium was prepared as follows. The corresponding
chemicals and reagents were accurately weighed and added to 1 L of dd H2O for dissolution
(Table S2). The 1000× trace element solution was prepared (Table S3), with pH adjusted to
7.5, sterilized at 121 ◦C for 20 min, and stored at room temperature. BG-11 solid medium
was prepared as follows. The liquid medium was sterilized by adding 1.5% agar powder at
121 ◦C for 20 min and stored at room temperature. Escherichia coli DH5α was cultured in
LB medium at 37 ◦C and 200 rpm.

4.3. Construction of Recombinant Plasmids and Microbial Strains

DNA manipulation was performed using standard molecular genetic techniques [32].
The primers used for the construction of plasmids and cloning of target fragments were
shown in Table S4. The 4UD homologous expression vector framework was obtained
using primers 4UD-F and 4UD-R with the plasmid PBSK-4UD, stored in our laboratory,
as a template. The primer pairs Prbcl-F and Prbcl-R, PpsbA2S-F and PpsbA2S-R, HemC-F
and HemC-R, and HemF-F and HemH-R were used to amplify the promoters Prbcl and
PpsbA2S, and the heme synthesis-associated genes (hemC, hemF, and hemH), respectively,
using Synechocystis sp. PCC6803 genomic DNA as a template. The kanamycin resistance
expression cassette was amplified using primers KAN-F and KAN-R with plasmid pBlunt-
Kan, stored in our laboratory, as a template. Plasmid PBSK was used as a template
to amplify the terminator T1T2. The promoter PPSBA2L was obtained using primers
PPSBA2L-F and PPSBA2L-R with Synechocystis sp. PCC6803 genomic DNA as a template.
The gene ptsG, encoding glucose transporter protein, was obtained using primers ptsG-F
and ptsG-R with E. coli DH5α as a template. The terminator T1T2 was amplified using
primers 6TT-F and 6TT-R with plasmid PBSK as a template. The gentamicin resistance
expression cassette GM was amplified using primers GM-F with GM-R with the plasmid
pBlunt-GM, stored in our laboratory, as a template. The 6UD homologous expression vector
framework was obtained using primers 6UD-F and 6UD-R with Synechocystis sp. PCC6803
genomic DNA as a template. The Synechocystis sp. PCC6803 genome was amplified using
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primers PCYAU-F and PCYAU-R to obtain the PCYA upstream arm and using primers
PCYAD-F and PCYAD-R to obtain the PCYA downstream arm. The pBlunt-Cm vector
stored in our laboratory was amplified using primers Chl-F1 and Chl-R1 to obtain the
chloramphenicol resistance gene (Cm). Primers PUC-F1 and PUC-R1 were used to amplify
the PUC19 homologous vector expression frame stored in our laboratory.

Primer pairs ChlHU-F/ChlHU-R and ChlHD-F/ChlHD-R were used to amplify the
Synechocystis sp. PCC6803 genome to obtain the ChlH upstream arm ChlHU and the ChlH
downstream arm ChlHD, respectively. Primers CM-F1 and CM1-R1 were used to amplify
the pBlunt-Gm vector stored in our laboratory to obtain the gentamicin resistance gene
expression cassette Gm, and primers PUC-F2 and PUC-R2 were used to amplify the PUC19
homologous vector expression frame.

Linear plasmids and coding sequences were assembled using the ClonExpress II One
Step Cloning Kit (Vazyme, Nanjing, China). Four recombinant plasmids, including PBSK-
4UD-hem C/F/H (Figure S1A), PBSK-pstG-6UD (Figure S1B), pcyaUD-Chl (Figure S1C),
and ChlH-GM (Figure S1D), were constructed for the transformation of Synechocystis sp.
PCC6803, respectively, by using the methods described above.

4.4. Plasmid Transformation and Transformant Screening

The four recombinant plasmids, i.e., PBSK-4UD-hem C/F/H, PBSK-ptsG-6UD,
pcyaUD-Chl, and ChlH-GM, were transformed into host cells of Synechocystis sp. PCC6803.
A total of 8 mL of well-grown Synechocystis sp. PCC6803 cyanobacterial sap was collected
and centrifuged at 3500 rpm for 10 min. The precipitate was collected and rinsed with 5 mL
of sterile water, and then centrifuged at 3500 rpm for 10 min. The precipitate was added to
200 μL of BG-11 medium to resuspend, followed by adding a total of 20 μL of homologous
recombinant vector, incubated at 30 ◦C under low light for 6 h. Then, the mixture was
evenly spread in BG-11 plates with mixed cellulose ester membranes for 24 h, which were
then transferred to the BG-11 plates containing antibiotics. Transformed Synechocystis sp.
PCC6803 was incubated for two weeks at 30 ◦C in an incubator with a light intensity of
2000 lux and a light/dark photoperiod of 12 h/12 h to cultivate the transformants. Af-
ter the unicellular algae grew on the mixed cellulose ester membranes, the single algal
colonies were picked with a receiving ring and zoned on solid BG-11 medium containing
the appropriate antibiotics, with the antibiotic concentration increased generation by gen-
eration. After four passages, the single algal colonies were transferred to 96-well plates
for incubation, and when the OD730 value of the algal solution reached 0.2 or more, the
algal solution in the 96-well plates was transferred to conical flasks containing culture
medium for expanded culture. Algal colony PCR was performed to compare the size of the
target bands, and then the target bands were recovered for sequencing to determine the
acquisition of Synechocystis sp. PCC6803 transformants.

4.5. Determination of the Growth Curve of Synechocystis sp. PCC6803

Synechocystis sp. PCC6803 was inoculated into the BG-11 liquid medium, with three
parallel control groups performed to minimize error, and samples were collected at 24 h
intervals from the time of inoculation. A total of 200 μL Synechocystis sp. PCC6803 cyanobac-
terial solution was spiked into a 96-well plate, with the OD730 values determined using
an enzyme labeler. Growth curves were plotted after the sampling cycle of a total of 26 d
was completed.

4.6. Measurement of Heme Content

Synechocystis sp. PCC6803 cells were harvested by centrifugation of cyanobacterial
fluid at 12,000× g/min for 5 min with the supernatant removed. The precipitate was col-
lected and washed thrice with sterile water and each wash was followed by centrifugation
at 12,000× g/min for 5 min to collect the precipitate. Each experiment was performed with
three biological replicates. The collected Synechocystis sp. PCC6803 cells were lyophilized
in a freeze dryer. The lyophilized powder of Synechocystis sp. PCC6803 was accurately
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weighed (0.01 g) and added with neutral acetone (80%) to extract chlorophyll a [15]. The
above mixture was centrifuged to remove the supernatant and the extraction was repeated
using neutral acetone (80%) until the supernatant was no longer green. The heme content
in the cyanobacterial cells was later detected using a fluorescence method [46]. The pre-
cipitate was resuspended using 500 μL of 20 mM oxalic acid solution and then placed in
a refrigerator at 4 ◦C for 16 h. After sonication and fragmentation, 500 μL of 2 M oxalic
acid solution was added to the mixture, which was then divided into two equal portions.
One portion was heated at 98 ◦C and the other was kept at room temperature. In 30 min,
the above solution was centrifuged, and the supernatant was collected and added to a
black 96-well plate to measure the fluorescence values under excitation light at 400 nm and
emission light at 620 nm (Microplate reader, SpectraMax M2, Molecular Devices, Shanghai,
China). The fluorescence value of heme was obtained by subtracting the fluorescence value
measured at room temperature from the fluorescence value measured at 98 ◦C. The heme
standard was added to a solution containing 1% (w/v) bovine serum albumin and 0.01 M
KOH, dissolved, added to oxalic acid solution, and heated to prepare the standard, then
the standard curve was plotted.

The content of phycocyanin was determined using the method previously reported [47].
Synechocystis sp. PCC6803 cyanobacterial solution was centrifuged at 6000 rpm for 5 min,
the supernatant was removed, and the precipitate was collected and dried for 12 h in a
freeze dryer. Then, a total of 10 mg of Synechocystis sp. PCC6803 dry powder was accurately
weighed, added to 1 mL of PBS solution, and placed at –70 ◦C for 1 d for freezing. The
frozen solution was thawed in a refrigerator at 4 ◦C and sonicated, followed by centrifu-
gation at 10,000 rpm and 4 ◦C for 10 min. Then, a total of 200 μL of the supernatant was
collected and placed in a 96-well plate, with the absorbance measured at 615 nm and 652
nm, respectively, using an enzyme labeler (Molecular Devices, Shanghai, China). The
phycocyanin content was calculated according to the following equation: phycocyanin
content (mg/mL) = (OD615 − 0.474 × OD652)/5.34.

4.7. Determination of Chlorophyll a Content

A total of 1 mL of Synechocystis sp. PCC6803 cyanobacterial solution was collected
and centrifuged at 10,000 rpm for 6 min, the supernatant was removed, and the precipitate
was resuspended using 1 mL of neutral acetone (80%). The sample was heated at 55 ◦C
for 40 min and centrifuged at 10,000 rpm for 6 min. Then, a total of 200 μL of supernatant
was collected and placed in a 96-well plate, with the absorbance measured at 665 nm and
720 nm, respectively, using an enzyme labeler. The content of chlorophyll a was calculated
according to the following equation: chlorophyll a content (μg/mL) = 12.9447 × (OD665
− OD720).

4.8. Determination of Carotenoid Content

For the determination of carotenoid content of Synechocystis sp. PCC6803, the sample
treatment was the same as that for the determination of chlorophyll a content (above), and
the absorbance of the supernatant was measured at 470 nm and 720 nm, respectively, using
an enzyme meter. The carotenoid content was calculated according to the following equa-
tion: carotenoid content (μg/mL) = [1000 × (OD470 − OD720) − 2.86 (Chla [μg/mL])]/221.

4.9. qRT-PCR Assay

Quantitative reverse transcription PCR (qRT-PCR) analysis of heme synthesis gene
expression was performed using the CFX Connect real-time PCR system (Bio-Rad, Shanxi,
China). The internal reference gene rnpB was amplified using primers rnpB-F and rnpB-R.
Primers were designed to amplify the heme synthesis genes (Table S5), and qPCR was
performed according to the manufacturer’s instructions (Ruiboxingke, Beijing, China). The
total volume of each qPCR was 20 μL, containing 10 μL of qPCR Master Mix, 200 nM of
each primer, and 1 μL of 10-fold diluted cDNA template. The reaction was performed in an
8-well optical grade PCR plate with the amplification program provided in Table S6. The
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melting curve was generated using a Bio-Rad CFX Maestro 2.2 version 5.2.008.0222 (Bio-
Rad, Hercules, CA, USA). Each experiment was repeated with three biological replicates.
Negative controls were performed using sterile water instead of cDNA template. Relative
expression levels of heme synthesis-related genes were determined using the relative 2–ΔΔCt

method [48].

4.10. Scanning Electron Microscopic Observation of Cell Morphology of of Synechocystis
sp. PCC6803

The sample (1 mL) of Synechocystis sp. PCC6803 cyanobacterial solution was collected
and centrifuged at 10,000 rpm for 6 min, with the supernatant removed. Then, 1 mL
PBS buffer was used to wash the sample surface impurities thrice. Next, 0.5 mL of 3%
glutaraldehyde was added to the sample for 6 h of fixation. The sample was treated
with gradient dehydration in ethanol solutions of 30%, 40%, 50%, 60%, 70%, 80%, and
90% for 10 min each. Dehydration in 100% anhydrous ethanol for 10 min was repeated
thrice. Displacement with tert-butanol was performed three times, each for 30 min. The
sample was mounted to the sample stage with double-sided tape. Scanning electron
microscopy (Zeiss, Oberkochen, German) analysis was performed after coating to observe
the morphological features of the cell surface at a magnification of 5000×.

4.11. Statistical Analysis

Data were expressed as mean ± standard deviation (SD) based on three biological
replicates. Data were statistically analyzed using SPSS 16.0 (IBM SPSS, Chicago, IL, USA).
A one-way analysis of variance (ANOVA) was performed, with significant differences
determined at p < 0.05 (*) and highly significant differences determined at p < 0.01 (**),
respectively.

5. Conclusions

In this study, we successfully modularized Synechocystis sp. PCC6803 to screen for
functional elements and modules of genes capable of increasing the heme content of
Synechocystis sp. PCC6803. The co-expression of the key heme synthesis genes hemC, hemF,
and hemH in Synechocystis sp. PCC6803, and the knockout of pcyA, a key gene in the
phycocyanin synthesis pathway, and chlH, a key gene in the chlorophyll synthesis pathway,
were all able to effectively increase the heme content in Synechocystis sp. PCC6803. The
highest heme content (0.97 mg/L) was obtained in the mutant strain of Synechocystis sp.
PCC6803 with the knockout of pcyA (ΔPcyA), which was 4.41-fold higher than that of the
WT. A total of three combined transformants of Synechocystis sp. PCC6803 were obtained
by natural transformation and had improved heme production compared with the WT; the
highest heme content (1.83 mg/L) was revealed in the combined transformant PcyA-ChlH
with the knockout of both pcyA and chlH, which was 8.03-fold higher than that of the WT.
In the combined transformant PcyA-ChlH, hemF, hemH, glbn, and chlM were up-regulated,
with hemF and glbn substantially up-regulated, showing an increased expression by more
than 5-fold. Finally, we investigated the effects of different concentrations (0, 0.5, 1, 5,
and 10 g/L) of glucose on the growth of Synechocystis sp. PCC6803 to optimize its culture
conditions. The optimal growth of Synechocystis sp. PCC6803 was obtained in medium
containing 1 g/L glucose. The combined transformant PcyA-ChlH in mixotrophic medium
produced a heme content of 2.05 mg/L, which was 10.25-fold higher than that of the WT.
This study provides novel engineering strategies, key target genes, and chassis selection
for the construction of microbial cell factories for high heme production, as well as strong
experimental evidence to support the metabolic modification of microbes for the production
of porphyrin-like high-value compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md22090378/s1. Figure S1. plasmid mapping. Figure S2. PCR
detection of Synechocystis sp. PCC6803 wild-type and combined transformants. Table S1. Strains used
in this study. Table S2. BG-11 Media Formulation. Table S3. 1000× trace elements. Table S4. Primers
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used for construction of plasmids and cloning of target fragments. Table S5. qPCR primers and their
sequences. Table S6. PCR amplification procedure.
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Abstract: Aurantiochytrium is a well-known long-chain polyunsaturated fatty acids (PUFAs) producer,
especially docosahexaenoic acid (DHA). In order to reduce the cost or improve the productivity of
DHA, many researchers are focusing on exploring the high-yield strain, reducing production costs,
changing culture conditions, and other measures. In this study, DHA production was improved by
a two-stage fermentation. In the first stage, efficient and cheap soybean powder was used instead
of conventional peptone, and the optimization of fermentation conditions (optimal fermentation
conditions: temperature 28.7 ◦C, salinity 10.7‰, nitrogen source concentration 1.01 g/L, and two-
nitrogen ratio of yeast extract to soybean powder 2:1) based on response surface methodology resulted
in a 1.68-fold increase in biomass concentration. In the second stage, the addition of 2.5 mM sesamol
increased the production of fatty acid and DHA by 93.49% and 98.22%, respectively, as compared
to the optimal culture condition with unadded sesamol. Transcriptome analyses revealed that the
addition of sesamol resulted in the upregulation of some genes related to fatty acid synthesis and
antioxidant enzymes in Aurantiochytrium. This research provides a low-cost and effective culture
method for the commercial production of DHA by Aurantiochytrium sp.

Keywords: Aurantiochytrium; DHA; thraustochytrid; two-stage fermentation; transcriptomics

1. Introduction

Docosahexaenoic acid (DHA, C22:6) belongs to omega-3 long-chain polyunsaturated
fatty acids (PUFAs), and it is an essential structural element of the brain, retina, and neuron
cell membrane [1]. DHA has demonstrably beneficial effects on depression [2], lowering
cardiovascular risk [3], suppressing inflammation [4] and atherosclerosis [5], improving
nervous system and retina development [6], and decreasing cancer risk [7]. The human
body is unable to produce DHA; hence, it must come from food. Since marine fish and fish
oil is cheap and contains a lot of DHA, it is generally thought to be the greatest source of
DHA in the human diet [8]. However, marine pollution and overfishing limit the increasing
demand for DHA [9]. Creating substitute sources to fulfill the demand for DHA is a signifi-
cant task. Marine oleaginous microorganisms, as the original source of DHA production in
marine fish, have garnered significant attention globally in the search for the sustainable
production of DHA because of their potential applications in the biopharmaceutical and
nutraceutical sectors [10,11]. The single-celled eukaryotic thraustochytrid, which includes
the Thraustochytrium, Aurantiochytrium, and Schizochytrium, is currently the main focus of
research. These organisms are typically found in marine environments and are capable of
synthesizing large levels of lipids and carotenoids. Among them, it has been previously
documented that Aurantiochytrium sp. can accumulate significant lipid content, particularly
DHA [12,13].
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Thraustochytrids are a prospective new market for DHA synthesis, and increasing
DHA production is now a focus of intense study. The optimization of fermentation con-
ditions (such as varying the source of nitrogen, C/N ratio, temperature, salinity etc.) as a
crucial tactic to boost biomass and fatty acids production has been an important focus for
thraustochytrid biotechnological research [14]. Fermentation costs are largely influenced by
the carbon and nitrogen substrates used, and since nitrogen sources are often more expen-
sive than carbon sources, less expensive options are being considered. Both organic (such
as soybean meal hydrolysate, yeast extract, peptone, and monosodium glutamate) and
inorganic (such as nitrate and ammonium) nitrogen can be used by thraustochytrids [15].
To reduce production costs, traditional nitrogen sources may be replaced with agricultural
products and the food industry by-products [16]. The two-stage strategy, which divides
the biomass growth phase from the lipid accumulation phase, is an efficient cultivation
system [17]. The purpose of the first stage is to produce as much biomass as possible when
nutrition is adequate, while the second stage—which is typically nitrogen-starved but has
an excess of the carbon source—is meant to accumulate lipids [18].

An increasing number of research studies have shown that incorporating antioxidants
such as vitamin C, plant hormone, and melatonin into the culture medium could enhance
the ability of oleaginous microorganisms to produce lipids [19]. In a prior investigation, the
utilization of Dioscorea zingiberensis’s phenolic-rich starch saccharification liquid markedly
enhanced Schizochytrium sp.’s DHA yield and antioxidant capability [20]. One of the pri-
mary naturally occurring phenols in sesame, sesamol, has a potent antioxidant capacity
and enhancement of radical scavenging [21], and it is frequently employed as an inex-
pensive, non-toxic antioxidant to stop lipid peroxidation in food and medicine. Sesamol
supplementation has shown increased DHA production in Schizochytrium. The addition
of 1 mM sesamol exogenously to the fermentation medium increased Schizochytrium sp.
H016’s yield of DHA and lipids by 53.52% and 78.30%, respectively [22].

This study optimizes the type of nitrogen source in the culture medium in terms
of cost and utilization efficiency. According to the four factors of temperature, salinity,
nitrogen source concentration and the ratio of two nitrogen sources (yeast extract and
soybean powder), the best level was selected by a one-factor test. And then the culture
conditions of four factors and three levels were optimized to enhance the biomass yield
of Aurantiochytrium sp. DECR-KO (2,4-dienyl-CoA reductase-knockout) [23] on response
surface methodology (RSM). The effects of various sesamol concentrations on the biomass,
lipid accumulation, and the synthesis of fatty acids of Aurantiochytrium sp. DECR-KO were
examined in this study. This study elucidated the possible mechanisms of lipid metabolism
regulation through antioxidant supplementation through transcriptome analysis.

2. Results

2.1. Screening of Different Nitrogen Source Components

The N content of the six nitrogen source components was determined by an elemental
analyzer, and the results are shown in Table S1. All six nitrogen sources had more than 10%
of N content, among which the peptone contained the highest N, up to 13.35%. In order
to reflect the types of nitrogen sources that can be efficiently utilized by Aurantiochytrium
sp. DECR-KO, we added the six nitrogen sources at an addition rate of 2.5 g/L into the
M4 medium without yeast extract and peptone to examine the effects of various nitrogen
source components on the biomass concentration of Aurantiochytrium sp. DECR-KO.

The results of the initial screening of nitrogen source types are shown in Figure 1.
Among the biomass concentration results from the 65 h incubation under the same nitrogen
source addition concentration, the best biomass concentration was obtained from the culture
by yeast extract, which amounted to 5.28 ± 0.07 g/L, and the second one was obtained
from the soybean powder, with the obtained biomass concentration of 4.13 ± 0.12 g/L. The
lowest biomass concentration obtained in culture was peptones, only 2.69 ± 0.06 g/L, which
was 0.51 times that of yeast extract and 0.65 times that of soybean powder. Combining
the effects of the six nitrogen sources on the biomass concentration of Aurantiochytrium
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sp. DECR-KO and its market price, the low-cost and high-efficiency soybean powder was
selected to replace the original high-cost and low-utility peptone. The two nitrogen sources,
yeast extract and soybean powder, will be used in subsequent studies for the compounding
and optimization of culture conditions.

Figure 1. Effects of various nitrogen sources on the biomass concentration of Aurantiochytrium sp.
DECR-KO. Cell dry weight (DCW) was obtained by culture for 65 h with 2.5 g/L different
nitrogen source.

2.2. Response Surface Methodology (RSM) to Optimize the Biomass Yield

Using a single-factor experiment and an RSM central composite design based on the
fermentation factors of Aurantiochytrium sp. DECR-KO, the fermentation factors were
optimized in this study to increase the biomass concentration on the first stage. The results
show that the temperature of 26 ◦C, salinity 10‰, nitrogen source concentration 0.90 g/L
and N ratio 2:1 (yeast extract:soybean powder) were the optimal single factor levels for
biomass concentration (Figure 2A–D). The Box–Behnken experiment designed a total of
29 sites, including 5 central sites and 24 factorial points (Table 1). The central experimental
point is the central point of the partition, which can be used as the calibration of the points.
With cell dry weight (DCW) as the response value (Y), and temperature (A), salinity (B), the
ratio of two nitrogen sources (C), and the nitrogen source concentration (D) as independent
variables, the response surface data as follows:

DCW (g/L) = 5.61313 − 0.12102 × A + 0.134542 × B + 0.0265687 × C + 0.134915 × D + 0.121345 × AB + 0.21728
× AC − 0.0554881 × AD − 0.309067 × A2 − 0.604891 × B2 − 0.14348 × C2 − 0.128604 × D2

The model was built using the software Design Expert 12 to obtain a multiple quadratic
regression response surface model for biomass yield, and the model obtained from fitting
the experimental results was subjected to ANOVA (Table 2) to verify the usability of
the regression model. The ANOVA yielded a model with a p-value of <0.0001, which is
extremely significant; where the lack of fit had a p-value of 0.1640, which is greater than 0.05,
and the lack of fit was not significant. These two items indicate that the model obtained
by fitting this response surface analysis is accurate in its predictions. The contour plots
and response surface curves of the interaction terms were obtained by simulation with
Design Expert 12 software (Figure 2E–J). According to the F-value of each factor, the order
of influence on biomass concentration of Aurantiochytrium sp. DECR-KO was D (nitrogen
concentration) > B (salinity) > A (temperature) > C (ratio of two nitrogen sources). In
this experiment, the differences in the effects on biomass concentration were extremely
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significant for the secondary term B2, highly significant for the secondary term A2, and
reached significance for the primary terms A, B, D, and the interaction term AC.

Figure 2. (A) The effects of six different temperature levels; (B) the effects of six different salinity
levels; (C) the effects of six different nitrogen sources; (D) the effect of the ratio of two nitrogen
sources (yeast extract: soybean powder). Contour plots showing the effect of (E) temperature and salt
(F), temperature and nitrogen ratio (G), temperature and nitrogen source concentration to dry cell
weight (DCW). Response surface plots show the effect of (H) temperature and salt, (I) temperature
and N ratio, (J) temperature and nitrogen source concentration to DCW.

Table 1. The Box–Behnken design matrix for real values and coded values (in parentheses).

Run A: Temperature (◦C) B: Salinity (%) C: N Ratio D: N Concentration (g/L) DCW (g/L)

1 26 (−1) 10 (0) 3 (+1) 0.9 (0) 5.12
2 29 (0) 20 (+1) 1 (−1) 0.9 (0) 5.20
3 32 (+1) 10 (0) 1 (−1) 0.9 (0) 4.92
4 29 (0) 0 (−1) 2 (0) 0.7 (−1) 4.73
5 29 (0) 10 (0) 2 (0) 0.9 (0) 5.75
6 29 (0) 20 (+1) 3 (+1) 0.9 (0) 4.79
7 29 (0) 10 (0) 2 (0) 0.9 (0) 5.49
8 29 (0) 0 (−1) 2 (0) 1.1 (+1) 5.17
9 29 (0) 0 (−1) 1 (−1) 0.9 (0) 4.58

10 29 (0) 20 (+1) 2 (0) 0.7 (−1) 4.90
11 26 (−1) 10 (0) 2 (0) 1.1 (+1) 5.33
12 29 (0) 10 (0) 2 (0) 0.9 (0) 5.69
13 32 (+1) 0 (−1) 2 (0) 0.9 (0) 4.22
14 29 (0) 10 (0) 2 (0) 0.9 (0) 5.49
15 29 (0) 10 (0) 3 (+1) 1.1 (+1) 5.79
16 32 (+1) 10 (0) 2 (0) 1.1 (+1) 4.92
17 26 (−1) 0 (−1) 2 (0) 0.9 (0) 4.78
18 29 (0) 0 (−1) 3 (+1) 0.9 (0) 4.59
19 29 (0) 10 (0) 1 (−1) 0.7 (−1) 5.03
20 29 (0) 20 (+1) 2 (0) 1.1 (+1) 5.01
21 32 (+1) 10 (0) 3 (+1) 0.9 (0) 5.44
22 29 (0) 10 (0) 2 (0) 0.9 (0) 5.65
23 26 (−1) 20 (+1) 2 (0) 0.9 (0) 4.94
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Table 1. Cont.

Run A: Temperature (◦C) B: Salinity (%) C: N Ratio D: N Concentration (g/L) DCW (g/L)

24 29 (0) 10 (0) 3 (+1) 0.7 (−1) 5.17
25 32 (+1) 20 (+1) 2 (0) 0.9 (0) 4.86
26 26 (−1) 10 (0) 1 (−1) 0.9 (0) 5.47
27 26 (−1) 10 (0) 2 (0) 0.7 (−1) 5.17
28 32 (+1) 10 (0) 2 (0) 0.7 (−1) 4.99
29 29 (0) 10 (0) 1 (−1) 1.1 (+1) 5.38

Table 2. ANOVA analysis of response surface experiment.

Source Sum of Squares df
Mean

Square
F-Value p-Value

Model 3.5100 11 0.3191 9.45 <0.0001 significant
A—temperature 0.1757 1 0.1757 5.20 0.0357

B—salinity 0.2172 1 0.2172 6.43 0.0213
C—the ratio of two nitrogen sources 0.0085 1 0.0085 0.2508 0.6229

D—nitrogen source concentration 0.2184 1 0.2184 6.47 0.0210
AB 0.0589 1 0.0589 1.74 0.2042
AC 0.1888 1 0.1888 5.59 0.0302
AD 0.0123 1 0.0123 0.3646 0.5539
A2 0.6196 1 0.6196 18.34 0.0005
B2 2.3700 1 2.37 70.27 <0.0001
C2 0.1335 1 0.1335 3.95 0.0631
D2 0.1073 1 0.1073 3.18 0.0926

Residual 0.5742 17 0.0338
Lack of Fit 0.5176 13 0.0398 2.82 0.1640 not significant
Pure Error 0.0566 4 0.0141
Cor Total 4.0800 28

Meanwhile, the reliability analysis of the BBD model was also obtained through the
fitting and analysis of the software. As shown in Table 2, the coefficient of variation in the
model fitted in this experiment is 3.59, which is within the normal range. The regression
coefficient R2 is 85.94% > 85%, which indicates that the equation created by the fitted model
fits well. Adjusted R2 is the correction coefficient, and its value is 0.7684. Predicted R2 is
the prediction coefficient, and its value is 0.5766. The difference between the correction
coefficient and prediction coefficient is less than 0.2, which is within a reasonable range.
The signal-to-noise ratio of this model is 10.919 according to “Adeq Precision”, which is
greater than 4, indicating that the signal is sufficient and the model is reliable.

The culture conditions for the highest biomass yield were fitted by Design-Expert 12
software as follows: temperature 28.7 ◦C, salinity 10.7‰, nitrogen source concentration
1.01 g/L, and two-nitrogen ratio of yeast extract to soybean powder 2:1 (i.e., 11.62 g/L
artificial sea salt, 3.16 g/L yeast extract, and 1.58 g/L water-soluble soybean powder).
The predicted biomass yield that could be obtained under this optimal condition was 5.66
g/L of DCW. Three parallel experiments were conducted to validate under the predicted
optimal culture conditions. The DCW results of the experiments were 5.56 g/L, 5.34 g/L,
and 5.05 g/L, with an average value of 5.32 g/L, which was approximately 6% different
from the predicted value.

The experimental group which was cultured using response surface methodology was
named YS (yeast extract–soybean powder, Figure 3A). As shown in Figure 3B, the biomass
yields of the different culture methods of YS and M4 were investigated at three time points
including the exponential growth period (42 h), stationary period (63 h), and decline period
(90 h) of the culture [23]. It can be observed that the difference in biomass concentration
of YS and M4 cultures at the mid-late stage of the culture decreased gradually with the
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gradually decreasing with increasing incubation time: at 42 h, the biomass concentration
of the YS culture was 1.68 times more than that of the M4 culture; at 63 h, the biomass
concentration of the YS culture was 1.51 times more than that of the M4 culture; and at
90 h, the biomass concentration of the YS culture was 1.23 times higher than that of the
M4 culture. At the decline period of the Aurantiochytrium sp. DECR-KO, the biomass
concentration of the M4 cultures was still rising, while the YS cultures declined, but the
biomass yields obtained from the YS cultures were greater than those obtained from the
M4 cultures throughout the mid-late phase of the culture.

Figure 3. (A) Schematic diagram of enhancing lipid production in Aurantiochytrium sp. DECR-KO.
(B) The difference of biomass concentration in YS and M4 culture after exponential phase. (C) Effects
of DMSO and ethanol on cell concentration and neutral lipid content of Aurantiochytrium sp. DECR-
KO at different volume concentrations. Solvent addition amount is expressed as volume concentration
(v/v), and YS culture without adding any solvent was used as the control group. Cell concentration
was shown as the number of cells per milliliter of culture medium, and neutral lipid content was
represented by the relative fluorescence intensity of Nile red in each cell. (D,E): Effects of varying
sesamol concentrations on DECR-KO strains’ fatty acid yield and DHA synthesis. M4: experimental
group before fermentation optimization; YS: experimental group cultured with yeast extract and
soybean powder after fermentation optimization; YS-S: experimental group YS treated with 2.5 mM
sesamol. DHA: docosahexaenoic acid; UFAs: unsaturated fatty acids; SFAs: saturated fatty acids.
ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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2.3. Effect of Sesamol on the Fatty Acid Production Capacity of Aurantiochytrium sp. DECR-KO

As sesamol is insoluble in water, pre-experiments were carried out on both DMSO and
ethanol in order to rule out the impact of the solvents on the biomass concentration and neutral
lipid content of Aurantiochytrium sp. DECR-KO. There was no significant difference between
the 0.5‰ (v/v) addition of DMSO and the control (Figure 3C), indicating that 0.5‰ of DMSO
had no effect on the cell concentration of Aurantiochytrium sp. DECR-KO as well as the neutral
lipid content. On the other hand, the neutral lipid content or cell concentration was significantly
impacted by the volume ratio of 1‰ of DMSO and the ethanol of 0.5‰ and 1‰. Therefore,
the subsequent sesamol will be solubilized using DMSO, and the volume ratio of the added
solution will be controlled to be less than or equal to 0.5‰.

The addition of 0.5 mM to 2.5 mM sesamol had no visible effect on DCW compared to
the control group (Figure 3D). The fatty acid yield of Aurantiochytrium sp. DECR-KO increased
as the concentration of sesamol increased under 0.5–2.5 mM sesamol treatment (Figure 3D).
However, in contrast to the control group, the fatty acid production decreased slightly when
treated with low concentrations (0.5 to 1 mM) of sesamol, indicating that low concentrations of
sesamol inhibited the production of fatty acids. When the concentration of sesamol treatment
was greater than 1 mM, the fatty acid production was more than the control group. With the
increase in the concentration of sesamol, the total fatty acid production (including saturated
fatty acids and unsaturated fatty acids) also increased gradually. The DHA yield showed the
same trend as the total fatty acid production (Figure 3E). Based on the results of the 0.5–2.5 mM
sesamol treatments explored in this experiment, 2.5 mM was the optimal sesamol treatment
concentration that most improved fatty acid yield. Compared to the control group, the 2.5 mM
sesamol-treated group showed a 78.79% increase in total fatty acid yield and 69.83% increase in
DHA yield.

2.4. Biomass Concentration and Fatty Production Analysis of Fermentation-Optimized

In order to better compare the optimization effect produced by fermentation optimization,
the experimental group before fermentation optimization was named as M4, the experimental
group using response surface methodology to optimize the biomass culture was named as YS
(yeast extract and soybean powder), and the group treated with 2.5 mM sesamol was named
as YSS (YS with sesamol treatment) (Figure 3A). Figure 4 displays the results of a comparison
of the biomass concentration, fatty acid yield, and DHA yield of the three culture conditions.
Compared with the M4 group, the biomass concentrations of the YS and YSS groups were
increased by 50.06% and 49.85%, respectively. The addition of 2.5 mM sesamol treatment did
not significantly affect the biomass concentration in the YS group during the stationary period
(Figure 4A). Fatty acid production is shown in Figure 4B, and it can be seen that although the
YS group increased the biomass concentration, its total fatty acid production was only increased
by 8.23% compared to that of the M4 group. The addition of 2.5 mM sesamol increased the
total fatty acid yield by 93.49% and 78.79% compared to the M4 and YS groups, respectively.
A comparison of DHA yields among the three groups is shown in Figure 4C, which showed
an increase of 16.71% and 98.22% in the YS and YSS groups, respectively, compared to the M4
group. The addition of 2.5 mM sesamol treatment to the experimental group increased DHA
production by 69.83% compared to no sesamol addition.

Figure 4. Difference of (A) biomass concentration, (B) fatty acids and (C) DHA yield in fermentation
optimization experiments. ** p < 0.01 and **** p < 0.0001.
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2.5. Transcriptome Profiling of Aurantiochytrium sp. DECR-KO with Sesamol Treatment

The mechanism of Aurantiochytrium sp. DECR-KO’s response to sesamol treatment
was ascertained by utilizing the Illumina RNA-seq method. There were 2677 differentially
expressed genes (DEGs) in total identified (p-adjust < 0.05 and |log2FC| ≥ 1). A total of
1411 genes were upregulated and 1266 genes were downregulated in the YSS compared
to the YS group. KEGG was used to examine the biological roles and interactions of
the discovered DEGs. According to KEGG, notable enrichment pathways involved in
lipid metabolism include fatty acid degradation and elongation, fatty acid metabolism,
peroxisome and the biosynthesis of unsaturated fatty acids (Figure S1).

In oleaginous microorganisms, acetyl-CoA is an important central metabolite of carbon
metabolism and one of the key precursors for fatty acid synthesis [24]. The process of
glycolysis is one of the sources of acetyl coenzyme A. In glycolysis, 6-phosphofructokinase
(PFK) is the rate-limiting enzyme, and PFK was upregulated by 1.07-fold in the YSS group
(Table 3). Additionally, other key enzyme genes, including triosephosphate isomerase
(TPI) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were upregulated by
1.00-fold and 1.21-fold, respectively. In pyruvate metabolism, malate dehydrogenase was
upregulated by 1.00-fold, which catalyzes the conversion of malate to pyruvate. Increasing
the expression of the above genes results in more pyruvate production, and pyruvate
produces acetyl-CoA through pyruvate dehydrogenase.

Table 3. Transcriptomics of the expression of genes under sesamol treatment.

Gene ID Name Description
YSS vs. YS

(log2 Fold Change)

Fatty Acid Synthesis

TRINITY_DN338_c0_g1_i2-SM4 ACC acetyl-CoA carboxylase 0.81

TRINITY_DN7076_c0_g1_i1-SM4 MCAT malonyl-CoA:ACP transacylase 1.07

TRINITY_DN14219_c0_g1_i1-SM4 ME malate dehydrogenase
(oxaloacetate-decarboxylating) 1.00

TRINITY_DN11008_c0_g1_i1-YS FAS fatty acid synthase 0.92

TRINITY_DN15725_c0_g1_i1-YSS KS 3-ketoacyl-synthase 0.68

TRINITY_DN4969_c0_g2_i1-YS KR ketoreductase 1.33

TRINITY_DN2556_c0_g1_i1-YSS PFK 6-phosphofructokinase 1.07

TRINITY_DN897_c2_g1_i1-YSS TPI triosephosphate isomerase 1.00

TRINITY_DN10506_c0_g1_i1-YSS GAPDH glyceraldehyde 3-phosphate dehydrogenase 1.21

Fatty Acid Degradation

TRINITY_DN2005_c6_g1_i1-YSS HADH 3-hydroxyacyl-CoA dehydrogenase 1.45

TRINITY_DN13554_c0_g1_i1-AM4 ECH enoyl-CoA hydratase 1.38

TRINITY_DN11028_c0_g1_i1-YS ACD acyl-CoA dehydrogenase 1.17

TRINITY_DN2439_c0_g1_i1-YSS KAT 3-ketoacyl-CoA thiolase 0.90

antioxidant system

TRINITY_DN12527_c0_g1_i1-YSS GST glutathione S-transferase 1.18

TRINITY_DN11074_c0_g1_i1-AM4 SOD superoxide dismutase 1.27

Acetyl-CoA carboxylase (ACC) catalyzes the conversion of acetyl-CoA to malonyl-
CoA, a direct substrate for the synthesis of fatty acids, limiting the rate of fatty acid
synthesis [25]. Acetyl-CoA carboxylase was upregulated by 0.81-fold in the YSS group.
Malonyl-CoA:ACP transacylase (MCAT) was upregulated by 1.07-fold in the YSS group,
converting malonyl-CoA to malonyl-ACP to initiate the elongation cycle. Concentrations
of both SFA and UFA increased under sesamol treatment. In the fatty acid synthase (FAS)
pathway, FAS was upregulated by 0.92-fold in the YSS group, which led to the accumulation
of the SFA. In the polyketide synthase (PKS) pathway, 3-ketoacyl-CoA synthase (KS) and
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ketoreductase (KR) were upregulated by 0.68-fold and 1.33-fold. However, other co-
catalyzing enzymes associated with the PKS pathway, dehydrase/isomerase (DH/I) and
enoyl reductase (ER), were not identified in this study, which were similarly not identified
in previous studies [26]. The above results indicated that fatty acid synthesis was enhanced
under 2.5 mM sesamol treatment, which was in agreement with the experimental results.
Except for fatty acid synthesis, fatty acid degradation is an important factor affecting
lipid content. The fatty acid β-oxidation pathway is an important pathway for fatty acid
degradation [24]. In the fatty acid β-oxidation pathway, acyl-CoA dehydrogenase (ACD),
enoyl-CoA hydratase (ECH), 3-hydroxyacyl-CoA dehydrogenase (HADH), and 3-ketoacyl-
CoA thiolase (KAT) were significantly more expressed in the YSS group than in the YS
group (Table 3).

Superoxide dismutase (SOD) is one of the major intracellular enzymes that protects
cells from oxidative damage [27]. SOD was upregulated 1.27-fold in the YSS group.
Glutathione S-transferase (GST) further enhances the antioxidant capacity by catalyz-
ing the binding of glutathione to electrophilic substrates [28], which was upregulated
1.18-fold in YSS. Therefore, sesamol treatment improved the total antioxidant capacity of
Aurantiochytrium sp. DECR-KO, which was beneficial for accumulating more PUFAs.

2.6. Detection of the Gene Expression through qRT-PCR

The expression profiles of eight genes related to fatty acid synthesis were analyzed
to validate the transcriptome analysis data (Figure 5). The results of reverse transcrip-
tase quantitative PCR (RT-qPCR) were consistent with the transcriptome sequencing
(RNA-Seq) results.

Figure 5. The relative expression levels of related enzyme genes by qRT-PCR. *** p < 0.001, and
**** p < 0.0001.

3. Discussion

3.1. Effect of Fermentation Optimization for Growth

The results of elemental N content showed a different trend from that of biomass
concentration obtained from culture, which may be related to the solubility rate of each
organic nitrogen source, and the efficiency of its availability to Aurantiochytrium sp. DECR-
KO. The phenomenon that peptone had the highest N content but the least biomass
concentration obtained from culture may be due to the fact that peptone was least consistent
with the amino acid composition of Aurantiochytrium sp. DECR-KO, and it is difficult to be
utilized by Aurantiochytrium sp. DECR-KO in the pre- and mid-fermentation stages, which
led to its accumulation of less biomass concentration [29].

Medium composition and fermentation conditions significantly affect fatty acid ac-
cumulation in Aurantiochytrium. Influential factors include the selection of carbon and
nitrogen sources, culture strategy, dissolved oxygen concentration, salinity, pH and tem-
perature [30]. To improve the lipid production capacity of Aurantiochytrium, a thorough
evaluation of the effects of different fermentation conditions on it is required. The Auranti-

53



Mar. Drugs 2024, 22, 371

ochytrium’s development and metabolism are significantly impacted by temperature. The
temperature between 20 and 30 ◦C seems to be the optimum incubation temperature [31].
Low temperature had been shown to stimulate DHA production to maintain membrane
fluidity and permeability, but at the expense of biomass, resulting in lower overall DHA
production [32]. Aurantiochytrium is found from mangroves and other sea areas, while
the average salinity of natural seawater is 35‰, and the optimal salinity for growth and
tolerance level varies according to the strains [33]. High salinity stress can stimulate lipid
accumulation in thraustochytrids [32], while high salinity can corrode equipment and
increase costs. In Schizochytrium limacinum OUC88, the lipid content and biomass was
significantly reduced when the salinity was less than 18 g/L (51% of seawater). Both inor-
ganic (such as nitrate and ammonium) and organic nitrogen (such as yeast extract, peptone
and corn steep liquor) can be utilized by Aurantiochytrium [34–36]. The combination of
organic nitrogen proved to be more supportive of production because of the non-specific
growth factors (vitamins, trace elements) it provided [15]. For thraustochytrids, balancing
the relationship between biomass concentration and lipid content per cell is important to
increase the total lipid yield. A single increase in lipid content may lead to a reduction in
biomass concentration [17]. Therefore, a staged culture strategy was used to separate the
biomass increase stage from the lipid accumulation stage, increasing the final lipid yield.
Response surface methodology allows for the identification of optimal culture conditions
that will improve the growth of Aurantiochytrium [37]. In this study, the optimal condi-
tions for maximum growth under the first phase were determined by response surface
methodology optimization.

3.2. The Effect of Sesamol Additionon Lipid Accumulation

Sesamol is a naturally occurring phenolic molecule that is added to foods and medicines
as a cheap and safe antioxidant [38]. Despite the antioxidant activity of sesamol, the presence of
0.5 mM sesamol decreased the fatty acids content of Crypthecodinium cohnii by 25.24% [39]. In
Schizochytrium sp., the addition of 1 mM sesamol caused a 59.06% increase in lipid yield [22].
The fatty acid content of Aurantiochytrium was also significantly reduced in this study by
0.5 mM sesamol. When sesamol was added at a concentration greater than 1 mM, the yield
of total fatty acids increased with increasing concentration. Compared to other oil-producing
microorganisms, sesamol induces lipid synthesis in Aurantiochytrium sp. possibly due to the
presence of a specific fatty acid synthesis system in Aurantiochytrium sp.

Two independent pathways for polyunsaturated fatty acid (PUFA) synthesis pathways
were reported in Aurantiochytrium. In the fatty acid synthase (FAS) pathway, firstly in the ac-
tion of fatty acid synthase, acetyl-CoA and malonyl-CoA are used to produce palmitic acid
(C16:0), and then PUFAs are produced from C16:0 through a sequence of desaturases and
elongases [40]. In the polyketide synthase (PKS) pathway, PUFAs can be generated more
efficiently starting from acetyl-ACP without oxygen dependence [41]. In fatty acid produc-
tion, NADPH is the crucial precursor in the FAS and PKS pathway [12]. ME (malic enzyme)
and G6PD(glucose-6-phosphate 1-dehydrogenase) are crucial enzymes in the production
of NADPH. The overexpression of G6PD and ME increased NADPH supply, resulting in
a 10.6% and >105% increase in PUFA and SFA, respectively [42,43]. Sesamol can reduce
NADPH supply by inhibiting ME, leading to a reduction in lipid accumulation in oleagi-
nous microorganisms [44]. Previous studies have shown that the addition of sesamol leads
to a decrease in ME activity and an increase in G6PD activity in Schizochytrium sp.H016 [22].
However, there was no significant difference in the expression of G6PD by the addition of
sesamol in the present study, while ME was upregulated 1.00-fold in the YSS group. The
increase in ME expression may have compensated for the decrease in its activity to ensure
the supply of NADPH. For the production of another precursor, acetyl-CoA, there was no
ATP citrate lyase (ACL) identified in this study. In the FAS pathway, fatty acid synthase
was upregulated, leading to the accumulation of SFA (Figure 6). In the PKS pathway,
the synergistic activity of β-ketoacyl synthase (KS), β-ketoreductase (KR), dehydration,
and enoyl-reductase (ER) lead to the synthesis of PUFA [45]. The overexpression of PKS
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pathway genes increased the accumulation of DHA in the YSS group. Interestingly, genes
associated with fatty acid degradation were significantly upregulated. The β-oxidation
of fatty acids is generally considered to be detrimental to fatty acid accumulation. How-
ever, β-oxidation provides acetyl coenzyme A and ATP, which are also necessary for the
synthesis of fatty acid. The upregulation of the fatty acid degradation pathway may result
from the consumption of large amounts of short-chain fatty acids for cell division and other
life activities [46]. Acetyl coenzyme A generated from the breakdown of short-chain fatty
acids can enter the TCA cycle or serve as a precursor substance for unsaturated fatty acids.
PUFAs have a high degree of unsaturation, which makes them easily oxidized. Due to
the increased accumulation of polyunsaturated fatty acids, there is an increased risk of
lipid peroxidation, which is accompanied by increased levels of ROS [47]. In this study,
the antioxidant system mitigates oxidative stress damage through enzymatic (superoxide
dismutase) and non-enzymatic mechanisms (glutathione S-transferase) [48]. Superoxide
dismutase (SOD) can catalyze superoxide anions, the precursors of most ROS, to oxygen
and hydrogen peroxide. Glutathione S-transferase (GST) quenches reactive molecules by
adding glutathione, assisting in the elimination of hydrogen peroxide and other oxidative
stress metabolites [49].

Figure 6. Schematic map of transcriptional analysis of the pathways associated with lipid and
carbon metabolism in Aurantiochytrium sp. DECR-KO. HADH: 3-hydroxyacyl-CoA dehydroge-
nase; ECH: enoyl-CoA hydratase; ACD: acyl-CoA dehydrogenase; KAT: 3-ketoacyl-CoA thiolase;
SOD: superoxide dismutase; GST: glutathione S-transferase; ACC: acetyl-CoA carboxylase; MCAT:
malonyl-CoA:ACP transacylase; ME: malic enzyme; FAS: fatty acid synthase; KS: 3-ketoacyl-synthase;
KR: ketoreductase; PFK: 6-phosphofructokinase; TPI: triosephosphate isomerase; GAPDH: glycer-
aldehyde 3-phosphate dehydrogenase.

4. Materials and Methods

4.1. Nitrogen Content Determination

The nitrogen elemental composition of six nitrogen sources (yeast extract, bacteriologi-
cal peptone, cottonseed powder, peanut powder, corn powder, and soybean powder) was
determined using an elemental analyzer and sulfanilamide as a standard.

4.2. Strain and Cultural Methods

The Aurantiochytrium sp. DECR knockout engineered strain (Aurantiochytrium sp.
DECR-KO) is stored in the China Center for Type Culture Collection (CCTCC M 2022545)
and obtained from prior study [23,50]. Routine culture conditions are as follows: M4 culture
medium (1 g/L yeast extract, 20 g/L glucose, 0.025 g/L potassium dihydrogen phosphate
and 1.5 g/L peptone dissolved in artificial seawater with a salinity of 30‰), 23 ◦C and
200 rpm. The strain was cultured in a 250 mL shake flask with 100 mL M4 culture medium.
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4.3. Determination of Cell Dry Weight and Neutral Lipids

Cultured cells were collected by centrifugation at 8000 rpm for 10 min and then freeze-
drying using a freeze-dryer for 48 h. The cell dry weight (DCW) was used as the biomass.

Neutral lipids were stained with Nile red fluorescent dye (Rhawn, Shanghai, China).
First, 0.1 mg/mL Nile red (in acetone) is used for staining 200 mL of cells. After 20 min
of a dark incubation at 200 rpm, Nile red fluorescence was measured using a fluorescence
microplate reader (Synergy H1, Bio-Tek, Winooski, VT, USA) with an excitation wavelength
of 488 nm and emission wavelength of 592 nm [51].

4.4. Experimental Design

To maximize the biomass production of Aurantiochytrium sp. DECR-KO by optimiz-
ing culture conditions, this study selected four factors (temperature, salinity, nitrogen
concentration and nitrogen ratio) to carry out a one-way experimental design to observe
their effects on the biomass production. Aurantiochytrium sp. DECR-KO was inoculated
into 250 mL shake flasks with 100 mL of M4 medium and incubated at 23 ◦C and 200 rpm
for 42 h as a seed culture. For temperature, the seed culture was inoculated into M4 medium
at six temperatures: 17 ◦C, 20 ◦C, 23 ◦C, 26 ◦C, 29 ◦C, and 32 ◦C. For salinity, seed culture
was inoculated into M4 medium with different salinities (0‰, 10‰, 20‰, 30‰, 40‰, 50‰)
at 23 ◦C. The nitrogen source concentration of the M4 medium was calculated to be about
0.31 g/L by the percentage of N content. For nitrogen concentration, the medium with
different nitrogen source concentrations (0.1, 0.3, 0.5, 0.7, 0.9, and 1.1 g/L) was prepared at
a ratio of 1:1.5 between yeast extract and soya bean powder, respectively. The seed culture
was inoculated into M4 medium with different concentrations of nitrogen sources at 23 ◦C.
The medium with different ratios of yeast extract and soybean flour (3:1, 2:1, 1:1, 1:1.5, 1:2,
1:3) was prepared separately. Seed culture was inoculated into M4 medium with different
nitrogen source ratios at 23 ◦C. All experiments were inoculated into 250 mL culture flasks
containing 100 mL of medium and incubated at 200 rpm with shaking for 42 h. Cells
were collected by centrifugation and weighed after freeze-drying. Then, we carried out a
Box–Behnken design (BBD) of experiments based on the results and finally obtained the
optimized culture conditions with the highest biomass production.

A Box–Behnken experimental design with four factors, namely, temperature (A),
salinity (B), nitrogen concentration (C) and nitrogen ratio (D), as independent variables,
with −1, 0, and +1 levels for each factor, and cell dry weight (DCW) as the response value
was carried out as shown in Table 4. The experimental design was assisted by Design-
Expert 12 software. The design of the central experimental site was 5, which required a
total of 29 experiments, and each experiment was incubated for 42 h. The experimental
results were entered into Design-Expert software for response surface analysis.

Table 4. Factors and levels of Box–Behnken for the optimization of the culture conditions of the
Aurantiochytrium sp. DECR-KO.

A B C D

Level Temperature
(◦C) Salinity (‰) nitrogen concentration

(g/L) nitrogen ratio *

−1 26 0 0.7 1:1
0 29 10 0.9 2:1
1 32 20 1.1 3:1

* The nitrogen ratio is the weight ratio of yeast extract to water-soluble soybean powder.

DMSO and ethanol were used as solvents, and 1‰ and 0.5‰ (v/v) of different solvents
were added to the strain culture medium that had been cultured for 42 h. The dry cell
weight and Nile red relative fluorescence intensity were determined after 24 h of incubation.
A gradient concentration of 0, 0.5, 1, 1.5, 2, and 2.5 mM sesamol was supplemented into
the Aurantiochytrium sp. DECR-KO that had been cultured for 42 h in optimized culture
conditions (temperature 28.7 ◦C, 11.62 g/L artificial sea salt (salinity of 10.7‰), 3.16 g/L
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yeast extract, 1.58 g/L water-soluble soybean powder, 20 g/L glucose, 0.025 g/L potassium
dihydrogen phosphate). The culture was continued under optimized culture conditions for
21 h to stationary phase (63 h) [23].

4.5. Lipid Extraction and Fatty Acid Analysis

Lipids were extracted by a chloroform–methanol (2:1, v/v) method as previously de-
scribed [52,53]. First, 500 mg of the freeze-dried cells was mixed with chloroform–methanol
and extracted for 72 h at 65 ◦C in a Soxhlet extractor (AG-SXT-06, OUGE, Shanghai, China).
The crude total lipids were obtained by evaporating the solvent at 65 ◦C. To the crude total
lipids, 4 mL of 4% sulfuric acid in methanol was added to obtain fatty acid methyl esters
(FAMEs) at 65 ◦C for 1 h. The FAMEs were treated with hexane and deionized water, which
was followed by volatilization of the hexane off in a stream of nitrogen to gain the methyl
esterified fatty acids (MEFs). Then, 1 mL of dichloromethane was used for the dissolu-
tion of the MEFs. Compositional and content analyses of MEFs were performed by gas
chromatography–mass spectrometry (GC-MS, 7890-5975 Agilent, Santa Clara, CA, USA).
Chromatographic conditions were set as claimed in previous studies [53]. The mass spec-
trometry library of the National Institute of Standards and Technology (NIST) was used
to identify the fatty acids. Methyl nonadecylate (Solarbio, Beijing, China) was used as an
internal standard, and the content was determined by comparing the internal standard
peak areas.

4.6. RNA Extraction, Transcriptomic Analysis, and Real-Time Quantitative PCR (RT-qPCR) Analysis

For transcriptome analysis, samples were collected at 63 h for RNA extraction. Then,
samples were sent to the BioTechnology Genomics Institute, Shenzhen, China for transcrip-
tome sequencing. Under the condition of fold change ≥ 2 and adjusted p-value ≤ 0.001,
DEseq2 was used to conduct differential gene analysis between groups [54]. According to
the gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annota-
tion results and official classification, the differentially expressed genes were functionally
classified, and the phyper in R software was used for KEGG enrichment analysis. Genes
satisfying Q-value ≤ 0.05 were defined as significantly enriched.

The total RNA was extracted and collected from both the experimental and control
sample using a Trizol reagent. RNA concentration and purity measurements were per-
formed by NanoDrop2000 (Thermo Scientific, Waltham, MA, USA). The PrimeScript™
RT reagent Kit was used for cDNA synthesis. According to the manufacturer’s protocol,
TB Green® Premix Ex Taq™ II and ABI QuantStudio 6 Flex (Applied Biosystems, Foster,
CA, USA) were used for RT-qPCR. Primer sequences used for RT-qPCR (Table S2) were
designed by Primer Premier 5.0. The relative gene expression was calculated as 2−ΔΔct

using 18S rDNA as the internal standard [26].

4.7. Statistical Analysis

All the experimental data were expressed as the mean ± standard deviation (S.D.) of
at least three independent experiments. Design Expert 12 software was used to perform
response surface experiments. GraphPad Prism (version 8.0.2) was used to analyze data.
Two-way ANOVA and t-tests were used to determine differences between groups at a
confidence level of p < 0.05. A different number of asterisks (*) on each column indicates
the significance of the difference, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

5. Conclusions

In the present study, the lipid production of Aurantiochytrium sp. DECR-KO was
enhanced by a two-phase strategy. In the first stage, the biomass concentration of Auran-
tiochytrium sp. DECR-KO was significantly increased by response surface methodology
optimization. In the second stage, the fatty acid yield was increased by adding the antiox-
idant sesamol. Compared to the M4 culture condition, the biomass concentration, total
fatty acid yield and DHA yield of 2.5 mM sesamol treatment were increased by 49.85%,
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93.49% and 98.22%, respectively. The treatment of sesamol induced the gene expression
related to fatty acid synthesis (FAS, KS, KR) and the antioxidant system (SOD, GST). This
research provides a methodological basis for the use of Aurantiochytrium sp. DECR-KO as a
feedstock for the industrial production of DHA.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/md22080371/s1, Figure S1: Differential gene KEGG path-
way enrichment bubble map; Table S1: Nitrogen content of different nitrogen sources; Table S2: The
primer pairs used in the cloning experiment.
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Abstract: Fucoxanthin, a carotenoid with remarkable antioxidant properties, has considerable po-
tential for high-value biotechnological applications in the pharmaceutical, nutraceutical, and cos-
meceutical fields. However, conventional extraction methods of this molecule from microalgae are
limited in terms of cost-effectiveness. This study focused on optimizing biomass and fucoxanthin
production from Isochrysis galbana, isolated from the coast of Tadjoura (Djibouti), by testing various
culture media. The antioxidant potential of the cultures was evaluated based on the concentrations
of fucoxanthin, carotenoids, and total phenols. Different nutrient formulations were tested to deter-
mine the optimal combination for a maximum biomass yield. Using the statistical methodology of
principal component analysis, Walne and Guillard F/2 media were identified as the most promising,
reaching a maximum fucoxanthin yield of 7.8 mg/g. Multiple regression models showed a strong
correlation between antioxidant activity and the concentration of fucoxanthin produced. A thorough
study of the optimization of I. galbana growth conditions, using a design of experiments, revealed
that air flow rate and CO2 flow rate were the most influential factors on fucoxanthin production,
reaching a value of 13.4 mg/g. Finally, to validate the antioxidant potential of fucoxanthin, an in
silico analysis based on molecular docking was performed, showing that fucoxanthin interacts with
antioxidant proteins (3FS1, 3L2C, and 8BBK). This research not only confirmed the positive results of
I. galbana cultivation in terms of antioxidant activity, but also provided essential information for the
optimization of fucoxanthin production, opening up promising prospects for industrial applications
and future research.

Keywords: antioxidant; carotenoids; fucoxanthin; in silico studies; microalgae; production; statistical
approaches

1. Introduction

Microalgae are emerging as a game-changer in the realm of natural ingredients [1].
These microscopic organisms hold immense potential for various industrial applications,
particularly in the food and pharmaceutical sectors [2–4]. Their remarkable biodiversity
translates into producing a diverse range of valuable intracellular metabolites. These
include proteins, carbohydrates, lipids, and most importantly, carotenoids—a class of
compounds renowned for their potent antioxidant properties that significantly contribute
to human health [5,6].
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Carotenoids are a diverse group of pigments found in all photosynthetic organisms
and some non-photosynthetic ones, including microalgae [7]. These vibrant molecules,
responsible for the yellow, orange, and red hues in fruits, flowers, and even our skin,
are built on a C40 isoprenoid backbone. Depending on the specific structure, this back-
bone can be acyclic or cyclic, with various modifications at its ends [8–10]. Common and
well-studied carotenoids include lycopene, β-carotene, α-carotene, lutein, zeaxanthin, and
β-cryptoxanthin [11,12]. These compounds are not just visually striking; they play an
essential role in human health by acting as precursors to vitamin A and providing essential
antioxidant protection against cellular damage [13,14]. In recent years, fucoxanthin has gar-
nered significant interest due to its therapeutic potential and ability to address nutritional
deficiencies. However, traditional methods for extracting fucoxanthin from brown algae
(macroalgae) face limitations. These methods often involve complex and lengthy growth
cycles, making large-scale production impractical and driving up costs [15,16].

Microalgae, on the other hand, offer a promising solution for the commercial pro-
duction of fucoxanthin. These diverse photoautotrophs have the advantage of efficiently
accumulating fucoxanthin and achieving high biomass productivity [17]. Unlike macroal-
gae, their cultivation cycles are significantly shorter and more manageable, paving the
way for sustainable and cost-effective production [18]. Among the various fucoxanthin-
producing microalgae, I. galbana, a member of the Prymnesiophyceae class, takes center
stage. Its small size, high digestibility, and rich content of essential nutrients make it a
valuable food source for the larvae of shellfish like mussels and clams [19–21]. Furthermore,
I. galbana demonstrates significant potential for successful industrialization due to its ease
of cultivation and rapid growth. These advantages have propelled this microalga to the
forefront of research and development efforts focused on commercial applications [22–24].

Several previous works have explored the optimization of fucoxanthin production
from various microalgae, including Isochrysis galbana, Phaeodactylum tricornutum, and Ti-
sochrysis lutea [25,26]. These studies analyzed the impact of different culture media, abiotic
parameters (such as temperature, irradiance, and pH), and nutrient sources on fucoxan-
thin productivity. Other studies have also used sophisticated approaches [27,28], such as
response surface methodology and machine learning algorithms, to optimize fucoxanthin
production. However, there are still gaps in understanding the complex interactions be-
tween the various factors influencing fucoxanthin production and the underlying molecular
mechanisms. This research study aims to lay the groundwork for enhancing the cultivation
efficiency of I. galbana and explore its potential in the pharmaceutical and nutraceutical
industries. The primary objective is to optimize fucoxanthin production and the biomass’s
overall antioxidant activity. This will be achieved through controlled cultivation experi-
ments examining the influence of different enrichment solutions in the culture media. We
will explore the relationships between these factors and their impact on the microalgae.

The first step of our investigation focused on analyzing the correlations between
antioxidant activity, fucoxanthin production, carotenoid content, and total phenol levels.
Biostatistical tools, such as principal component analysis (PCA) and multiple regression,
were used to identify these connections within different culture media formulations de-
signed explicitly for I. galbana. Building on these results, the second step consisted of
implementing experimental models to optimize fucoxanthin production. The influence
of modifiable growth conditions, including choice of growing medium, temperature, pH,
lighting intensity, air flow rate, and CO2 flow rate, was explored. These parameters were
meticulously adjusted to maximize fucoxanthin production while simultaneously assessing
their impact on the antioxidant properties of the microalgae. Finally, the last step consisted
of an in silico study based on molecular docking to study the molecular interaction between
fucoxanthin and proteins with renowned antioxidant potentials in cellular processes.
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2. Results

2.1. Optimization of Growth Parameters

The optimal enriched culture medium for maximizing the biomass production of I.
galbana, as well as the content of fucoxanthin, carotenoids, total phenols, and antioxidant
activity, was selected from several media: 3N-BBM+V medium, ASP-M medium, CHU-10
medium, Conway medium, Erdschreiber medium, Guillard F/2 medium, PM medium,
Walne medium, and WC aquatic culture medium. Natural seawater served as a negative
control due to its lack of nutrient supplements compared with enriched solutions.

Under standard operating conditions (temperature T = 25 ◦C, pH = 6.5, light intensity
LI = 100 μmol/m2/s, air flow AFR = 0.5 L/min, and CO2 flow CO2FR from 0.1 to 0.2 L/min)
over a culture period of 15 days, the results are summarized in Table 1. This table presents
data on biomass, antioxidant activity of each extract, and biomolecule contents of each
culture medium.

Table 1. Dry biomass, antioxidant activity, carotenoid content, total phenolic content, and fucoxanthin
content of cultures of the microalga I. galbana.

Culture Medium
Dry Weight

Biomass
(g/L)

DPPH
IC50 (μg/mL)

Carotenoids
Content
(mg/g)

Total Phenolic
Content

(mg/100 g)

Fucoxanthin
(mg/g)

Natural Seawater
(Djibouti) 0.65 ± 0.12 a 481 ± 25 a 9.9 ± 0.2 a 12.0 ± 1.1 a 2.8 ± 0.5 a

3N-BBM+V Medium 0.88 ± 0.17 a,b,c 438 ± 20 a,b 11.5 ± 1.3 b 20.0 ± 1.8 b 4.6 ± 0.8 b

ASP-M Medium 0.82 ± 0.16 a,b,c 435 ± 25 a,b 11.7 ± 1.2 b 19.2 ± 1.7 b 4.8 ± 0.7 b

CHU-10 Medium 0.91 ± 0.18 b,c 440 ± 25 a,b 11.5 ± 1.1 b 20.1 ± 1.8 b 5.0 ± 0.8 b

Conway Medium 0.92 ± 0.18 b,c 415 ± 25 b,c 13.1 ± 1.5 b,c 20.3 ± 2.0 b 5.0 ± 0.6 b

Erdschreiber Medium 0.95 ± 0.19 b,c 405 ± 20 c 12.8 ± 1.8 b,c 20.1 ± 2.1 b 5.2 ± 0.5 b

Guillard F/2 Medium 1.22 ± 0.21 c,d 304 ± 15 d 16.6 ± 2.4 d 20.5 ± 1.8 b 7.8 ± 1.0 c

PM Medium 0.82 ± 0.16 a,b,c 421 ± 30 b,c 11.2 ± 1.2 a,b 19.1 ± 1.8 b 4.6 ± 0.5 b

Walne Medium 1.28 ± 0.22 c,d 285 ± 15 e 15.4 ± 1.8 d 23.6 ± 2.5 b,c 7.8 ± 0.8 c

Water Culture Medium 1.15 ± 0.20 c,d 413 ± 25 b,c 14.2 ± 1.6 c,d 19.4 ± 1.8 b 5.5 ± 0.5 b

Different letters in the same row indicate significant differences according to Tukey’s test (p < 0.05).

Principal component analysis (PCA) was used to determine the correlations between
the studied parameters. Figure 1 graphically illustrates all the correlations obtained, with
97.54% of the variance explained by the first two axes (F1 = 87.66% and F2 = 9.88%). This
statistical analysis classified the culture media into three distinct groups:

First group: Comprising Walne medium and Guillard F/2 medium, which showed
promising results in terms of biomass, antioxidant activity, and active biomolecule content.
The IC50 of antioxidant activity ranged from 285 μg/mL to 304 μg/mL, and the fucoxanthin
content reached 7.8 mg/g.

Second group: Including 3N-BBM+V, ASP-M, CHU-10, Conway, PM, WC aquatic
culture, and Erdschreiber media, this group showed moderate results in terms of biomass,
antioxidant activity, and active biomolecule content. The IC50 of antioxidant activity ranged
from 405 μg/mL to 440 ± 2.5 μg/mL, and the fucoxanthin content ranged from 4.6 mg/g
to 5.5 mg/g.

Third group: Containing only natural seawater, which served as a negative control
with inferior results compared with enriched media. The measured antioxidant activity
was 481 μg/mL, and the fucoxanthin content was 2.8 mg/g.
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Figure 1. Correlations between antioxidant activity, carotenoid content, total phenolic content,
and fucoxanthin content of I. galbana cultures. The various circles, represented by distinct colors,
symbolize groups sharing common characteristics.

The experimental and statistical results led to the selection of Walne and Guillard F/2
media as the most effective due to their antioxidant power and high fucoxanthin content.
These media share essential macronutrients, micronutrients, and vitamins, with Guillard
F/2 medium distinguished by including Na2EDTA, a chelating agent absent from Walne
medium. The differences between these environments are mainly based on the specific
proportions of the shared compounds, distinctly influencing the growth and development
of microalgae [29,30]. Finally, Walne medium was favored for subsequent studies because
of its high fucoxanthin content (7.8 mg/g).

2.2. Correlation between Antioxidant Activity and Compound Content

The correlation between antioxidant activity (Z1) and the contents of carotenoids
(Z2), total phenolic compounds (Z3), and fucoxanthin (Z4) in cultures of the microalga
I. galbana was studied using two statistical tools: the matrix of correlation and multiple
regression modeling, including multiple linear regression (MLR) and nonlinear multiple
regression (MNLR).

The correlation matrix in Table 2 shows the correlation coefficients between each pair
of variables. It reveals a strong positive correlation between carotenoid content (Z2) and
fucoxanthin (Z4), indicating that fucoxanthin is a significant component of carotenoids.
In contrast, antioxidant activity (Z1) showed negative correlations with carotenoid and
fucoxanthin content, suggesting that lower values correspond to higher antioxidant activity.

The results of multiple regression modeling (Table S1) show that the two models, MLR
and MNLR, perform very well with high coefficients of determination (R2) of 0.954 and
0.986, respectively. However, the nonlinear model (MNLR) shows greater explanatory
capacity, indicating a more complex relationship between variables, which is better captured
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by this model. In terms of predictive accuracy, MNLR has a mean square error (MCE)
of 156.573, lower than that of MLR (262.950), confirming better accuracy of the nonlinear
model. Similarly, the root mean square error (RMCE) is lower for MNLR (12.513) than
for MLR (16.216), further emphasizing the superior fit of the nonlinear model to the
observed data.

Table 2. Correlation matrix.

Matrix Z2 Z3 Z4 Z1

Z2 1

Z3 0.660 1

Z4 0.943 0.794 1

Z1 −0.913 −0.706 −0.970 1
Z1: antioxidant activity; Z2: carotenoid content; Z3: total phenolic content; and Z4: fucoxanthin.

Figure S1 illustrates the linearity of the predictive results compared with the experi-
mental results, demonstrating that MNLR aligns better with the experimental data than
MLR. In conclusion, the results indicate that the relationships between antioxidant activity
(Z1) and the contents of carotenoids (Z2), total phenolic compounds (Z3), and fucoxanthin
(Z4) are well correlated, and nonlinear models are more appropriate for capturing the
complexity of these relationships in I. galbana cultures.

2.3. Optimization of Experimental Conditions by Experimental Design

The experiments were planned to optimize the experimental conditions aimed at
maximizing the production of fucoxanthin following the statistical tool of the experimental
plan, taking into consideration five operational parameters: temperature, pH, light intensity,
air flow rate, and CO2 flow rate. Table S2 presents the results obtained for the fucoxanthin
content for each of the 32 tests according to the polynomial model of full factorial designs
at two levels (−1 and +1).

A first-order polynomial mathematical model was developed from the results obtained,
including the main factors and higher-order interactions up to the fourth order between
these five parameters. The coefficients of the fucoxanthin production model equation
are listed in Table S3. The average yield achieved by the optimization of conditions was
7.93 mg/g with a coefficient of variation of 1.11%.

The statistical model derived from the experimental design is extremely accurate
and well fitted to the experimental data. The statistical parameters presented in Table S4
(coefficient of determination: R2 = 0.99, adjusted R2: R2

adj = 0.99, predicted R2: R2
pre = 0.91,

and adequate precision: P = 87.36%) indicate that the model explains a large part of the
observed variation and has good predictive ability for new observations.

Table S5 presents the analysis of variance (ANOVA), which is used to assess the
significance of the effects of different factors in the experimental design. The model is
considered significant with an F value of 386.15, with only a 4.02% probability that such a
high F value is due to chance. p-Values of less than 0.05 indicate that some model terms are
substantial—D, E, AE, CE, DE, ACE, CDE, and BCDE—while others are not.

Finally, Figure S2 graphically illustrates the main interactions, which are significant
contributors to the variation in fucoxanthin concentration, by showing interactions in one
dimension (D and E), two dimensions (AE, CE, and DE), and three dimensions (ACE
and CDE).

2.4. In Silico Study

The results of molecular docking of fucoxanthin with the three selected proteins (3FS1,
3L2C, and 8BBK) are shown in Figure 2 and Table 3.

The three proteins studied play an important role in antioxidant processes, as follows:
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The 3FS1 protein, corresponding to HNF4a (hepatocyte nuclear factor 4 alpha), plays
an essential role in the cellular antioxidant process by modulating the expression of genes
associated with detoxification and the response to oxidative stress. As a transcription
factor, HNF4a induces the expression of genes encoding antioxidant enzymes such as
superoxide dismutase (SOD), catalase, and glutathione-S-transferases. These enzymes
neutralize reactive oxygen species (ROS) and attenuate oxidative damage in liver cells and
other tissues where HNF4a is expressed [31,32].

3FS1 

 

 

3L2C 

  

Figure 2. Cont.
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8BBK 

  

Dimension

Figure 2. Three-dimensional and two-dimensional docked views of fucoxanthin with 3FS1, 3L2C,
and 8BBK proteins, respectively.

Table 3. Qualitative and energetic characteristics of molecular docking of fucoxanthin with antioxi-
dant activity proteins.

Proteins 3FS1 3L2C 8BBK

Binding affinity (kcal/mol) −7.3 −9.4 −9.3

pKi 5.35 6.89 6.82

Ligand efficiency (kcal/mol) 0.1521 0.1958 0.1938

Ligand–protein interactions 25 10 31

Number of π-σ bond 0 0 1

Number of alkyl bond 15 0 10

Number of π-alkyl bond 4 8 4

Number of conventional hydrogen bond 1 1 1

Number of carbon–hydrogen bond 0 1 0

Number of van der Waals bond 5 0 15

The 3L2C protein, identified as FOXO4 (forkhead box O4), plays a role in the antioxi-
dant response by regulating the expression of genes encoding antioxidant enzymes and
DNA repair proteins. In response to various cellular signals, including oxidative stress,
FOXO4 migrates to the cell nucleus, where it binds to specific DNA sequences and activates
the transcription of genes such as SOD, glutathione peroxidase, and other enzymes and
antioxidants. This action helps neutralize ROS and restore redox balance in cells, thus
reducing oxidative damage [33–35].

As for the 8BBK protein, corresponding to Sirt3 (Sirtuin 3), Sirt3 participates in the
antioxidant process by deacetylating and activating key enzymes involved in defense
against oxidative stress. Notably, Sirt3 deacetylates and activates SOD2 (MnSOD) localized
in mitochondria, which increases the activity of this critical antioxidant enzyme. SOD2
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converts superoxide to hydrogen peroxide, which is then broken down into water and
oxygen by other enzymes. In addition, Sirt3 regulates other proteins involved in the mito-
chondrial antioxidant response, thereby preserving the functional integrity of mitochondria
and reducing cellular oxidative stress [36,37].

Fucoxanthin exhibits a stronger interaction with 3L2C and 8BBK proteins compared
with 3FS1, indicating a higher affinity of fucoxanthin for FOXO4 (3L2C) and Sirt3 (8BBK)
compared with HNF4a (3FS1). This higher affinity suggests that fucoxanthin has an
increased propensity to bind FOXO4 and Sirt3. Additionally, higher ligand efficiency
implies that the ligand performs better per unit size in binding to the protein. In this
context, fucoxanthin demonstrates slightly higher efficacy when interacting with FOXO4
(3L2C) and Sirt3 (8BBK) compared with HNF4a (3FS1).

The correlation with the principal component analysis (PCA) of all thermodynamic
parameters and interaction bonds of the different types of molecular docking is presented
in Figure 3. The analysis of this representation, based on the F1 and F2 axes (97.71%), proves
that the specific interactions between fucoxanthin and the HNF4a (3FS1) and Sirt3 (8BBK)
proteins are well correlated. On the other hand, the interactions of these last two proteins
are not correlated with FOXO4, which suggests that fucoxanthin adopts two different
mechanisms depending on the proteins studied.

Figure 3. Correlation between the molecular docking parameters between fucoxanthin and the
proteins studied.

3. Discussion

Fucoxanthin is widely recognized for its bioactive potential and substantial antioxidant
activity, making it a compound with many industrial applications. These advantages are
enhanced by continued advances in extraction and quantification techniques and a better
understanding of its biological properties [38].
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The quantification of fucoxanthin, an abundant carotenoid in microalgal biomass,
particularly in I. galbana, is essential for its industrial and therapeutic applications [39].
In the pharmaceutical sector, it is used to develop food supplements and drugs due to
its beneficial antioxidant, anticancer, anti-diabetes, anti-inflammatory effects, etc. [40–43].
Nutraceuticals incorporate it into functional food products for its health properties. In
the cosmetic field, it is incorporated into skin care formulations for its anti-ageing effects
and ability to protect against UV damage. In agriculture, its bioactive properties make it a
potential candidate as a biofertilizer and plant protective agent [44].

The main objective of this study was to quantify fucoxanthin and valorize its antioxi-
dant properties as an abundant carotenoid in I. galbana while maximizing its extraction and
use in various industrial sectors. This included optimizing production and standardizing
and establishing accurate quantification methods to ensure the quality and consistency
of fucoxanthin products, facilitating their introduction to the market. Furthermore, the
exploitation of the antioxidant properties of fucoxanthin has been explored for the devel-
opment of new products while promoting the use of natural and renewable sources to
support sustainable industrial practices.

The significant results of this study showed that Walne and Guillard F/2 culture media
were the most effective in producing fucoxanthin in I. galbana culture due to their high
antioxidant potential and increased fucoxanthin content. Correlation analysis revealed a
strong association between antioxidant activity and fucoxanthin and carotenoid content and
a moderate correlation with total phenols. Regression models, whether linear or nonlinear,
have been used to model these relationships, with the nonlinear model showing a better
ability to explain and predict antioxidant activity, suggesting a more accurate consideration
of complex interactions. Using experimental designs, optimal cultivation conditions were
identified, including temperature, pH, light intensity, air flow rate, and CO2 flow rate,
with particular attention paid to the last two parameters to influence the production
of fucoxanthin significantly. The developed mathematical models demonstrated robust
predictive ability and offer promising prospects for future optimization of fucoxanthin
production in a sustainable industrial setting.

Recent works (Table 4) that have received good recognition in the literature concerning
optimizing fucoxanthin production are numerous, among which the most important over
the last 5 years are presented below.

In our study on fucoxanthin production from I. galbana, we explored various culture
media and advanced analytical approaches to optimize the production of this bioactive
pigment. Compared with previous studies, our analysis reveals several important and
divergent aspects.

Medina et al. (2019) [45] demonstrated that methanol and ethanol are the most
effective solvents to extract fucoxanthin from I. galbana, with significantly higher yields
than petroleum ether and n-hexane. Their optimization of extraction time also highlighted
the potential of I. galbana as a natural source of fucoxanthin. In contrast, our study shows
that optimization of culture conditions and media, such as Walne and Guillard media, also
plays a critical role in enhancing fucoxanthin production.

Gao et al. (2020) [46] optimized fucoxanthin production in Tisochrysis lutea by ad-
justing culture and irradiance parameters. They observed that higher dilution rates and
specific irradiance maximized production. Our results support these observations to some
extent, but our multidimensional approach allowed for further optimization by combining
culture, statistical analysis, and bioinformatics validation techniques, which could provide
additional insights for large-scale production.

Pereira et al. (2021) [47] illustrated seasonal variations in fucoxanthin production,
showing that Phaeodactylum tricornutum performs better in autumn/winter, while T. lutea
performs better in spring/summer. While their study highlights the feasibility of con-
tinuous production, our study highlights the impact of specific growth conditions and
analytical approaches on maximizing production.
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The works of Mohamadnia et al. (2021) [48] and Mohamadnia et al. (2022) [49]
on optimizing fucoxanthin production using response surface methodology confirm the
importance of precise culture conditions. Their approach identified optimal parameters
for T. lutea, which is consistent with our observation that growth conditions play an
essential role. However, our use of in silico analyses to study the molecular interactions of
fucoxanthin added an additional dimension to understanding its bioactive properties.

McElroy et al. (2023) [50] implemented an integrated biorefinery approach to extract
fucoxanthin and other compounds from Saccharina latissima. Their process integration to re-
duce the ecological footprint is particularly relevant, although our study mainly focused on
optimizing culture conditions and validating the results using bioinformatics approaches.

A study conducted by Xia et al. (2023) [51] showed that intermittent CO2 supply
promotes better fucoxanthin accumulation in I. galbana, a result in agreement with our
observation that optimization of culture conditions is crucial for increased production.
Furthermore, a study conducted by Bo et al. (2023) [52] revealed that spermidine positively
influences fucoxanthin biosynthesis, highlighting the importance of biological factors in
the production of this pigment.

Finally, Garcia-García et al. (2024) [53] explored the use of green solvents for fucoxan-
thin extraction, highlighting the advantages of modern techniques over traditional methods.
This reinforces our conclusion that the use of advanced methods and solvents is essential
to optimize extraction while preserving the bioactivity of the extracts.

In conclusion of this discussion, our study, through its multidimensional approach
integrating the optimization of growth conditions, advanced statistical analysis, and bioin-
formatics validation, provides a more comprehensive and innovative overview for fucox-
anthin production. These results contribute to a better understanding of the parameters
influencing the production of this pigment and offer promising prospects for its industrial
application.

The mentioned research on the production of fucoxanthin from microalgae has focused
its attention on three key aspects: optimization of environmental variations; precision in
the adjustment of culture parameters such as temperature, lighting, pH, and salinity and
the sources of nutrients, O2 and CO2; and the improvement of extraction processes using
specific solvents and optimized conditions (Figure 4) [54–58]. These studies highlight
the remarkable importance of adapting culture conditions to maximize productivity and
fucoxanthin concentration in microalgae cultures, considering seasonal variations, while
judiciously choosing extraction methods to ensure high yields of this bioactive compound.

 

Figure 4. The main factors in the production of fucoxanthin from microalgae (created with www.
map-this.com, accessed on 3 June 2024).

72



Mar. Drugs 2024, 22, 358

Molecular docking results of fucoxanthin with 3FS1 (HNF4a), 3L2C (FOXO4), and
8BBK (Sirt3) proteins revealed distinct interactions, highlighting a marked preference of
fucoxanthin for FOXO4 and Sirt3 over HNF4a. These proteins have remarkable biochemical
processes in the fine regulation of antioxidant responses and defense against oxidative
stress, as evidenced by their ability to influence the expression of enzymes such as su-
peroxide dismutase and glutathione peroxidase [59–61]. The analysis highlighted the
specificity of these interactions, revealing that fucoxanthin adopts diverse mechanisms
depending on the target proteins. This functional diversity reinforces the therapeutic
potential of fucoxanthin as an antioxidant. By optimizing the production of fucoxanthin
from I. galbana under specified conditions, this study laid a solid foundation for future
biotechnological applications aimed at exploiting the promising antioxidant properties of
this natural compound.

4. Material and Methods

4.1. Cultivation of the Microalgae I. galbana

The marine microalgae strain I. galbana was isolated from the coast of Tadjoura in
Djibouti (1◦46′58.084′′ N, 42◦53′1.667′′ E). Initial isolation was conducted using Falcon
conical tubes and cell isolation through micropipettes under a microscope after successive
dilutions. The microalgae were then cultured in a liquid medium and on agar plates.
Cultivation was carried out in seawater collected from the same location, which was
sterilized and enriched with various culture media, including 3N-BBM+V medium, ASP-M
medium, CHU-10 medium, Conway medium, Erdschreiber medium, Guillard F/2 medium,
PM medium, Walne medium, and WC aquatic culture medium. Some of these media were
supplemented with silicate (sodium metasilicate, Sigma-Aldrich 307815, Missouri, United
States), particularly CHU-10 medium, Conway medium, and PM medium.

Initially, I. galbana was cultured at 25 ◦C in shakers using natural seawater under
continuous illumination of 150 μmol m−2 s−1. Growth was monitored by measuring the
optical density at 680 nm (Shimadzu UV-1601 spectrophotometer, Kyoto, Japan) every
2 days over a growth period of approximately 10 days. In the subsequent phase, cultures
were sub-cultured according to the specific experimental conditions (selected medium,
temperature, pH, lighting, flow rate, and CO2 flow rate) until the biomass reached the
stationary phase (15th day of culture). Biomass was then harvested by centrifugation at
2000 rpm (Thermo Scientific™ Megafuge™ 8, Waltham, MA, USA) for 10 min, freeze-dried
(Christ Alpha-2–4 LDPlus, Osterode am Harz, Germany), and stored at −20 ◦C.

4.2. Procedure for Obtaining Extracts for Analyses

The extraction process was performed using the maceration method. For this, 1 g of I.
galbana biomass was extracted with 100 mL of a methanol/chloroform mixture (1:1, v/v) for
12 h at room temperature in complete darkness. This extraction was repeated three times,
and all extracts were combined. The pooled extracts were then filtered through Whatman
No. 4 filter paper and concentrated under reduced pressure using a rotary evaporator. The
final extracts were stored in amber glass vials at −20 ◦C until further use [62].

4.3. Determination of Antioxidant Activity by the DPPH Method

The antioxidant activity by scavenging DPPH free radicals was evaluated following
the method of Flieger et al. (2020) [63]. A stock solution of each extract was prepared in
methanol at a concentration of 20 mg/mL. Then, 20 μL of each extract was added to 180 μL
of DPPH radical solution (60 μM) in 96-well plates, resulting in final concentrations of 50,
100, 200, 500, and 1000 μg/mL. The samples were shaken to ensure thorough mixing. Since
some colored extracts can absorb at 520 nm, a control (blank sample) was prepared by
adding 20 μL of each sample solution to 180 μL of methanol. The absorbance of the samples
was measured at 30, 60, and 120 min at 520 nm using methanol as a blank in a Shimadzu
UV-1601 spectrophotometer. The IC50 (50% inhibitory concentration) was calculated to
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compare the free radical scavenging efficiency. DPPH radical scavenging activity was
calculated using the following equation:

Scavenging effect(%) = 100 ×
[

1 −
(

AS − AB
AC

)]

AS: Sample absorbance is the absorbance of the methanolic solution of DPPH in the
presence of all the extracts and the standard.

AB: Blank absorbance is the absorbance of the sample of extracts in methanol (without
DPPH to subtract the absorbance of the colored extracts).

AC: Control absorbance is the absorbance of the methanolic solution of DPPH.

4.4. Estimation of Carotenoid Content

A method described by Zhou et al. (2020) [64] was employed to determine the
carotenoid content of I. galbana samples. Approximately 2 g of each sample was mixed
with 25 mL of methanol, vortexed for 10 min, and filtered through Whatman No. 1 filter
paper. The filtrate was fractionated with 20 mL of petroleum ether and subsequently
washed with 100 mL of distilled water. Any residual water was removed using Whatman
No. 1 filter paper coated with 5 g of anhydrous sodium sulfate. The extract volume
was adjusted to 25 mL with ethanol, and the absorbance was measured at 450 nm using
a spectrophotometer.

4.5. Total Phenolic Content

Total phenolic content was determined using the Folin–Ciocalteu reagent, according
to the procedure described by Pauliuc (2020) [65]. Each sample (1 mg/mL) was mixed
with 5 mL of reagent, diluted (1:10 v/v) with water, and mixed with 4 mL of 7.5% sodium
carbonate. The total phenolic content was measured at 750 nm using a spectrophotometer.
Gallic acid was used as a standard (0 to 200 mg/mL). The result was expressed as mg of
gallic acid equivalent (GAE) per 100 g of sample.

4.6. Quantification of Fucoxanthin

Fucoxanthin quantification was carried out according to the method described by
Li et al. (2021) [66] using high performance liquid chromatography (HPLC) coupled
with UV detection. The analyses were carried out on an Agilent 1200 HPLC System
(Agilent Technologies), including a quaternary pump and a diode array detector (DAD).
Chromatographic separation was carried out using a YMC-Pack ODS-A, C18 column
(250 mm × 4.6 mm, 5 μm). The column temperature was regulated at 30 ◦C to optimize
the separation of the analytes. The mobile phase, consisting of a methanol–water mixture
(80:20, v/v), was supplied at a constant flow rate of 1 mL/min. Samples were injected
at a volume of 20 μL. The detection of fucoxanthin was performed at a wavelength of
450 nm, specifically chosen for this analysis. Standard solutions of fucoxanthin were
prepared by dissolving the compound in methanol to obtain a stock solution, which was
then diluted to prepare standard solutions with concentrations ranging from 0.5 to 12 ppb;
hence, Figure S3 presents the calibration curve made for this quantification. The microalgae
extracts were also diluted in methanol and injected to a volume of 20 μL under the same
operating conditions to quantify fucoxanthin. Before being injected into the HPLC system,
all solutions were degassed and filtered through a 0.22 μm membrane to remove particles
that could damage the column or disrupt the analysis.

4.7. Statistical Studies

Numerical data were collected from three replicates for each test to ensure the accuracy
of the results. Type A uncertainty assessment was performed for the statistical analysis
of numerical data. The tests were then subjected to Student’s t-test (p < 0.05) to assess
their significance. To detect significant differences between groups of samples, analysis
of variance (ANOVA) was performed, followed by Tukey’s test for multiple comparisons.
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This test was used to identify significant variations between groups and provide a detailed
analysis of the observed differences.

For correlation studies, data modeling was conducted using XLSTAT version 2016,
employing several statistical correlation methods to determine relationships between pa-
rameters. Principal component analysis (PCA) was utilized to transform a set of correlated
variables into a reduced number of uncorrelated principal components [67]. This analysis
evaluated the correlation between the enrichment of culture media of the microalga I.
galbana and antioxidant activity, as well as the contents of carotenoids, total phenols, and
fucoxanthin, classifying the environments according to these studied parameters. Ad-
ditionally, the correlation between antioxidant activity, carotenoids, total phenols, and
fucoxanthin was analyzed using simple linear regressions between each pair of parameters
and multiple linear regression (MLR) and multiple nonlinear regression (MNLR) [68]. These
statistical approaches aimed to establish the relationships between antioxidant activity
and the contents of carotenoids, total phenols, and fucoxanthin. Design-Expert 13 was
used for all calculations and graphical representations for optimization studies utilizing
experimental designs. The methodology aimed to minimize the experimental conditions
for producing fucoxanthin from the microalga I. galbana.

The experimental design used was a full factorial design based on the following five
Xi factors:

Factor 1 = T: temperature (25 ◦C and 30 ◦C);
Factor 2 = pH: pH (6.5 and 7.5);
Factor 3 = light intensity: LI (100 μmol/m2/s and 500 μmol/m2/s);
Factor 4 = air flow rate: AFR (0.5 L/min and 1.0 L/min);
Factor 5 = CO2 flow rate: CO2FR (0.1–0.2 L/min).

Each factor was studied at two levels—high (+1) and low (−1)—resulting in 25 = 32
trials in total. The polynomial model included the following:

Fucoxanthin (mg/g) = a0 +
n

∑
i=1

aiXi +
n

∑
i=1

n−1

∑
j=1

aijXiXj +
n

∑
i=1

n−1

∑
j=1

n−2

∑
k=1

aijkXiXjXk +
n

∑
i=1

n−1

∑
j=1

n−2

∑
k=1

n−3

∑
l=1

aijkl XiXjXkXL + aijklmXiXjXkXl Xm

A mean: a0;
5 main effects for each factor: ai;
10 interactions of order 2: aij;
10 interactions of order 3: aijk;
5 interactions of order 4: aijkl;
1 interaction of order 5: aijklm.

All values obtained are presented as mean ± uncertainty, with a significance level
of 5% for each experiment, as determined by statistical analysis using the Student’s t-test.
Each experimental variant was tested in triplicate.

4.8. In Silico Study

This in silico study used molecular docking methodology to perform a virtual screen-
ing of the crystal structures of a few antioxidant proteins available in the RCSB database,
including PDB IDs (3FS1, 3L2C, and 8BBK). The choice of these crystal structures for molec-
ular docking was guided by their relevance to the study objectives aimed at evaluating the
antioxidant activity of fucoxanthin. These proteins were selected based on their potential
involvement in antioxidant processes, as confirmed by previous works, as well as their
structural availability in the RCSB database, ensuring their validity and feasibility for
comparative computational analysis [69–71]. This approach allowed the investigation of
specific interactions with proteins relevant to this study, thereby contributing to a cross-
sectional understanding of the potential effects of fucoxanthin. To carry out this analysis,
several software tools were employed, including MGLtools 1.4.6, Autodock 4.0, Autogrid
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4.0, BIOVIA Discovery Studio Visualizer 2.5, ChemBiodraw Ultra 12.0, and Chemdraw
3D 10.0. Initially, protein structures were prepared using the BIOVIA Discovery Studio
Visualizer to remove heteroatoms, co-crystallized ligands, and solvents to optimize condi-
tions for docking. Autodock tools were then used to assign appropriate polar charges and
generate optimized pdbqt files for each protein structure. For fucoxanthin, the structure
was drawn with ChemDraw Ultra, then energetically minimized with Chem 3D Pro before
being converted to pdbqt format via OpenBabel GUI. Structure-based virtual screening
was performed with Autodock 4, docking fucoxanthin independently into the active site of
each target protein. Ligand–protein interactions were visualized and analyzed with the
BIOVIA Discovery Studio Visualizer. To validate the results, root mean square deviation
(RMSD) values were calculated, ensuring that accepted poses had RMSD values of less
than 2.0 for ligands redocked by co-crystallization.

5. Conclusions

This study successfully optimized the production of fucoxanthin from cultures of
I. galbana. F/2 media were identified as the most effective, promoting high fucoxanthin
content and improving the overall antioxidant potential of the alga. Analyses demonstrated
close correlations between fucoxanthin and total carotenoids, linked to antioxidant activity.
A specific statistical model (MNLR) effectively captured the complex interactions between
various factors influencing fucoxanthin production. Furthermore, the experiments identi-
fied air flow rate and CO2 flow rate as crucial factors for maximizing fucoxanthin yields.
Computational molecular docking analyses showed that fucoxanthin binds most efficiently
to FOXO4 and Sirt3, two proteins playing critical roles in the antioxidant response and
regulation of key enzymes against oxidative stress. Furthermore, the results confirmed
these specific interactions, highlighting the propensity of fucoxanthin to adopt different
mechanisms depending on the targeted proteins. These findings suggest the significant po-
tential of fucoxanthin in antioxidant and therapeutic applications. In conclusion, all the data
from this work validate the robustness of the developed model, which is very promising
for the future optimization of fucoxanthin production in biotechnological applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md22080358/s1, Figure S1. displays a validation graph depicting
the predicted antioxidant activity of the marine microalga I. galbana; Figure S2. Illustrates the
representations of fucoxanthin across one-dimensional, two-dimensional, and three-dimensional
formats; Figure S3. Calibration curve of fucoxanthin by HPLC-UV; Table S1. Statistical parameters
of the multiple regression of antioxidant activity as a function of the content of carotenoids, total
phenolic compounds and fucoxanthin in cultures of the microalga I. galbana; Table S2. Fucoxanthin is
used for each test in all experiments according to the design of the experiments; Table S3. Coefficients
of optimized models for fucoxanthin production; Table S4. Statistical studies of the model; Table S5.
ANOVA for the selected factorial model.
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Abstract: Chromochloris zofingiensis, a unicellular green alga, is a potential source of natural carotenoids.
In this study, the mutant LUT-4 was acquired from the chemical mutagenesis pool of C. zofingiensis
strain. The biomass yield and lutein content of LUT-4 reached 9.23 g·L−1, and 0.209% of dry weight
(DW) on Day 3, which was 49.4%, and 33% higher than that of wild-type (WT), respectively. The
biomass yields of LUT-4 under 100, 300, and 500 μmol/m2/s reached 8.4 g·L−1, 7.75 g·L−1, and
6.6 g·L−1, which was 10.4%, 21%, and 29.6% lower compared with the control, respectively. Under
mixotrophic conditions, the lutein yields were significantly higher than that obtained in the control.
The light intensity of 300 μmol/m2/s was optimal for lutein biosynthesis and the content of lutein
reached 0.294% of DW on Day 3, which was 40.7% more than that of the control. When LUT-4 was
grown under 300 μmol/m2/s, a significant increase in expression of genes implicated in lutein biosyn-
thesis, including phytoene synthase (PSY), phytoene desaturase (PDS), and lycopene epsilon cyclase
(LCYe) was observed. The changes in biochemical composition, Ace-CoA, pyruvate, isopentenyl
pyrophosphate (IPP), and geranylgeranyl diphosphate (GGPP) contents during lutein biosynthesis
were caused by utilization of organic carbon. It was thereby concluded that 300 μmol/m2/s was
the optimal culture light intensity for the mutant LUT-4 to synthesize lutein. The results would be
helpful for the large-scale production of lutein.

Keywords: Chromochloris zofingiensis; biomass; lutein; light intensity; organic carbon availability

1. Introduction

Lutein, a naturally occurring carotenoid, has garnered significant attention due to its
potential health benefits, including the scavenging of free radicals, prevention or amelio-
ration of cardiovascular diseases, age-related macular degeneration (AMD), Alzheimer’s
Disease (AD), and certain forms of cancer, as well as its advantageous effects on skin
health [1,2]. Currently, the primary source for the commercial production of lutein is
marigold petals [3]. In addition to requiring considerable effort to separate the petals and
extract lutein from the marigold flowers, which comprise a meager 0.03% of dry weight
(DW), the cultivation of the marigold plant is a labor-intensive undertaking [4]. Although
lutein is frequently present in vegetables, not all populations receive enough of it on a daily
basis. Thus, it is important to look for high-quality lutein sources for dietary supplements.

Microalgae are abundant sources of carotenoids, which can operate as primary
carotenoids during photosynthesis or as secondary carotenoids in reaction to unfavor-
able conditions [5]. As an essential pigment for photosynthetic processes, microalgae
lutein production is correlated with photosynthetic activity. In contrast to terrestrial plants,
microalgae exhibit superior rates of growth and photosynthetic efficiency [6]. Some mi-
croalgal species, including Chlorella protothecoides [7], Dunaliella salina [8], Muriellopsis sp. [4],
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Parachlorella sp. JD-076 [9], Scenedesmus obliquus FSP-3 [4], and Chlorella vulgaris UTEX
265 [10], have been studied for lutein production, with limited progress.

Since photosynthetic pigment synthesis is a physiological response of microalgae cells
to high light stress, photoautotrophic cultivation is frequently used in the production of
lutein [11]. However, the dry weight in photoautotrophic microalgal cells was lower than
that of those cultured heterotrophically [12]. Currently, mixotrophic culture integrates the
benefits of autotrophy and heterotrophy [13]. Microalgae engaged in mixotrophic culture
take up both organic and inorganic nutrients in the presence of light under conditions of
aerobic respiration and photosynthesis [14]. Mixotrophic cultivation of microalgae has been
shown to have numerous advantages, including a reduction in the photo-inhibitory effect
of photosynthetic capacity, biomass loss at night, and photo-oxidative damage during the
cultivation period [15]. In addition, light intensity is also an important parameter that has
influenced the production of lutein in microalgae. When Scenedesmus obliquus FSP-3 was
exposed to white light instead of blue, green, or red light, high lutein production was seen
at a light intensity of 300 μmol/m2/s [4]. The growth of Coccomyxa onubensis under white
light with an intensity of 400 μmol/m2/s led to a notable lutein production [16]. Thus, the
generation of lutein from microalgae with high biomass and lutein content is now possible
via mixotrophic culturing.

Chromochloris zofingiensis is a Chlorophyceae class green microalga that exhibits rapid
growth under three different trophic modes (i.e., autotrophy, heterotrophy, and mixotro-
phy) [17]. Chlorophyll degradation and the accumulation of secondary carotenoids oc-
curred when C. zofingiensis ceased photosynthesis in the presence of glucose [18]. The
mutant CZ-LZM3 of C. zofingiensis strain has described a deficiency in astaxanthin ac-
cumulation but, on the other hand, accumulated significant quantities of three distinct
carotenoids (namely lutein, zeaxanthin, and β-carotene) during heterotrophic cultiva-
tion [8]. Nevertheless, the contents of lutein in this mutant (i.e., CZ-LZM3) decreased
significantly during heterotrophic growth. Therefore, it is essential to exert significant
efforts to augment lutein production in C. zofingiensis.

This study investigated the biological profiles of C. zofingiensis mutant LUT-4 under dif-
ferent light intensities by linking the physiological properties and molecular characteristics
to evaluate the potential of LUT-4 to produce lutein. The growth characteristics of mutant
LUT-4 under different light intensities were determined. The main organic composition
(i.e., lipid, protein, and carbohydrate) of mutant LUT-4 under optimal light intensity was
measured. The metabolites and carotenogenesis genes involved in lutein biosynthesis were
detected. This study would have substantial implications for natural lutein production by
C. zofingiensis mutant LUT-4.

2. Results and Discussion

2.1. Isolation and Pigment of C. zofingiensis LUT-4 Strain

From the ethyl methyl sulfonate (EMS) mutagenesis pool, the colonies that are differen-
tiated from wild-type (WT) by color were chosen to screen the mutants that can synthesize
lutein, other than astaxanthin. A total of 28 mutants with a yellow or yellow-green appear-
ance in color were identified from 30,000 mutants. Through pigment analysis by using
HPLC, four stable mutants (LUT-1, LUT-2, LUT-3, and LUT-4) were selected due to their
capacity to accumulate lutein (Figure 1a). In contrast to the wild-type, these mutants
accumulated a large quantity of lutein but lacked astaxanthin. When cultivated as colonies
on agar under heterotrophic conditions, they exhibited a yellow or yellow–green color,
while the wild type was an orange color (Figure 1b).
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Figure 1. The comparison between wild-type (WT) and LUT-4. (a) The pigment profiles of lutein
colonies were analyzed by using HPLC. (b) Color appearance of C. zofingiensis wild-type and lutein
colonies on agar plates under heterotrophic conditions.

When microalgal cells were cultivated under heterotrophic conditions, the biomass
concentration and cell density of lutein mutants exhibited significant differences from that
of WT (Figure 2a,b). As compared to WT and other mutants, LUT-4 showed significantly
increased biomass accumulation, up to the highest yield of 11.55 g·L−1 and 13.7 g·L−1

on Day 4 under N-replete and N-deprived conditions, demonstrating 29.3% and 19.8%
higher yield than that of WT (8.93 g·L−1, 11.44 g·L−1, p < 0.001), respectively. Further-
more, the biomass yields of LUT-2 and LUT-3 were also higher compared with WT under
heterotrophic conditions (Figure 2a,b). Conversely, the biomass yield of LUT-1 was sig-
nificantly lower compared to WT (p < 0.001, Figure 2a,b). LUT-2, LUT-3, and LUT-4 cells
were dividing faster than those of WT under heterotrophic conditions. On Day 4, under
N-replete conditions, the cell density of LUT-2, LUT-3, and LUT-4 was 6.8 × 107 cell·mL−1,
6.05 × 107 cell·mL−1, and 7.68 × 107 cell·mL−1, which was 1.6-, 1.4-, and 1.8-fold higher
than that of WT (4.23 × 107 cell·mL−1), respectively. Under N-deprived conditions, the
cell density of LUT-2, LUT-3, and LUT-4 was 7.41 × 107 cell·mL−1, 7.62 × 107 cell·mL−1,
and 7.89 × 107 cell·mL−1, respectively, on Day 4, which was higher compared to WT
(7.01 × 107 cell·mL−1, Figure 2d).

A prevalent organic carbon source utilized in the heterotrophic cultivation of mi-
croalgae is glucose. The glucose consumption of lutein mutants under N-replete and
N-deprived conditions is presented in Figure 2c,d. The results showed that the glucose
consumption of lutein mutants differed from WT. After four days of cultivation, the residual
glucose concentration of LUT 1, LUT2, LUT-3, and LUT-4 under N-replete conditions was
9.45 g·L−1, 4.95 g·L−1, 4.22 g·L−1, and 3.75 g·L−1, respectively (Figure 2e). The utilization
of glucose in LUT-2, LUT-3, and LUT-4 was quicker compared to WT under N-replete
conditions. Similarly, the residual glucose concentration of LUT-2 and LUT-4 in the culture
medium under N-deprived conditions was utilized quicker compared with WT (Figure 2f).
Conversely, the glucose consumption of LUT-1 and LUT-3 was slower than that of WT.
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Figure 2. The growth and glucose consumption of wild-type (WT) and lutein mutants of C. zofin-
giensis under N-replete and N-deprived conditions. (a,b) Biomass concentration. (c,d) Cell density.
(e,f) Glucose concentration. Values represent mean ± SD (n = 3). *, **, and *** are statistically signifi-
cant at p < 0.05, p < 0.01, and p < 0.001, while lutein mutants are compared, respectively, with WT, at a
given time.

HPLC analysis demonstrated that LUT-1, LUT-2, LUT-3, and LUT-4 mainly accu-
mulated lutein. The content of lutein in LUT-1, LUT-2, LUT-3, and LUT-4 under N-
replete conditions was 0.167%, 0.173%, 0.183%, and 0.195% of DW on Day 4, which was
14.4%, 18.5%, 25.3%, and 33.6% higher compared with WT (0.146% of DW), respectively
(Figure 3a). Under N-deprived conditions, the lutein content of LUT-1, LUT-2, LUT-3, and
LUT-4 reached 0.127%, 0.134%, 0.144%, and 0.154% of DW on Day 4, respectively, which
was significantly higher compared with WT (0.072% of DW, p < 0.001, Figure 3b).

Collectively, LUT-4 exhibited increased cellular mass, quicker cell division, and high
lutein content under heterotrophic conditions in comparison to WT. The biomass yield
of LUT-4 was significantly higher compared with WT under heterotrophic conditions,
suggesting that the specific mutations did not impact the growth potential. In general,
mutagenesis is defined as the process by which heritable alterations arise in the genetic
information of an organism [19]. EMS was classified as a chemical mutagen due to its
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ability to induce insertion and site-direction mutagenesis in DNA sequences [20]. The
mutations could occur not only in genes related to carotenoid synthesis but also in other
genes. In addition, the mutation sites need to be detected in further studies.

Figure 3. Changes in lutein contents in lutein mutants of C. zofingiensis strain under N-replete (a) and
N-deprived (b) conditions. Values represent mean ± SD (n = 3). ** and *** are statistically significant
at p < 0.01 and p < 0.001, while lutein mutants are compared with WT, respectively, at a given time.

2.2. Effect of Light Intensity on Growth and Lutein Accumulation of LUT-4

When LUT-4 was cultivated heterotrophically, the lutein content declined to 0.154%
of DW. In contrast to the outcomes observed in comparable research, this performance
remains unsatisfactory [21,22]. Light intensity is frequently the most influential factor in cell
growth and lutein accumulation [23]. An increase in light intensity from 100 μmol/m2/s to
500 μmol/m2/s resulted in a substantial decrease in biomass concentration (p < 0.05,
Figure 4a). After four days of cultivation, the highest biomass obtained under 100 μmol/m2/s,
300 μmol/m2/s, and 500 μmol/m2/s was 10.8 g·L−1, 9.95 g·L−1, and 8 g·L−1, which was
7.3%, 14.6%, and 31.3% lower, respectively, compared with the control (11.65 g·L−1). When
the light intensity was increased from 100 μmol/m2/s to 500 μmol/m2/s, the glucose
consumption was enhanced (Figure 4b).

Furthermore, the composition of microalgae cells may also alter in response to vari-
ations in ambient light intensity, particularly for light-related chemicals like carotenoids
and chlorophyll [11]. The research discovered that under high light intensity, the quality of
main xanthophylls in microalgae, such as lutein, tended to decrease [24]. The reduction in
size of light-harvesting cells, where lutein is located and generated, may be the reason for
the drop in lutein content under high-intensity light [4]. As shown in Figure 4c, the highest
lutein content reached 0.294% of dry weight (DW) when a light intensity at 300 μmol/m2/s
was used. When the light intensity was increased, the lutein content decreased. Under
100 μmol/m2/s, the lutein content reached 0.26% of DW on Day 4, which was slightly
lower than that under 300 μmol/m2/s (0.277% of DW). Among the results above, the light
intensity of 300 μmol/m2/s was optimal for lutein production, and the highest yield of
lutein was 0.028 g·L−1, on Day 4.

The results found above suggest that light intensity has inverse effects on biomass
and lutein accumulation. For instance, the microalgae cultivated under 300 μmol/m2/s
had a high lutein concentration, but their biomass yield was slightly lower compared to
the control. Notably, the lutein content achieved in this study was better than most of
those reported in the literatures [22,25]. LUT-4 appeared to be an excellent microalgal
feedstock for the commercial production of lutein, as demonstrated by the present study,
which attributes its lutein content to a comparatively high level of accumulation at a light
intensity of 300 μmol/m2/s. To further increase the lutein yield of this strain on a large
scale and thereby render it more economically viable, additional engineering research
is required.
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Figure 4. Effects of light intensities on the growth of C. zofingiensis mutant LUT-4 and lutein accumu-
lation. (a) Biomass concentration. (b) Glucose concentration. (c) Lutein content. Values represent
mean ± SD (n = 3). *, **, and *** are statistically significant at p < 0.05, p < 0.01, and p < 0.001, while
100, 300, 500 μmol/m2/s light intensity are compared, respectively, with the control, at a given time.

2.3. Effects of Light Intensity on Biochemical Composition

Based on the results above, 300 μmol/m2/s was the optimal light intensity for lutein
accumulation in LUT-4. To make better use of this cultivation mode, the biological profiles
were investigated in the following experiment. Under 300 μmol/m2/s, the TFA content
in LUT-4 rose from 16.32% to 24.89% of DW, which was 15.7% higher compared with the
control (21.51% of DW, Figure 5a). On Day 4, when LUT-4 was grown at a light intensity
of 300 μmol/m2/s, the main fatty acids were C16:0, C18:1, C18:2, and C18:3 (Figure 5b).
The abundances of C16:0 and C18:3 declined under 300 μmol/m2/s. In contrast, the
abundance of C18:1, which comprised as much as 32.55% of TFA, increased significantly,
while C18:3 decreased drastically (Figure 5b). The results confirmed the previous research,

85



Mar. Drugs 2024, 22, 306

which discovered that C. zofingiensis increased the abundance of C18:1 and reduced the
abundances of C18:3 in response to stressful conditions [26].

Figure 5. The biochemical changes in C. zofingiensis mutant LUT-4 were affected by optimal light
intensity. (a) TFA contents. (b) Fatty acid profiles. (c) Carbohydrate content. (d) Starch content.
(e) protein content. (f) Amino acid profiles. Values represent mean ± SD (n = 3). * and ** are
statistically significant at p < 0.05 and p < 0.01, while 300 μmol/m2/s light intensity is compared with
the control, at a given time.

As shown in Figure 5e, the light intensity of 300 μmol/m2/s significantly decreased
protein content, by 11.5% of DW. In several reported microalgae, intracellular protein
tended to degrade under stress conditions, providing the carbon skeleton and energy for
lipid biosynthesis [27]. The degraded protein was suggested to first guide carbohydrate
biosynthesis and then lipid. The results showed that the content of carbohydrates was
significantly lower compared to the control (p < 0.05). However, the starch content in LUT-4
under 300 μmol/m2/s increased from 4.07% to 6.4% of DW.

The results showed that the amino acid composition of LUT-4 was the same as the
wild-type [28]. Interestingly, light intensity altered the composition of essential amino
acids including Gly, Ala, Ser, Pro, Val, Thr, IIe, Asp, Glu, His, Phe, Arg, Lys, Tyr, and Leu
(Figure 5f). Notably, the contents of His and Arg dramatically reduced (p < 0.01). Moreover,
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the contents of Ala, Val, Thr, IIe, Asp, and Glu increased in LUT-4. Thus, it could be
concluded that light intensity altered the protein composition of LUT-4. Taken together, the
alterations in biochemical compositions under 300 μmol/m2/s were mainly caused by the
utilization of organic carbon.

2.4. Carbon Availability Comparison

The activity of the synthetic pathway and the availability of carbon molecules are both
critical for lipid biosynthesis [29]. As shown in Figure 6a, Ace-CoA content increased sig-
nificantly at a light intensity of 300 μmol/m2/s, which was primarily via the central carbon
metabolism (p < 0.05). Ace-CoA serves as the primary precursor for lipid biosynthesis and
may undergo conversion into C16:0 and C18:0 as part of fatty acid metabolism [30]. The
lipid content is determined by the activity of the synthetic pathway when the precursor
is adequate (i.e., Ace-CoA). Generally, Ace-CoA could join the biosynthesis of fatty acids
continuously and rapidly. The results showed that the light intensity of 300 μmol/m2/s
could increase Ace-CoA content and activate the pathway for fatty acid biosynthesis. These
findings were consistent with the results above. Briefly, the C16:0 content was reduced and
the C18:1 content was increased at a light intensity of 300 μmol/m2/s (Figure 5b).

Glucose can be directed to participate in carotenoid metabolism once it has been
assimilated by cells [31]. In this study, the lutein content in LUT-4 could be increased to
0.294% of DW at a light intensity of 300 μmol/m2/s. The synthesis of carotenoids in green
alga commences with IPP, which is generated through the non-mevalonate pathway by
3-phosphoglyceraldehyde (G3P) and pyruvate [32]. The light intensity of 300 μmol/m2/s
significantly improved pyruvate content compared to that of the control, which suggested
this cultivation method supplied more available carbon molecules for carotenoid synthesis
(p < 0.05, Figure 6b). However, the content of IPP and GGPP (i.e., the downstream metabo-
lite of IPP) declined at a light intensity of 300 μmol/m2/s (Figure 6c,d). In comparison to
the control, the lutein content was greater, even though the GGPP content was lower at
a light intensity of 300 μmol/m2/s. The findings indicated that, with the aid of suitable
light intensity, carbon molecules could be converted to lutein, resulting in a reduction in
its precursor metabolites. Thus, lutein accumulation was dependent on the availability of
an abundance of carbon molecules, which was demonstrated by the carbon-use nature of
lutein synthesis. In addition, the light intensity of 300 μmol/m2/s resulted in the highest
lutein content of 0.294% of DW, on Day 3 (Figure 4c). The implemented strategy (i.e., at a
light intensity of 300 μmol/m2/s) increased carbon availability relative to the control by
increasing the rate of glucose uptake and pyruvate content. The consumption rate of GGPP
content was accelerated by the strategy. As previous investigations have unveiled, the
conversion of GGPP involves a limited number of enzymes, which are likewise examined
in the subsequent section [27,33].

Several essential enzymes, including PSY, PDS, LCYb, LCYe, and BKT, are typically in-
volved in sequential chain transformations that generate the diverse carotenoid family [34].
The carotenoid metabolism gene PSY limits the pace at which two GGPP contents may
be condensed to produce lycopene [32]. The PDS gene, which is involved in carotenoid
biosynthesis, enables microalgae to convert phytoene into ζ-carotene [35]. Compared
with the control, the light intensity of 300 μmol/m2/s significantly improved the relative
expression level of PSY and PDS, respectively (p < 0.05, Figure 6e,f). LCYe is the gene
responsible for lutein synthesis, whereas LCYb and BKT are genes intimately associated
with astaxanthin synthesis [27,36]. Alterations in these genes may direct the flow of carbon
into carotenoids, either as primary or secondary metabolites [36]. LUT-4 cells cultivated
under 300 μmol/m2/s increased the relative expression level of LCYe, which suggested the
strategies had the potential to enhance the synthetic ability of Lutein (p < 0.05, Figure 6h).
Moreover, the light intensity (i.e.,300 μmol/m2/s) significantly decreased the expression
level of LCYb and BKT compared to that under the control (p < 0.05). Thus, the light inten-
sity of 300 μmol/m2/s had the most pronounced impact on promoting lutein synthesis,
aligning with the observed lutein content values. The current study revealed that LUT-4
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seems to be a great microalgal feedstock for commercial lutein production because of its
comparatively high lutein content at a light intensity of 300 μmol/m2/s.

Figure 6. Effects of 300 μmol/m2/s light intensity on metabolism and gene expression of C. zofingiensis
mutant LUT-4. Variations in (a) Ace-CoA, (b) pyruvate, (c) isopentenyl pyrophosphate (IPP), and
(d) geranylgeranyl diphosphate (GGPP) contents during cultivation periods. Variation in gene
expression in (e) phytoene synthase (PSY), (f) phytoene desaturase (PDS), (g) Lycopene beta cyclase
(LCYb), (h) lycopene epsilon cyclase (LCYe), and (i) Beta-carotenoid ketolase (BKT) during cultivation
periods. Values represent mean ± SD (n = 3). * and ** are statistically significant at p < 0.05 and
p < 0.01, while 300 μmol/m2/s light intensity is compared with the control, at a given time.

3. Materials and Methods

3.1. Microalgal Strains and Growth Conditions

The American Type Culture Collection (ATCC, Rockville, MD, USA) provided the
wild-type Chromochloris zofingiensis (ATCC30412), which was cultivated in the modified
Endo medium. The pH of the modified Endo medium was first set to 6.5 by using the
3 M NaOH solution [37]. After transferring a single colony of C. zofingiensis into 250 mL
Erlenmeyer flasks with 100 mL sterilized medium, the flasks were orbitally shaken at
180 rpm for seven days at 26 ◦C.

Mutagenesis was performed by harvesting WT cells at the early logarithmic phase by
using centrifugation (1000, 5 min) and washing twice with phosphate-buffered saline (PBS,
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pH = 6.5). After treating microalgal cells for one hour in the dark with 2% (w/v) ethyl methyl
sulfonate (EMS, Sigma-Aldrich, St. Louis, MO, USA), 10% (w/v) Na2SO3 was added to
stop the mutagenesis process. The treated cells were resuspended in the refreshed modified
Endo medium for 24 h in the absence of light after being rinsed and washed with PBS. Agar
plates with modified Endo medium were used to cultivate approximately 20,000 colonies
after mutagenesis. In contrast to the orange WT colonies, those exhibiting a green–yellow
hue were chosen for cultivation in liquid-modified Endo medium supplemented with
30 g·L−1 glucose.

Log phase microalgal cells were inoculated into N-replete-modified Endo medium
at an initial cell density of 2 × 106 cell·mL−1 for 4 days of heterotrophic cultivation. The
gathered cells were then reintroduced into N-deprived-modified Endo medium, while the
initial biomass concentration was kept at 6 g·L−1. Furthermore, various light intensities
(i.e., 100, 300, and 500 μmol/m2/s) were applied to optimize the light supply conditions to
increase lutein production by LUT-4. The same sample of microalgal cells was inoculated
for the following experiment.

3.2. Determination of Dry Weight and Residual Glucose Concentration

Samples were taken at each time point, cleaned twice with 0.5 M NH4HCO3, and
passed through a 1.2 μm pore-size dry GF/C filter paper (Whatman, Life Sciences, Maid-
stone, UK), which had been pre-weighed and dried at 105 ◦C in an oven for a whole night.
Before measuring the dry weight, the Whatman GF/C filter paper was put in a desiccator
for 20 min to enable the temperature to drop. The measurement of glucose concentration
was performed by utilizing a Gold-Accu Glucose Monitoring System (Model BGMS-1;
Sinocare Inc., Changsha, China).

3.3. Lutein Content Determination

Samples were extracted by utilizing previously published procedures [8]. A YMC
Carotenoid (250 × 4.6 mm, 5 μm) column separated the lutein at 30 ◦C. A sample aliquot
of ten microliters was introduced into the Waters Associates, Milford, MA, USA HPLC
system outfitted with a 2998 photodiode array detector (Waters, Milford, MA, USA). Eluent
A (methanol/methyl tert-butyl ether/water = 81:15:4, v/v) and eluent B (methanol/methyl
tert-butyl ether/water = 43.5:52.5:4, v/v) made up the mobile phase. A gradient proce-
dure was employed to separate the lutein: 0% B for 45 min, followed by a two-minute
increase in gradient to 100% of B, and an eight-minute hold at 0% B. The rate of flow was
1.0 mL·min−1. For quantification, the lutein standard (Sigma-Aldrich, St. Louis, MO, USA)
was utilized as the calibrant. Lutein was detected by comparing the retention durations
and absorption spectra of specific peaks in the chromatogram to the standards, and peak
areas were extracted for quantification using calibrant curves produced with the standards.

3.4. Determination of Organic Composition

Methods previously documented were employed to extract the samples [12]. The
quantification of total fatty acid content was accomplished through the combination of
Agilent 7890B gas chromatography and 5977A mass spectrometry (GC-MS) (Agilent, Santa
Clara, CA, USA).

The supernatant was discarded after the samples were ground and incubated for
30 min at 80 ◦C with an 80% ethanol solution. Amylase was introduced into the granules to
aid in the hydrolysis of starch, which was accomplished by heating the pellets. Anthrone
and sulfuric acid were added to the released glucose and incubated for 10 min at 95 ◦C.
The starch content was determined by translating the optical density at 562 nm to units
of glucose.

Samples were incubated with 0.5 mL of acetic acid for 20 min at 80 ◦C before being
treated with 10 mL of acetone. After the supernatant was removed, 2.5 mL of 4 M trifluo-
roacetic acid was added and the samples were then heated for 4 h. The optical density at
490 nm (OD490) was determined by boiling samples in a solution containing chromogenic
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reagent for twenty minutes. A standard curve was constructed by utilizing glucose to
determine the total content of carbohydrates.

The protein content was determined in strict adherence to the established approach [38].
The protein content was calculated by using a conversion factor of 6.25 to the total nitrogen
content of the samples, as measured by an automated Kjeldahl analyzer (UDK 159-VELP,
Usmate Velate, Italy). The amino acid composition was analyzed by using the A300 auto
amino acid analyzer (Membra Pure, Bodenheim, Germany) equipped with a TS263 column.

3.5. Isopentenyl Pyrophosphate (IPP) and Geranylgeranyl Diphosphate (GGPP) Quantification

To ascertain IPP and GGPP, microalgal cells were extracted and subsequently sub-
jected to liquid nitrogen pulverizing to disrupt them. A vacuum freeze-drying machine
(LP 20, IIshinbiobase Co., Ltd., Dongducheon, Korea) was then utilized to dehydrate the
metabolites that had been extracted with methanol. The samples were purified by a solid-
phase extraction (SPE) column (Waters, Milford, MA, USA) and analyzed by UPLC-MS/MS
(Waters, Milford, MA, USA), according to the earlier study [39]. The standards of IPP and
GGPP were acquired from Sigma-Aldrich (St. Louis, MO, USA).

3.6. Measurement of Ace-CoA and Pyruvate

For measurement of Ace-CoA contents, the microalgal cells were extracted and an-
alyzed by using the Ace-CoA assay reagent (Sigma, MAK039). Pyruvate content was
determined by extracting pyruvate and quantifying it using the pyruvate assay reagent
(Sigma, MAK071), in accordance with the provided instructions.

3.7. Determination of Expression Levels of mRNA

The RNA Plant Plus Reagent (Tiangen, Beijing, China) was utilized to extract the
total RNA of C. zofingiensis, in accordance with the manufacturer’s instructions. Reverse
transcription of the RNA to cDNA was then performed according to the instructions, using
the QuantScript RT Kit reagent (Tiangen, Beijing, China). One Step SYBR PrimeScript PLUS
RT-PCR Kit reagent (TaKaRa, Tokyo, Japan) was utilized to conduct real-time PCR. Table 1
lists the available Primers. The mRNA expression level was stabilized by using the C.
zofingiensis actin (ACT) gene as the internal control.

Table 1. PCR primers used for RT-PCR to quantify expression level of carotenogenesis genes.

Gene Forward (5′-3′) Reverse (5′-3′)

PSY CACCAGGTTGTCAGAGTCCA ACTAGTGTGTTGCTGACTCT
PDS GATGAATGTATTTGCTGAACT GGCCAGTGCCTTAGCCATAG
LCYe TCAAAGCACAGGCGAACAAACA AACGTCGGGACCTATAAGTCCG
LCYb CGCAGGCGAAAAATTCCTGT TAAGGAATGTCACACCGCTGG
BKT GGTGCTCAAAGTGGGGTGGT CCATTTCCCACATATTGCACCT
ACT TGCCGAGCGTGAAATTGTGA CGTGAATGCCAGCAGCCTCCA

3.8. Statistical Analysis

The experiments in this research were carried out in triplicate. The statistical differ-
ences between the two data sets were determined by using the unpaired Student’s t-test.
A combination of one-way ANOVA and Dunnett’s post hoc test was utilized to assess
multiple comparisons. The statistical analysis was conducted by using GraphPad Prism
version 10 (GraphPad Software, La Jolla, CA, USA). The software allowed for approval at a
level below p < 0.05.

4. Conclusions

In this study, four lutein mutants were isolated from chemical mutagenesis. By
comparing the growth and lutein content, LUT-4 was selected for further study. Results
showed that 300 μmol/m2/s was the most suitable light intensity for lutein accumulation.
The biochemical composition, Ace-CoA, pyruvate, IPP, and GGPP content alterations
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demonstrated that the light intensity could enhance the use of organic carbon for lutein
biosynthesis. Moreover, the elevated expression of PSY, PDS, and LCYe genes could
facilitate the generation of lutein. Overall, this study supplied a feasible technique for
producing natural lutein by LUT-4.
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Abstract: Phycoerythrin and polysaccharides have significant commercial value in medicine, cos-
metics, and food industries due to their excellent bioactive functions. To maximize the production
of biomass, phycoerythrin, and polysaccharides in Porphyridium purpureum, culture media were
supplemented with calcium gluconate (CG), magnesium gluconate (MG) and polypeptides (BT), and
their optimal amounts were determined using the response surface methodology (RSM) based on
three single-factor experiments. The optimal concentrations of CG, MG, and BT were determined to
be 4, 12, and 2 g L−1, respectively. The RSM-based models indicated that biomass and phycoerythrin
production were significantly affected only by MG and BT, respectively. However, polysaccharide
production was significantly affected by the interactions between CG and BT and those between
MG and BT, with no significant effect from BT alone. Using the optimized culture conditions, the
maximum biomass (5.97 g L−1), phycoerythrin (102.95 mg L−1), and polysaccharide (1.42 g L−1)
concentrations met and even surpassed the model-predicted maximums. After optimization, biomass,
phycoerythrin, and polysaccharides concentrations increased by 132.3%, 27.97%, and 136.67%, re-
spectively, compared to the control. Overall, this study establishes a strong foundation for the highly
efficient production of phycoerythrin and polysaccharides using P. purpureum.

Keywords: Porphyridium purpureum; polysaccharide; phycoerythrin; response surface methodology;
polypeptides; gluconate

1. Introduction

Porphyridium purpureum, a member of the Rhodophyta, has attracted significant atten-
tion as a source of high-value bioactive substances, such as phycobiliproteins [1,2], long-
chain polyunsaturated fatty acids [3,4], and sulfated polysaccharides [5]. Phycobiliproteins
are crucial components of light-harvesting pigments in Cyanobacteria, Rhodophyta, and
Cryptophyta [6]. According to their spectroscopic properties, phycobiliproteins with a
pink/red coloration are classified as phycoerythrin (PE, 540–570 nm); those with blue
coloration are phycocyanin (PC, 610–620 nm); and those with bluish-green coloration are
allophycocyanin (APC, 650–655 nm) [1]. B-phycoerythrin and R-phycocyanin are present
in P. purpureum [7]. Studies have demonstrated that phycoerythrin has significant antioxi-
dant [8], immune-regulating [9], and anticancer effects [10]. Phycoerythrin extracted from
P. purpureum is predominantly used in the food industry and has been approved as a food
colorant due to its health benefits, intense fluorescence, and vivid color [11]. Furthermore,
the polysaccharides derived from P. purpureum have seen a wide range of applications in
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the medical, cosmetics, and food industries [12,13] due to their excellent anti-inflammatory,
anti-viral, anti-oxidant, and immunomodulating properties [14–16]. The commercial price
of phycoerythrin varies significantly depending on its purity, but the market price of puri-
fied phycoerythrin was most recently reported to be USD 200 per milligram [17]. Moreover,
there has been a continuous increase in the market demand for phycoerythrin in recent
years owing to it being a natural product and having various functional properties [18].
However, the instability of phycoerythrin under adverse conditions such as high temper-
atures, low pH, and exposure to light remains a critical issue that limits its widespread
application [19].

To date, much research has been conducted regarding how to enhance the concentra-
tions of phycoerythrin and polysaccharides in P. purpureum to better meet market demands.
The main strategies have focused on improving the culture media [1], supplying exoge-
nous substances [20], optimizing environmental factors [21], and changing the culture
method [22]. The optimization of the culture medium is a primary method for enhancing
microalgal growth and increasing the production of bioactive substances. Nitrogen is
a crucial nutrient for microalgal growth, and both nitrogen concentration and nitrogen
type can impact the production of biomass and bioactive substances in microalgae [23].
This connection was exemplified by the work of Sánchez-Saavedra et al. [24], who found
that the biomass productivity (173.2 mg L−1 d−1) of P. cruentum was higher when the
alga was cultured at a NaNO3 concentration of 0.075 g L−1 compared to higher NaNO3
concentrations (i.e., 0.45 and 0.225 g L−1). Additionally, the presence of an organic carbon
source can influence the yields of biomass and bioactive substances in P. purpureum [23].
For instance, the maximum biomass of P. purpureum CoE1 was achieved with a 0.5% (w/v)
glucose dosage, while the maximum arachidonic acid (ARA) concentration was obtained
with a 0.38% (w/v) glycerol dosage [22]. Furthermore, adding exogenous substances is
essential for maximizing microalgal biomass and the concentrations of bioactive substances.
Numerous studies have investigated how the biomass and the production of bioactive
substances are enhanced by supplementing with phytohormones, metal ions, and vita-
mins [25–27]. One such study showed that the ARA concentration of P. purpureum was
enhanced by stimulation with 20 mg L−1 of 5-aminolevulinic acid, with a peak yield of
170.32 mg L−1, which represented a 70.82% increase compared to the control [20]. Hence,
it is essential to add the suitable substances to culture media at concentrations within the
appropriate ranges to maximize the production efficiency of active substances.

Response surface methodology (RSM) is an important statistical optimization tool
that has been widely used for experimental modeling. This method reduces the number
of experiments required and optimizes the interactions among the experimental process
parameters in various processes [28]. Previously, RSM has been utilized to optimize the
microalgae-culture process and significantly improve microalgal productivity. The optimal
concentrations of sodium chloride, magnesium sulfate, sodium nitrate, and dipotassium
hydrogen phosphate have been determined using the RSM, with the highest PE content in
P. purpureum reaching 3.3% under optimized conditions [1]. To maximize the PB content of
P. cruentum, RSM was used to determine the optimal conditions of temperature (10 ◦C) and
light intensity (30 μmol m−2 s−1), resulting in a maximum phycobiliprotein (PB) content of
2.9% [29]. Clearly, RSM has been proven to be an efficient and effective method for medium
optimization.

A commercially produced combination of peptide complexes, commonly referred
to as Bainengtai (BT) in China, is composed of enzymatic hydrolysates of high-quality
plant proteins. This product is extensively used in the agriculture and feed industries
to promote the growth of both plants and animals. Our previous study showed that BT
enhanced phycocyanin production in Arthrospira maxima [30]. Calcium gluconate (CG)
and magnesium gluconate (MG) dissociate into gluconic acid and cations in the medium
solutions, so they can be considered to be a combination of a glucose and an ion under
appropriate conditions [31]. Similarly, gluconate is primarily used as an additive in the
food, pharmaceutical, health, and construction industries. Pang et al. [32] indicated that

94



Mar. Drugs 2024, 22, 138

gluconate, the metabolic product of glucose, significantly increased the biomass of Haema-
tococcus pluvialis compared to sodium acetate and ribose, making it a suitable candidate for
use as an organic carbon source.

Therefore, in the present study, we investigated the effects of calcium gluconate
(CG), magnesium gluconate (MG), and BT as additional supplements in P. purpureum
culture. We aimed to determine the independent and interactive effects of the three
factors (CG, MG, and BT concentrations) on biomass, phycoerythrin, and polysaccharide
production by P. purpureum. Additionally, using RSM, this study focused on determining
the optimal amounts of these substances to maximize biomass yield and the production of
phycoerythrin and polysaccharides.

2. Results

2.1. Effects of Single Factors (CG, MG, and BT) on Microalgal Growth and the Accumulation of
Bioactive Substances

It was found that the CG supplementation promotes microalgal growth and the accu-
mulation of bioactive substances. As shown in Figure 1A,C, among all CG concentration
levels, microalgal biomass and polysaccharide concentrations peaked when CG was added
at 4 g L−1. After 24 days of culturing, the maximum concentrations of biomass and polysac-
charides reached 4.78 ± 0.03 and 0.7 ± 0.01 g L−1, respectively, which were 1.54 and
1.75 times higher than the concentrations in the control group. However, the maximum
phycoerythrin concentration, which was 1.45 times higher than that in the control group
(Figure 1B; 146.9 ± 10.77 mg L−1, day 20), was observed with a CG concentration of 2 g L−1.
These results indicated that the optimal CG concentration for P. purpureum growth and
polysaccharide accumulation was 4 g L−1, whereas a CG concentration of 2 g L−1 was
optimal for phycoerythrin production.

MG supplementation also enhanced the production of biomass and bioactive sub-
stances in P. purpureum. As shown in Figure 1F, the addition of MG markedly increased
the polysaccharide yield, which reached 0.76 ± 0.02 g L−1 on the 24th day. Compared to
the control group, the maximum concentration of polysaccharide increased by 375% at an
MG concentration of 11 g L−1. In addition, the biomass and phycoerythrin concentrations
(Figure 1D,E) peaked at 4.12 ± 0.19 g L−1 and 89.53 ± 2.77 mg L−1 on days 24 and 16,
respectively. Compared to the control group, the maximum biomass and phycoerythrin
concentrations increased by 74.6% and 23.3%, respectively, at an MG concentration of
12 g L−1. As a consequence, an MG concentration of 12 g L−1 was identified as the optimal
concentration of MG for P. purpureum growth and phycoerythrin accumulation. However,
for polysaccharide production, an MG concentration of 11 g L−1 was optimal.

In terms of the impact of BT on microalgal growth and the accumulation of bioactive
substances, the maximum biomass and phycoerythrin and polysaccharide concentrations
in the BT treatment groups were generally higher than those in the control group, except
at a BT concentration of 0.5 g L−1. On the 24th day, the biomass and polysaccharide con-
centrations reached their maximum values of 2.35 ± 0.17 g L−1 and 0.267 ± 0.002 g L−1,
respectively, at a BT concentration of 2 g L−1 (Figure 1G,I). However, when the BT concen-
tration was 1.5 g L−1, the concentration of phycoerythrin (Figure 1H) reached its maximum
(83.02 ± 0.59 mg L−1) on the 12th day. Therefore, the optimal BT concentrations for
P. purpureum growth and polysaccharide accumulation were both 2 g L−1, while that for
phycoerythrin production was 1.5 g L−1.

2.2. Model Fitting of RSM

The quadratic regression equations for the biomass, phycoerythrin, and polysaccha-
ride concentrations were obtained using RSM (Table 1). The p-values for all the investigated
responses were p < 0.05, showing the significance of the applied model [33]. The p-values
for biomass concentration (0.0123), phycoerythrin concentration (0.0054) and polysaccha-
ride concentration (0.0054) were all less than 0.05, demonstrating that the models for all
responses were significant. At the same time, the high R2 value (>0.8893) suggested that all
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the models fit the data well (Table 1). Furthermore, the relatively low variation coefficients
(9.93–11.07%) and the lack of fit (p > 0.05) implied high experimental reliability and a strong
correlation between the responses and the independent variables.

Figure 1. Effects of CG (A–C), MG (D–F), and BT (G–I) on the production of biomass, phycoerythrin
and polysaccharides by P. purpureum. The data represent the average ± standard deviation (n = 3).
CG, calcium gluconate; MG, magnesium gluconate; BT, polypeptides.

2.3. Combined Effects of Variables on Biomass, Phycoerythrin, and Polysaccharide Concentrations

The biomass, phycoerythrin, and polysaccharide concentrations under various experi-
mental conditions are shown in Table 2, and the relationships between the three variables
and the responses are depicted in 3D response surfaces and contour plots in Figures 2–4.
The biomass concentration increased initially and then decreased with increasing BT con-
centration when the concentrations of CG and MG were fixed at 6 and 16 g L−1, respectively
(Figure 2B,C). Higher biomasses were observed at lower MG concentrations when CG and
BT were fixed at 6 CG and 0.5 g L−1, respectively (Figure 2A,C). In addition, the ANOVA
results of the model indicated that single factors (A, C), interaction terms (AB, AC, BC), and
quadratic terms (A2, B2) had non-significant effects on biomass concentration, with p-values
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of these factors all exceeding 0.05. The microalgal biomass was more sensitive to MG than
to CG and BT (Table S1). In general, a lower MG concentration (8 g L−1) contributed to
increased biomass production.

Table 1. Analysis of variance for the response-surface models.

Source Modified Equations with Significant Terms p-Value R2 Adj.R2 SD Lack of Fit C.V.%

Biomass con-
centration

5.21 + 0.28A − 0.705B + 0.0925C − 0.1475AB +
0.4875AC − 0.0225BC − 0.1187A2 − 0.4137B2 −

1.01C2
0.0123 0.8893 0.7469 0.4449 0.3384 9.93

Phycoerythrin
concentra-

tion

74.11 − 1.6A − 0.85B − 8.84C − 5.89AB − 1.42AC
+ 0.165BC + 1.99A2 − 4.96B2 − 24.28C2 0.0054 0.9145 0.8046 6.78 0.6649 11.07

Polysaccharide
concentra-

tion

1.02 + 0.1588A + 0.1338B + 0.0525C + 0.0225AB +
0.11AC + 0.125BC − 0.0647A2 − 0.0748B2 −

0.1472C2
0.0054 0.9142 0.8039 0.0915 2.45 10.32

A, calcium gluconate; B, magnesium gluconate; C, polypeptides; R2, coefficient of determination; Adj.R2, adjusted
R2; SD, standard deviation; CV, coefficient of variation.

Table 2. Experimental data and predicted values based on established models of biomass and
phycoerythrin and polysaccharide concentrations.

Std Run

Variables Responses

CG MG BT Biomass
Phycoerythrin
Concentration

Polysaccharide
Concentration

(g L−1) (g L−1) (g L−1) (g L−1) (mg L−1) (g L−1)

Coded Actural Coded Actural Coded Actural Actural Actural Actural

1 5 −1 2 −1 8 0 2 5.77 84.23 1
2 13 1 6 −1 8 0 2 4.87 70.01 1.13
3 16 −1 2 1 16 0 2 4.02 56.78 0.76
4 8 1 6 1 16 0 2 4.36 36.91 0.64
5 6 −1 2 0 12 −1 0.5 5.28 69.73 0.52
6 17 1 6 0 12 −1 0.5 4.22 56.78 0.78
7 9 −1 2 0 12 1 3.5 4.91 44.05 1.06
8 7 1 6 0 12 1 3.5 3.78 60.77 1.29
9 3 0 4 −1 8 −1 0.5 3.32 43.79 0.64
10 14 0 4 1 16 −1 0.5 3.5 33.3 1.09
11 4 0 4 −1 8 1 3.5 5.31 65.09 1.03
12 10 0 4 1 16 1 3.5 5.33 72.4 1.02
13 2 0 4 0 12 0 2 6.08 72.02 0.91
14 15 0 4 0 12 0 2 3.25 52.51 0.71
15 12 0 4 0 12 0 2 4.77 78.83 0.93
16 11 0 4 0 12 0 2 3.57 82.06 0.81
17 1 0 4 0 12 0 2 3.86 62.7 0.76

CG, calcium gluconate; MG, magnesium gluconate; BT, polypeptide.

The relationships between the phycoerythrin concentration and the three independent
variables were analyzed. The concentration of phycoerythrin declined with increasing
BT concentration when the concentrations of CG and MG were fixed at 6 and 16 g L−1,
respectively (Figure 3B,C). Meanwhile, the concentration of phycoerythrin first increased
and then decreased with increasing MG concentration, but this response was dependent
on CG concentration (Figure 3A). However, the ANOVA results for the model indicated
that the single factors (A, B), interaction terms (AB, AC, BC), and quadratic terms (A2,
B2) had non-significant effects on phycoerythrin production (p > 0.05). Compared to CG
and MG, BT had a stronger influence on phycoerythrin production (Table S2). Therefore,
the BT concentration range 1.5–2.5 g L−1 was identified as optimal for phycoerythrin
accumulation.
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Figure 2. Response-surface plots showing the combined effect of the CG, MG, and BT concentration
for responses in terms of biomass concentration. (A): interaction between CG and MG; (B): interaction
between CG and BT; (C): interaction between MG and BT; CG, calcium gluconate; MG, magnesium
gluconate; BT, polypeptide.
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Figure 3. Response-surface plots showing the combined effect of the CG, MG, and BT concentra-
tion for responses in terms of phycoerythrin concentration. (A): interaction between CG and MG;
(B): interaction between CG and BT; (C): interaction between MG and BT; CG, calcium gluconate;
MG, magnesium gluconate; BT, polypeptide.
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Figure 4. Response-surface plots showing the combined effect of the CG, MG, and BT concentration
for responses of polysaccharide concentration. (A): interaction between CG and MG; (B): interaction
between CG and BT; (C): interaction between MG and BT; CG, calcium gluconate; MG, magnesium
gluconate; BT, polypeptide.
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In terms of polysaccharide concentrations, an initially increasing and then decreasing
trend was observed as the BT concentration increased from 1.0 to 3.5 g L−1 when CG and
MG concentrations were fixed at 6 and 16 g L−1, respectively (Figure 4B,C). The highest
polysaccharide concentration occurred over the range of BT concentrations from 2.0 to
3.5 g L−1. However, polysaccharide concentration was less sensitive to BT (p > 0.05) than
to CG and MG (p < 0.05). In addition, the ANOVA results of the model revealed that
single factors (A, B), interaction terms (AB, AC), and quadratic terms (C2) had significant
effects on polysaccharide concentration (p < 0.05) (Table S3). A strong interactive effect was
observed between the concentrations of CG and BT, as well as between the concentrations
of MG and BT, with significant p-values of 0.0472 and 0.0293, respectively. Overall, when
the concentrations of CG and MG were held constant, relatively high BT concentrations
(2.0–3.5 g L−1) were found to be more conducive to polysaccharide accumulation.

2.4. Optimization and Experimental Validation

A comparison between the actual experimental data and the predicted data from
the quadratic regression model is illustrated in Figure 5. The strong linear relationship
between the two data sets indicated that the predictions aligned well with the experimental
results, suggesting that the model is suitable for prediction and optimization. According
to the model prediction, the maximum concentrations of biomass, phycoerythrin, and
polysaccharides can reach as high as 5.90 g L−1, 98.17 mg L−1, and 1.32 g L−1, respectively,
when the concentrations of CG, MG, and BT are at optimal levels (Figure 6). Indeed,
these levels were achieved in the verification experiments, where the measured biomass,
phycoerythrin, and polysaccharide concentrations all slightly exceeded their respective
predicted concentrations, at 5.97 g L−1, 102.95 mg L−1, and 1.42 g L−1, respectively.

Figure 5. Cont.
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Figure 5. Comparison between experimental and predicted values of (A) biomass concentration,
(B) phycoerythrin concentration, and (C) polysaccharide concentration.

 
Figure 6. Optimal conditions predicted by the models for (A) biomass concentration, (B) phycoery-
thrin concentration, and (C) polysaccharide concentration. Red dot: the optimal addition amount
predicted by the model; Blue dot: the optimal response concentration predicted by the model.
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3. Discussion

In this study, the growth and accumulation of bioactive substances in P. purpureum were
evaluated under supplementation with three exogenous substances (CG, MG, and BT). CG
and MG dissociate into gluconic acid and cations in the medium solutions, so they can be
considered a combination of a carbon resource (glucose) and an ion (calcium or magnesium)
under appropriate conditions. The experimental results showed that the biomass and
concentrations of phycoerythrin and polysaccharides increased with the addition of CG or
MG compared to the control. This effect was attributed to the presence of gluconate, which
acted as an organic carbon source. A similar trend was observed in H. pluvialis, where the
addition of gluconate increased the biomass productivity and photosynthetic efficiency [32].
Furthermore, as for gluconate, the concentrations of calcium and magnesium can also
affect biomass and the accumulation of bioactive substances. A study of Chlorella vulgaris
and Scenedesmus obliquus found that an increasing magnesium concentration positively
affected the biomass and lipid content [26]. In their study, compared to the control group,
the biomass yield of C. vulgaris and S. obliquus increased by 33% and 36%, respectively,
at 150 mg L−1 MgSO4. Furthermore, the lipid content increased to a maximum of 27%
and 26% of dry cell weight in C. vulgaris and S. obliquus, respectively, at 100 mg L−1

MgSO4. However, the increased calcium concentrations had a little impact on the growth
of the microalgae. Interestingly, the lipid content of C. vulgaris and S. obliquus peaked at
331 mg L−1 and 224 mg L−1, respectively, under calcium-starved conditions. Therefore,
the combination of gluconate and metal ions can promote microalgal growth and the
production of bioactive substances.

BT can be considered a nitrogen source and is primarily composed of polypeptides.
Nitrogen is an essential nutrient for cell growth and is used to synthesize photosynthetic
pigments, amino acids, coenzymes, and other compounds [24]. Therefore, the concentration
of nitrogen can influence microalgal growth and the accumulation of bioactive substances.
Over a gradient of NaNO3 in nitrogen-free Zarrouk medium, the highest cell density of
Arthrospira platensis was observed at a concentration of 40 mM NaNO3, in the middle of the
range [34]. Furthermore, the amounts of proteins and pigments in A. platensis decreased
when the alga was cultured under conditions of nitrogen limitation [35]. In addition to
nitrogen concentration, the type of nitrogen source can significantly affect the growth of
microalgae and the accumulation of bioactive substances [36,37]. In the present study, as the
BT concentration increased, the polysaccharides concentration gradually increased due to
the increasing biomass concentration, but the change had little effect on the polysaccharide
content (Table S4). However, after the initial increase, the biomass and phycoerythrin
concentrations decreased as the BT concentration increased further, likely due to the high
nitrogen concentration. Similar patterns were observed in Neochloris oleoabundans, whose
growth was not enhanced at higher nitrate concentrations (15 and 20 mM) [38].

To date, most studies on P. purpureum have focused on the effects of individual exoge-
nous substances and single or interactive environmental conditions on the production of
biomass and high-value compounds [3,20,29]. To the best of our knowledge, this is the
first study to investigate the interactive effects of exogenous substances on the growth of
and accumulation of high-value compounds in P. purpureum. We evaluated the combined
effects of exogenous substances on biomass, phycoerythrin production, and polysaccharide
production in P. purpureum using the response surface methodology, applying a second-
degree polynomial (i.e., quadratic model). This approach allowed us to determine the
optimal supplement levels for maximizing the concentrations of biomass, phycoerythrin,
and polysaccharides. MG was the only factor that exhibited a significant effect on biomass
yield (p < 0.01). The MG concentration was negatively correlated with the biomass of
P. purpureum, with the highest biomass occurring at a low MG concentration (8 g L−1).
This result agreed with a previous report that the biomass of P. purpureum was 1.82 times
higher at a glucose concentration of 5 g L−1 compared to a concentration of 10 g L−1 [22].
It was also reported that the biomass yields of C. vulgaris and S. obliquus peaked when the
magnesium concentration increased to double that of the control [26]. BT was the only
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factor that had a significant effect on phycoerythrin production (p < 0.01). Similarly, the
highest phycoerythrin concentration was achieved at an extremely low concentration of BT
(0.5 g L−1). As a nitrogen source, BT enhanced the growth of microalgae and the accumu-
lation of bioactive substances. In addition to influencing the growth of P. purpureum, the
nitrogen source can also affect the synthesis of phycoerythrin. Nitrogen deficiency has been
previously observed to decrease the content and stability of phycobilisomes associated with
photosynthetic activity in P. purpureum [39]. It has also been reported that the maximum
phycoerythrin concentration in P. purpureum UTEX LB 2757 occurred at a low nitrogen
concentration of 0.075 g L−1 [17]. In this study, the production of polysaccharides was
significantly affected by the interactions between CG and BT and between MG and BT
(p < 0.05) but not by changes in BT alone (p > 0.05). The method of culture has also been ob-
served to affect production, with increased biomass and production of bioactive substances
by microalgae in mixotrophic culture compared to photoautotrophic and heterotrophic
culture [40]. Moreover, there was an observed increase in oxidative phosphorylation and
a weakening of photosynthesis in microalgal cells when an organic carbon source was
added. Furthermore, the enhanced phosphorylation not only compensated for the loss
of photosynthesis, but also substantially increased the biomass [41]. Compared to the
microalgae in photoautotrophic culture, Chlorella sorokiniana showed increased biomass and
production of bioactive substances due to changes in the metabolic genes involved, which
were more closely related to carbon flux than to photosynthesis [42]. Therefore, it was
speculated that the decreases in phycoerythrin and increases in polysaccharides induced by
the organic carbon source were due to gene regulation in the related metabolic pathways.

In order to optimize the P. purpureum growth medium, we established predictor models
for algal biomass, phycoerythrin, and polysaccharide concentrations using the response
surface method. The maximum biomass (5.97 g L−1), phycoerythrin (102.95 mg L−1),
and polysaccharide concentrations (1.42 g L−1) were successfully achieved using the ideal
conditions predicted by this model. These values were 132.3%, 27.97%, and 140.33% higher
than those achieved in the initial ASW medium, respectively.

To date, various studies have investigated approaches for improving biomass, phy-
coerythrin production, and polysaccharide production in P. purpureum; a summary of
their results is provided in Table 3. As can be seen, there have been fewer studies on
phycoerythrin production. The resulting polysaccharide concentrations varied greatly,
ranging from 0.23 to 4.62 g L−1, with the majority concentrated in the range from 0.23 to
2.14 g L−1. The significant variation in polysaccharide concentration was likely caused by
the diversity of culture conditions among studies, which differed in terms of algal strains,
culture medium, light intensity, and other factors. As shown in Table 3, a glass flask and a
bioreactor were the primary devices used for culturing P. purpureum. It is worth noting that
higher polysaccharide production (>2 g L−1) was achieved in the small photobioreactors
(<5 L) (Table 3) [21,43–45]. These high polysaccharide concentrations were attributed to
differences in lighting conditions and were attained in photobioreactors rather than flasks.
The polysaccharide concentrations in algae cultured in glass flasks (<1 g L−1) or relatively
large-scale photobioreactors (<1.4 g L−1) were lower than that in our study (1.42 g L−1).

It should be noted that the addition of CG, MG, and BT will increase production costs.
Therefore, a brief economic analysis was conducted as follows. Under optimal conditions,
the phycoerythrin concentration reached the maximum levels, with a 22.5 mg L−1 increase
in phycoerythrin yield compared to the control. The extra cost of the supplemental sub-
stances required for 1 L optimized culture medium was calculated based on the commercial
prices of the substances (CG, MG, and BT) and came to ~USD 0.4 L−1. Considering the
increased production of phycoerythrin (an additional 0.0225 g L−1) and the market price of
purified phycoerythrin (USD 200 g−1), the extra production was valued at approximately
USD 4.5 L−1, which far exceeded the additional input cost (USD 0.4). Therefore, this ap-
proach to maximizing phycoerythrin production would be cost-effective and economically
feasible.
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Table 3. Summary of algal growth, phycoerythrin production and polysaccharide production in
Porphyridium sp. reported in the literature and in this study.

Number Medium
Special Culture

Conditions
Culturing Scale

Biomass
Concentration or

Cell Number

Polysaccharide
Concentration

(g L−1)

PB and PE
Concentra-
tions (mg

L−1)

Refs

1 F/2 N: P ratio 250 mL flask 5.94 × 109 cell L−1 0.23 NA [46]

2 F/2-
RSE

Light,
temperature, and

nitrogen
250 mL glass flask 3.4 g L−1 0.92 PB: 47.20

PE: 38.80 [29]

3 OMII Consumption of
N and P

30 L flat-plate
photobioreactor 1.71 × 1010 cell L−1 0.73 NA [47]

4 OMI Light regime 15 L plate
photobioreactor 1.38 × 1010 cell L−1 0.95 NA [48]

5 ASW Outdoor mass
culture

72 L flat plate glass
reactor 1.37 × 1011 cell L−1 1.32 NA [49]

6 ASW
Different
nitrogen

concentrations

6 × 60 cm
photobioreactor 5.53 g L−1 2.14 PB: 1010 [43]

7 Pm
Light,

temperature and
nitrogen

5 L
photobioreactor 6.12 × 1010 cell L−1 4.10 NA [44]

8 ASW
Optimization of

light and sodium
bicarbonate

3 L batch culture of
photobioreactor 15.2 g L−1 4.5 PB 12.17 g/100

g [45]

9 ASW light intensities BioIII fermenter 4.44 × 109 cell L−1 4.63 NA [21]

10 ASW Addition of CG,
MG, and BT 500 mL flask 5.97 g L−1 1.42 102.95

Overall, high productivity was achieved for both phycoerythrin and polysaccharide
by adding CG, MG, and BT in quantities based on RSM to optimize the culture medium.
However, the cultures in this study were limited to 500 mL flasks, so further testing
would be required in scaled-up photobioreactors to confirm that these results are scalable.
Therefore, the next step may involve using a larger-scale photobioreactor, investigating
the influence of light intensity, and combining the photobioreactor with optimized light
intensity to further maximize the production of phycoerythrin and polysaccharides.

4. Materials and Methods

4.1. Microalgal Strain

The marine microalgal strain Porphyridium purpureum (Bory) K.M.Drew & R.Ross 1965
was obtained from the Freshwater Algae Culture Center at the Institute of Aquatic Biology
(Wuhan, China) and was maintained in ASW medium [21] at 25 ◦C and a light intensity of
100 μmol m−2 s−1.

4.2. Experimental Design
4.2.1. Experiments to Determine the Optimal Concentrations of Exogenous Substances

To investigate the effects of exogenous substances added to the initial culture media
on biomass and the accumulation of bioactive substances, we conducted experiments with
CG, MG, and BT. CG and MG were purchased from Shanghai Aladdin Biochemical Tech-
nology Company (Shanghai, China). and BT was purchased from Jiangsu Rishengchang
Biotechnology Company (Nanjing, China). BT is a mixture of amino acids, polypeptides,
and proteins; the detailed composition of BT has been reported previously [30].

For single-factor experiments, the six CG concentrations (0, 2, 3, 4, 5, and 6 g L−1),
six MG concentrations (0, 10, 11, 12, 13, and 14 g L−1), and six BT concentrations (0, 0.5,
1, 1.5, 2, and 2.5 g L−1) were used. For the experiments, P. purpureum in the logarithmic
growth phase were inoculated into 500 mL Erlenmeyer flasks containing 200 mL ASW
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medium. All culture media were pre-sterilized by autoclaving at 121 ◦C, 1 bar, for 20 min.
The inoculation amount was 10% of the liquid volume load. After inoculation, the flasks
were placed on a shaker at a speed of 170 rpm. P. purpureum was cultivated at 25 ◦C with
continuous light (100 μmol m−2 s−1) for 24 days. The continuous light was provided by
white LED lights (Philips Lighting, Shanghai, China), and the light intensity was measured
by illuminometer. The biomass and the phycoerythrin and polysaccharide concentrations
were measured every four days. Three parallel experimental replicates were established for
all experimental treatment groups.

4.2.2. Response Surface Experiments for Three Exogenous Substances

Based on the results of the single-factor experiments, a three-factor, three-level experi-
ment was designed (Table 4). The single-factor experiments demonstrated that the addition
of exogenous substances enhanced the biomass, phycoerythrin, and polysaccharide con-
centrations in P. purpureum. Therefore, the Box-Behnken Design (BBD) [50], a well-known
statistical design for experiments, was chosen as the response surface method for opti-
mization. The optimal concentrations of each factor, as determined by the single-factor
experiments, were chosen as the central point of the BBD. The relationships between the
dependent (biomass, phycoerythrin, and polysaccharide concentrations) and independent
variables (A: CG, B: MG, and C: BT) were quantitatively determined. The experimental de-
sign and mathematical model were created using Design-Expert software (version 13.0.1.0),
and the statistical analysis was conducted using the same platform.

Table 4. Independent variables (CG, MG and BT concentration) and the levels of each treatment used
in the Box-Behnken design.

Parameters Lable Coded Levels and Concentrations
(g L−1) −1 0 +1

CG A 2 4 6
MG B 8 12 16
BT C 0.5 2 3.5

CG, calcium gluconate; MG, magnesium gluconate; BT, polypeptides.

According to the BBD, 17 sets of experiments were conducted (Table 2). Different
concentrations of CG, MG, and BT were added to the ASW medium in each experimental
group. The experimental conditions were the same as those detailed previously. It is worth
noting that there were two parallel experimental replicates for each treatment setup in the
response-surface experiments. validation experiments were conducted using the optimal
conditions predicted by the RSM model with the aim of maximizing biomass, phycocyanin,
and polysaccharide concentrations.

4.3. Dry Cell Weight

Dry cell weight (DCW) was determined using the dry-weight method [51]. In brief, a
dry weighing disc was first weighed, with its weight represented as M1. Then, 5 mL of each
microalgae solution (V) was harvested by centrifuging the cells at 8000 r min−1 for 5 min,
washing them with deionized water once, centrifuging them again, then drying them in a
100 ◦C oven until they reached a constant weight. Then, the weighing disk was cooled and
weighed, with its weight recorded as M2. Finally, the DCW was calculated as follows:

DCW =
M2 − M1

V
(1)

where DCW is the biomass concentration (g L−1); M2 represents the weight of dried
weighing disc with the sample (g); M1 represents the weight of pre-dried empty weighing
disc (g); and V is the sampling volume (L).

106



Mar. Drugs 2024, 22, 138

4.4. Phycoerythrin Concentration

The concentration of phycoerythrin (PE) was determined spectrophotometrically.
Firstly, a 5 mL sample of the P. purpureum culture was centrifuged at 8000 rpm for 5 min.
After centrifugation, the supernatant was carefully drained off. Then, 5 mL of 0.1 mol L−1

phosphate buffer (pH 6.8) was added to resuspend the precipitated biomass. To break
the microalgae cells and release the PE, the resuspended cells were subjected to three
freeze-thaw cycles. Then, the mixture was centrifuged again at 5000 rpm for 5 min to collect
the supernatant. The concentration of PE was determined by measuring the absorbance of
the supernatant at 564 nm, 592 nm, and 455 nm. The concentration of phycoerythrin was
determined using the following formula [52]:

PE = [(OD564 − OD592)− (OD455 − OD592)× 0.2]× 0.12 (2)

where PE is the concentration of phycoerythrin in the microalgal solution (g L−1) and
OD564, OD592, and OD455 are the absorbances at 564, 592, and 455 nm, respectively.

4.5. Polysaccharide Concentration

A 5 mL suspension of P. purpureum culture was subjected to three freeze-thaw cycles.
The resulting extract solution was centrifuged at 5000 rpm for 5 min. The supernatant was
collected so the polysaccharide concentration could be measured. The polysaccharide con-
centration of P. purpureum was determined using the sulfuric acid-phenol method [53]. The
concentration of polysaccharides (Y, g L−1) was determined using a standard absorbance
curve (R2 = 0.995).

Y =
A490 + 0.0173

7.1137
(3)

4.6. Statistical Analysis

After all experiments had been conducted, the relationship between the dependent
and independent variables was explained by the second-degree polynomial as shown by
the following equation:

y = β0 + ∑n
i=1 bixi + ∑n

i=2 biix2
i + ∑n

j=i+1 bijxixj (4)

where y is the response; β0 is the intercept; βi, βii, and βij are the regression coefficients of
different variables in linear and quadratic equations; n is the number of studied variables;
and xi and xj represent independent variables.

Statistical differences were observed among the experiments, as determined by analy-
sis of variance (ANOVA) and tests conducted in Design-Export software (version 13.0.1.0).
Origin software was used for data analysis, and the results were expressed as
mean ± standard deviation (mean ± SD).

5. Conclusions

In this study, the optimal amounts of CG, MG, and BT to add to the medium in
order to maximize biomass and the production of phycoerythrin and polysaccharides in
P. purpureum were determined using RSM forecasting models. According to the forecasting
models, the biomass was primarily influenced by MG, while phycoerythrin concentration
was mainly influenced by BT. Meanwhile, the concentration of polysaccharides was influ-
enced by the interactive effects between CG and BT and between MG and BT. The maximum
concentrations of biomass, phycoerythrin, and polysaccharides (5.97 g L−1, 102.95 mg L−1,
and 1.42 g L−1) surpassed their predicted values and were reached when the microalgae
were cultured under the optimal conditions indicated by the models. Hence, CG, MG, and
BT can be considered as exogenous additives to greatly promote P. purpureum growth and
the synthesis of phycocyanin and polysaccharides. As a next step, it is important to further
increase the production of algal biomass, phycoerythrin, and polysaccharides by utilizing a
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larger-scale photobioreactor and optimizing light intensity during culture in the optimal
medium identified in the present study.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/md22030138/s1, Table S1: Analysis of variance for a quadratic model
of biomass concentration; Table S2: Analysis of variance for a quadratic model of phycoerythrin
concentration; Table S3: Analysis of variance for a quadratic model of polysaccharide concentration;
Table S4: Effects of different exogenous substances on phycoerythrin and polysaccharide contents.
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Abstract: The production of fucoxanthin and fatty acids in Conticribra weissflogii has been examined,
but there is still a lack of understanding regarding the impact of trace elements, including iron, on
their co-production. To address this knowledge gap, this study investigated the effects of FeCl3·6H2O
on the growth, fucoxanthin, and fatty acids of C. weissflogii. The findings revealed that the highest cell
density (1.9 × 106 cells mL−1), cell dry weight (0.89 ± 0.15 g L−1), and total fatty acid concentration
(83,318.13 μg g−1) were achieved at an iron concentration of 15.75 mg L−1, while the maximum
carotenoid and fucoxanthin contents were obtained at an iron concentration of 3.15 mg L−1. The
study demonstrated that the content of the active substance in C. weissflogii could be increased by
adjusting the iron concentration, providing new information as to the more efficient co-production of
fucoxanthin and fatty acids and offering experimental support for large-scale production.

Keywords: Conticribra weissflogii; iron; fucoxanthin; fatty acids

1. Introduction

Microalgae, as the main primary producers in marine ecosystems [1], are diverse,
widely distributed, and rich in a variety of bioactive substances [2]. These microorgan-
isms play a vital role in the material cycle and energy flow, and have become a valuable
resource for commercialization in recent years [3,4]. Their abundant unsaturated fatty
acids, proteins, lipids, and carotenoids (including docosahexaenoic acid, eicosapentaenoic
acid, β-carotene, astaxanthin, lutein, and fucoxanthin) [2] make them a promising source of
biological resources for the food, bait, cosmetics, health care products, and pharmaceutical
industries [5–7].

Fucoxanthin is a type of carotenoid, found in brown algae, diatoms, and golden
algae, and its unique molecular structure makes it effective in terms of anti-obesity, tumor
inhibition, anti-inflammatory, anti-diabetic, cancer prevention, and especially antioxidant
effects [8–11]. It has been found that the content of fucoxanthin in microalgae is more than
four times that in macroalgae [12]. Although the production of fucoxanthin and fatty acids
in C. weissflogii has been studied, there is still a gap in our understanding of the influence
of trace elements, such as iron, on their co-production.

Some diatoms are rich in eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA),
and other highly unsaturated fatty acids in addition to fucoxanthin. Studies have shown
that EPA and DHA can improve the survival rate and growth performance of aquatic
animals and provide a broad market for human biomedicine [13]. Currently, marine fish
are the main source of the essential fatty acids, EPA, and DHA. However, due to rising
fish prices and overfishing, diatoms are being considered a promising alternative for the
large-scale production of EPA and DHA products, as they can be easily controlled in their
growth environment [14].
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Conticribra weissflogii is a typical diatom that is easy to culture, has a fast growth rate,
and is considered a potential cell factory for the production of fucoxanthin and unsaturated
fatty acids [15,16]. Iron is an essential trace element for microalga growth, enzymatic
reactions, nitrogen metabolism, and chlorophyll synthesis [17], and iron deficiency or
excess inhibits the productivity of microalga cells [18,19]. In addition, the concentration
of iron can fluctuate significantly [20], potentially affecting the growth rate of microalgae
and the synthesis of secondary metabolites, including fucoxanthin and fatty acids. In
controlled cultivation, the optimization of iron levels can be a crucial factor for enhancing
productivity and cost-efficiency. However, the specific effects of varying iron concentrations
on fucoxanthin and fatty acid co-production in C. weissflogii remain poorly understood.
This lack of knowledge constrains the ability to effectively harness the full potential of this
microalga for the commercial production of these valuable compounds.

The present study aimed to address this gap by systematically investigating the effect
of different iron concentrations on the growth dynamics of C. weissflogii and the concurrent
production of fucoxanthin and fatty acids. Understanding this relationship can enhance
our understanding of the metabolic flexibility of this microalga and inform optimization
strategies for industrial cultivation processes, ultimately contributing to the sustainable
production of high-demand bioactive compounds.

2. Results

2.1. Growth of C. weissflogii under Different Iron Concentrations

As shown in Figure 1a, varied iron concentrations demonstrated different effects on
C. weissflogii. Although each group exhibited a similar growth pattern between day 2 and
day 10, those with 15.75 mg L−1 and 31.5 mg L−1 iron concentrations showed remarkable
growth on day 8 compared with the other three groups, which continued to grow until
they reached their maximum growth on day 10. A 15.75 mg L−1 iron concentration showed
a maximum growth of 1.9 × 106 cells mL−1 on day 10 compared with other treatments.
However, there was no significant difference (p < 0.05) between the other iron treatment
groups, except for that with a 0 mg L−1 iron concentration treatment.

Figure 1. Changes in cell number (a) and dry weight (b) of C. weissflogii cultures (mean ± SD, n = 3).

The maximum biomass concentrations (dry weight) of the five iron concentration
groups were obtained on the 10th day of continuous growth (Figure 1b). Specifically,
treatment groups with a 15.75 mg L−1 iron concentration obtained the highest biomass
concentration compared with other iron concentration treatment groups, and this was
significantly higher than that of the 0 mg L−1 iron concentration group. No significant dif-

112



Mar. Drugs 2024, 22, 106

ferences were observed between biomass concentrations of 15.75 mg L−1 iron, 3.15 mg L−1,
6.3 mg L−1, and 31.5 mg L−1 iron concentrations.

2.2. Changes in the Pigment Content of C. weissflogii under Different Iron Concentrations

Iron concentration had a significant effect on carotenoid accumulation in C. weissflosii
(p < 0.05). The results (Figure 2a) showed that of the carotenoid accumulation of the
0.00 mg L−1 treatment group was significantly lower than that of the other treatment
groups. The 3.15 mg L−1 iron concentration groups obtained the maximum carotenoid
content on day 8, which was significantly higher than that of the other groups (p < 0.05).

Figure 2. Changes in carotenoid content (a) and fucoxanthin content (b) of C. weissflogii cultures
(mean ± SD, n = 3).

As shown in Figure 2b, the fucoxanthin concentration of each iron concentration group
first increased (from day 2 to day 8) and then decreased (after day 8). The 3.15 mg L−1 iron
concentration resulted in the maximum fucoxanthin concentration on the 6th day, which
was the highest among all treatment groups. However, no significant differences were
observed between the experimental groups (p > 0.05).

2.3. Effects of Different Iron Concentrations on C. weissflosi Biomass and Fucoxanthin
Productivity

Biomass and fucoxanthin productivity on the 4th, 6th, 8th, and 10th days of cultivation
were selected for comparative analysis. As depicted in Figure 3, there were significant
differences in biomass and fucoxanthin productivity on other days, except for fucoxanthin
productivity on day 4. The maximum biomass productivity was observed in the later
part of the cultivation period (day 10), while the maximum fucoxanthin productivity was
attained on day 6 of the cultivation period. From Figure 3, except for that on day 4, the
15.75 mg L−1 iron concentration showed the highest biomass productivity (Figure 3b)
compared with that of all other iron concentration treatment groups, and except for the
10th day, the highest fucoxanthin yield in each experimental group was obtained by the
group with an iron concentration of 3.15 mg L−1, so it can be determined that the biomass
accumulation of C. weissflosi is more suitable for an iron concentration of 15.75 mg L−1, and
the accumulation of fucoxanthin is more suitable at a 3.15 mg L−1 iron concentration.
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Figure 3. Biomass (purple) and fucoxanthin (red) productivity on day 4 (a), day 6 (b), day 8 (c), and
day 10 (d) (means ± SD, n = 3).

2.4. Fatty Acid Composition and Concentration of C. weissflosi at Different Iron Concentrations

As shown in Table 1, 30 fatty acids were measured under different iron concentrations,
including 12 unsaturated fatty acids (UFAs) and 18 saturated fatty acids (SFAs). The main
fatty acids were C16:1n7, C20:5n3, C22:6n3, C14:0, and C16:0. Except for that of the group
with an iron concentration of 0 mg L−1, the UFA content of each group was higher than
that of SFAs, and the UFA content of the group with an iron concentration of 15.75 mg L−1

was higher than that of the other groups. The order of fatty acid content from highest to
lowest was SFA (40.9–60.4%) > MUFA (monounsaturated fatty acid) (36.9–39.1%) > PUFA
(polyunsaturated fatty acid) (18.0–20.2%).

Table 1. Fatty acid composition and concentrations (μg g−1) of C. weissflogii under different iron
concentrations.

Test Items 0 mg/L 3.15 mg/L 6.3 mg/L 15.75 mg/L 31.5 mg/L

C4:0 18.13 19.57 45.97 15.83 43.11
C6:0 30.33 137.49 30.65 23.48 102.16
C8:0 263.9 112.91 119.47 130.3 269.79
C10:0 384.5 25.29 254.38 310.88 326.63
C11:0 Not detected 25.95 Not detected 35.37 53
C12:0 48.36 45.24 34.13 42.32 40.47
C13:0 Not detected 47 Not detected Not detected Not detected
C14:0 8321.98 8272.94 7789.73 8754.77 8622.26

C14:1n5 161.41 154.7 134.28 179.01 159.08
C15:0 950.01 1120.68 1055.68 1224.67 1180.82
C16:0 14,727.31 16,135.16 14,813.51 16,884.4 15,317.65

C16:1n7 22,365.49 25,421.25 24,049.79 26,828.85 24,082.01
C17:0 32.67 20.12 62.36 67.49 55.43
C18:0 501.14 425.01 338.4 470.36 367.42

C18:1n9c 999.17 1013.63 864.56 1102.62 988.37
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Table 1. Cont.

Test Items 0 mg/L 3.15 mg/L 6.3 mg/L 15.75 mg/L 31.5 mg/L

C18:2n6c 281.33 260.08 198.92 252.58 264.04
C18:3n6 Not detected 170.72 60.06 20.83 27.57
C18:3n3 119.37 78.65 76.48 91.64 78.98

C20:0 57.75 69.59 92.43 126.45 85.36
C20:2 64.61 Not detected 101.77 Not detected Not detected

C20:3n6 112.49 Not detected 66.83 Not detected Not detected
C21:0 134.28 121.97 98.69 112.28 138.49

C20:3n3 126.25 Not detected 59.34 164.18 145.83
C20:4n6 123.17 86.67 78.95 97.39 114.95
C20:5n3 9254.11 9465.2 7936.26 10,328.37 10,280.99

C22:0 119.21 107.57 79.92 118.49 108.39
C22:6n3 3511.2 3146.65 2600.33 3647.48 3364.62

C23:0 318.16 Not detected 447.67 Not detected Not detected
C24:0 1035.7 888.02 634.48 1025.92 967.25

C24:1n9 167.1 37.87 93.67 146.45 28.88
SFA 38,745.22 27,574.51 25,897.47 40,458.73 27,678.23

MUFA 23,693.17 26,683.25 25,142.3 28,256.93 25,258.34
PUFA 13,592.53 13,152.17 11,178.94 14,602.47 14,276.98
UFA 37,285.7 39,835.42 36,321.24 42,859.4 39,535.32
FA 76,030.92 67,409.93 62,218.71 83,318.13 67,213.55

Under the condition of 15.75 mg L-1 of iron, the concentrations of C14:0, C16:1n7,
C16:0, EPA, and DHA were higher than those in the other groups, and the total lipid
content reached the cumulative maximum. As shown in Figure 4, the EPA concentration
of the 15.75 mg L−1 group reached 10.3 mg g−1 (approximately 12.4% of the total lipids),
which was slightly higher than that of the 31.5 mg L−1 group and significantly higher
than that of the other groups. It was also found that under the same iron concentration
of 15.75 mg L−1, the DHA concentration reached the maximum value of approximately
3.6 mg g−1, accounting for 4.4% of the total lipid content.

 

Figure 4. EPA (a) and DHA (b) concentrations of C. weissflogii under different iron concentration
culture conditions. Means within the same column of different letters are significantly different at
(p < 0.05).

3. Discussion

Iron is one of the important trace elements necessary for cell growth metabolism
and lipid synthesis in microalgae and is also a limiting factor involved in a variety of
enzymatic reactions and transport systems of microalgae, such as redox reactions, oxygen
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carrier proteins, photosystem II, nitrogen depletion, and chlorophyll synthesis [17,21–23].
Different concentrations of iron ions have different effects on the growth of microalgae, and
iron concentrations that are too high or too low will limit the growth and lipid synthesis
of microalgae because iron is the carrier of certain oxidoreductase enzymes, while the
components of coenzymes in algal cells and iron deficiency can affect a variety of metabolic
processes to inhibit cell growth and lipid synthesis [18,19,24]. Liang et al. [25] pointed out
that the fastest growth rate and the highest biomass were observed in Phaeodactylum tricor-
nutum at a concentration of 0.5 mg L−1, and the highest content of total lipids was observed
at a concentration of 0.25 mg L−1. The total lipid content of this alga increased with an
increase in the concentration of iron before reaching the optimal concentration of iron, and
the synthesis of the total lipids of the microalgae was inhibited when the concentration of
iron exceeded the optimal concentration. It has also been noted that iron concentrations as
high as 2 mg L−1 have positive effects on most microalgal species, but negative effects are
usually observed when iron concentrations exceed 40 mg L−1 [26]. Zhou et al. [27] reported
that the optimal iron concentration for the growth of Microcystis aeruginosa ranged from 3
to 12 mg L−1. When the Fe concentration exceeded 12 mg L−1, the concentration of Fe ions
in the algal cells increased significantly, resulting in the inhibition of algal growth. Zhou
et al. reported that the utilization of iron by M. aeruginosa was significantly correlated with
its growth status in the optimal concentration range. In this experiment, the cell biomass
and fatty acid content of C. weissflogii reached the maximum value at an iron concentration
of 15.75 mg L−1, indicating that the range of iron concentrations required for growth and
lipid synthesis varied among different algal species.

Iron ions can enhance the pigment synthesis and cell membrane stability of mi-
croalgae at appropriate concentrations to improve the accumulation ability of active
substances [24,28–30]. Wu et al. [31] found that adding an appropriate concentration
of ferric chloride during the culture of Navicula tenera can significantly promote the accu-
mulation of pigments in N. tenera. In another study [32], it was shown that iron-enriched
medium stimulated fucoxanthin accumulation in Nitzschia sp. and Nanofrustulum shiloi.
Zhu et al. [33] observed that at an iron concentration of 0.135 mg L−1, the carotenoid
content of P. tricornutum showed an increase of 5% to 30% compared to that under iron
deficiency. In the results of a study [34] on the qualitative and quantitative effects of Fe
concentration on the pigment composition of P. tricornutum, it was found that both the
β-carotenoid and fucoxanthin contents of P. tricornutum reached a maximum und a 10 μM
Fe concentration; however, a strong decrease in fucoxanthin content was observed in P.
tricornutum grown under very low Fe concentrations (0.001 and 0.01 μM). Kosakowska
et al. [34] suggested that P. tricornutum prioritizes the accumulation of diadinoxanthin at
the expense of fucoxanthin synthesis to compensate for the sharp decrease in the content of
β-carotenoids (another photoprotective pigment) under low-Fe conditions. In the present
study, the contents of carotenoids and fucoxanthin showed a trend of increasing and then
decreasing in all groups, which may be attributed to the increase in cell density in the later
stages of cultivation and the inter-cellular shading effect that reduces the uptake of light
energy, which in turn reduces the rate of synthesis of carotenoids and fucoxanthin. In
addition, the maximum values of the carotenoid and fucoxanthin contents of C. weissflogii
were found in the 3.15 mg L−1 treatment group, suggesting that this iron concentration
may be the optimal concentration for the accumulation of carotenoids and fucoxanthin in C.
weissflogii. In addition, we observed that the carotenoid content of C. weissflogii was the low-
est when iron was deficient, indicating that iron deficiency could inhibit the accumulation
of carotenoids in C. weissflogii to some extent.

Fatty acid double bonds are formed by desaturase, which presents three conserved
histidine clusters that are bound to Fe2+ to form the active center of the enzyme [35].
Therefore, the concentration of iron may affect the fatty acid composition of microalgae
by influencing desaturase activity. Liang et al. [25] found that a high concentration of
FeSO4 (1 mg L−1) was conducive to the synthesis of EPA, DHA, and PUFA in P. tricornutum.
However, another study on the effect of iron on the fatty acid composition of Tropidoneis
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maxima [36] showed a decreasing trend for EPA, DHA, and PUFA in T. maxima and the
influence of high concentrations of FeSO4 (1 mg L−1). Jiang observed [37] that the PUFA
content of Isochrysis galbana decreased under Fe3+ concentrations above and below 24.5 μM,
while the DHA content of I. galbana decreased under Fe3+ concentrations above and below
60.5 μM. These studies indicate that the effect of iron on the fatty acid composition of
microalgae is species-specific. In this study, EPA, DHA, and PUFA contents were highest
at an iron concentration of 15.75 mg L−1; an iron concentration above or below this could
inhibit polyunsaturated fatty acid synthesis in C. weissflogii. In addition, the SFA content
was significantly higher than the PUFA content under an iron concentration of 0 mg L−1,
which may be due to the lack of Fe3+ in the medium, resulting in the inability of the
conserved histidine clusters of the fatty acid desaturase to bind with sufficient Fe3+ to
form the active center of the enzyme, thus affecting the process of saturated fatty acid
desaturation.

4. Materials and Methods

4.1. C. weissflogii Strain and Culture Conditions

The C. weissflogii strain [15] used in this study was isolated from a shrimp pond in
Southern China and preserved at the Laboratory of Algae Resource Development and Aqua-
culture Environmental Ecological Restoration of Guangdong Ocean University. This strain
was grown autotrophically at a temperature of 25 ◦C in a modified F/2 medium, which
contained NaNO3 (75 mg), KH2PO4 (5 mg), Na2SiO3-9H2O (20 mg), F/2 trace element
solution (1 mL), and F/2 vitamin solution (1 mL) per liter of double-distilled water. The
F/2 trace element solution comprised C10H14N2Na2O8 (4160 mg), FeCl3·6H2O (3150 mg),
MnCl2·4H2O (180 mg), ZnSO4·4H2O (22 mg), CuSO4·5H2O (10 mg), H4MoNa2O6 (6 mg),
and CoCl2·6H2O (4160 mg) per liter of double-distilled water. The F/2 vitamin solution
was formulated with biotin (0.5 mg), vitamin B12 (0.5 mg), and vitamin B1 (100 mg) per
liter of double-distilled water. The C. weissflogii culture was maintained under a continuous
light intensity of 30 μmol m−2 s−1 and mixed with continuous aeration in 5 L flasks with
filtered seawater added to the F/2 culture medium.

4.2. Experimental Setup

In this experiment, the effect of Fe (FeCl3·6H2O) was evaluated using varying concen-
trations from 0 mg L−1 to 31.5 mg L−1. FeCl3·6H2O was firstly configured into a mother
liquor with a concentration of 3.15 g L−1. For the experiment, 0 mL, 1 mL, 2 mL, 5 mL, and
10 mL of FeCl3·6H2O mother liquor were added to the iron-free f/2 medium to represent
the 0-fold iron, 1-fold iron, 2-fold iron, 5-fold iron, and 10-fold iron treatment groups,
respectively. The volume of the mother cultures was 700 mL with the initial inoculation
density of approximately 6 × 105 cells mL−1. The experiment was performed under LED
light (30 ± 2 μmol m−2 s−1), aeration (0.4 L min−1), temperature (25 ± 2 ◦C), pH (8.0 ± 0.2),
and salinity (25), and cultured in a 1 L glass cylindrical photobioreactor (inner diameter,
5 cm) for 10 days. All cultures were mixed via continuous bubbling with 100% filtered air.
Illumination was provided form the side by a T8 LED Tube light (white) with a light–dark
cycle of 24 h: 0 h for 10 days. All treatments were carried out in triplicates.

4.3. Analytical Methods

After each sampling, the total cells of C. weissflogii were counted using a Neubauer im-
proved cell counting chamber (25 mm × 16 mm) under an Olympus BX53 light microscope.

Dry weight (DW) was determined by filtering a 10 mL of the algal suspension through
a pre-weighted (M1) acetate membrane (47 mm, nominal pore size 1 um). The algal biomass
was rinsed twice with 0.5 M ammonium bicarbonate. The filter membrane was placed in
an oven and dried at 80 ◦C to a constant mass, and the total mass M2 was measured and
recorded. DW is calculated using Equation (1):

DW = (M2 − M1)/10 (1)
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The carotenoid content was determined via the ethanol extraction method [38,39].
Algal cells were collected via centrifugation (5000 rpm for 10 min). Then, after addition
of a 95% volume fraction of ethanol to the algal cells (10 mL), the mixture was treated
under dark conditions for 24 h. The supernatant was collected via centrifugation (5000 rpm,
10 min), and the optical density values (D) of the supernatant at 480 nm, 510 nm, and
750 nm were measured using a spectrophotometer. The carotenoid content was calculated
using Equation (2):

ρ(Carotenoids) = 7.6 × [(D480 − D750)− 1.49 × (D510 − D750)] (2)

Fucoxanthin content was measured using an organic solvent extraction method [40]. C.
weissflogii cells (80 mL) were collected via centrifugation (5000 r min−1, 10 min) at 4 ◦C and
placed in a freeze dryer for 2 days. The freeze-dried algal cells were ground into a powder,
then anhydrous ethanol was added so that the material-to-liquid ratio was 1 g:40 mL and
extracted twice, each time for 1 h, in the dark at 60 ◦C. The supernatant was collected
via centrifugation at 5000 r min−1 for 10 min, and then the absorbance was measured at
445 nm using a UV spectrophotometer (D445). The fucoxanthin content was calculated
using Equation (3):

C(Fucoxanthin) = (1000 × D445 × N × V)/
(
A′ × M × 100

)
(3)

N is the dilution ratio; V is the volume of the crude extract; A′ is the theoretical
absorption value of a solute, which is 1600; M is the sample mass.

The fatty acid composition was determined via gas chromatography [41]. The appro-
priate amount of the sample was weighed in a glass tube, 0.5 mol L−1 of NaOH methanol
solution, shocked uniformly, was added and placed in a 60 ◦C heated water bath for 20 min
of saponification; after sufficient saponification, it was removed and cooled. Boron trifluo-
ride methanol complexing solution, shocked uniformly, was added to a 60 ◦C water bath
for 6 min for methylation; after cooling, isooctane was added for extraction and filtered
with a 0.45 nm organic filtration membrane, and the supernatant was put into the injection
vials for determination.

The prepared samples were analyzed with an Agilent 7890A gas chromatograph
with the parameters and measurement procedures described in the authors’ previous
studies [15]. A single fatty acid methyl ester standard solution and a fatty acid methyl
ester mixed standard solution were injected into the gas chromatograph, and the peaks
were characterized. The parameters were as follows: a capillary column (DB-23MS, column
length 60 m; internal diameter 0.25 mm; film thickness 0.15 μm), the split injection mode,
a split ratio of 35:1; nitrogen as the carrier gas, an inlet temperature of 270 ◦C, an initial
temperature of 100 ◦C, a duration of 13 min, temperatures of 100 ◦C~180 ◦C at a heating
rate of 10 ◦C min−1 for 6 min, temperatures of 180 ◦C~200 ◦C at a heating rate of 1 ◦C min−1

for 20 min, temperatures of 200 ◦C~230 ◦C at a heating rate of 4 ◦C min−1 for 10.5 min, and
FID as the detector. Under the above chromatographic conditions, the fatty acid standard
solution and the sample solution were injected into the gas chromatograph and quantified
according to the peak area of the chromatogram. Sensitivity analysis was used to check the
robustness of the fatty acid concentration.

Statistical analysis was performed using the SPSS for Windows statistical software
package (IBM SPSS v26.0; Chicago, IL, USA). One-way analysis of variance (ANOVA)
was used to test for significant differences (p < 0.05) between treatments, with the results
presented as the mean ± SD (standard deviation).

5. Conclusions

This study demonstrated that the co-production of fucoxanthin and fatty acids in
C. weissflogii could be considerably enhanced by adjusting the iron concentration in the
growth media. These findings indicate that an optimal iron concentration of 15.75 mg L−1

is beneficial for achieving the highest cell density and total fatty acid content, while a
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different optimal iron concentration of 3.15 mg L−1 resulted in the highest carotenoid
and fucoxanthin production. These results provide a foundation for the advancement of
large-scale microalgae cultivation, particularly for the efficient and targeted production of
valuable bioactive substances. This study adds to the broader understanding of microalgal
biotechnology and highlights the potential of microalgae as a sustainable source of health-
promoting compounds for aquatic organisms and humans. Furthermore, this study offers a
valuable experimental framework and support for large-scale industrial production, which
could have significant implications for nutrition, aquaculture, and the development of
functional foods and nutraceuticals.
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Abstract: Third-generation biomass production utilizing microalgae exhibits sustainable and envi-
ronmentally friendly attributes, along with significant potential as a source of physiologically active
compounds. However, the process of screening and localizing strains that are capable of producing
high-value-added substances necessitates a significant amount of effort. In the present study, we
have successfully isolated the indigenous marine diatom Odontella aurita OAOSH22 from the east
coast of Korea. Afterwards, comprehensive analysis was conducted on its morphological, molecular,
and biochemical characteristics. In addition, a series of experiments was conducted to analyze the
effects of various environmental factors that should be considered during cultivation, such as water
temperature, salinity, irradiance, and nutrients (particularly nitrate, silicate, phosphate, and iron).
The morphological characteristics of the isolate were observed using optical and electron microscopes,
and it exhibited features typical of O. aurita. Additionally, the molecular phylogenetic inference de-
rived from the sequence of the small-subunit 18S rDNA confirmed the classification of the microalgal
strain as O. aurita. This isolate has been confirmed to contain 7.1 mg g−1 dry cell weight (DCW) of
fucoxanthin, a powerful antioxidant substance. In addition, this isolate contains 11.1 mg g−1 DCW
of eicosapentaenoic acid (EPA), which is one of the nutritionally essential polyunsaturated fatty
acids. Therefore, this indigenous isolate exhibits significant potential as a valuable source of bioactive
substances for various bio-industrial applications.

Keywords: carotenoid pigments; fatty acids; Odontella aurita; culture condition; ultrastructure;
18S rDNA

1. Introduction

Microalgae contain various functional substances [1]. Unlike resources such as terres-
trial plants and seaweeds, they can be cultured in large quantities, which has the advantage
of securing raw materials in a stable manner [2]. Microalgae contain a significant amount
of useful high-value substances, including unsaturated fatty acids (such as omega-3 fatty
acids), natural pigments (such as astaxanthin, lutein, and fucoxanthin), and polysaccha-
rides and oligosaccharides (such as fucoidan, alginic acid, and carrageenan) [3]. They are
used in various bio-industries such as the food, health and functional food, cosmetics, and
pharmaceutical industries [4]. However, despite the high diversity of microalgae, only a
few, such as Chlorella (Chlorophyta) and Spirulina (Cyanobacteria), are used as raw food
materials and functional ingredients [5]. Since the development of useful materials derived
from microalgae has been limited to certain species, there is strong potential for discovering
new sources for biomaterial development in the future.

Diatoms (Bacillariophyta) are the dominant group of microalgae in marine environ-
ments [6]. They are the primary producers in coastal ecosystems [7]. They play a significant
role in the biogeochemical cycles of carbon and silicate [8]. Since diatoms have high
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nutritional value and industrial potential, numerous studies have been conducted on
various diatom species, including Cylindrotheca closterium, Nanofrustulum shiloi, Nitzschia
laevis, Odontella aurita, Phaeodactylum tricornutum, Skeletonema costatum, and Thalassiosira
weissflogii [9–15]. Among the various species, Odontella aurita has garnered significant
attention. This species is the type species of the genus Odontella and is classified under
the order Eupodiscales. The size of this species exhibits significant variability, ranging
from 10 to 100 μm [16]. Additionally, it has the ability to form colonies characterized by
their ribbon-like shape [16]. This species exhibits a global distribution, being found in both
benthic and planktonic forms [17]. It has been observed to occasionally form blooms during
the winter and early spring [17]. This species is of significant interest due to its remarkable
capacity to accumulate eicosapentaenoic acid (EPA) and fucoxanthin [18]. Polyunsaturated
fatty acids (PUFAs), such as EPA, have been recognized for their ability to provide a variety
of health benefits to individuals, and traditionally, these fatty acids have been primarily
obtained from fish oil [19]. As awareness of animal welfare and the promotion of vegan
culture continue to grow, microalgae are being recognized as a viable alternative to fish
oil [20]. Among these microalgae, O. aurita stands out due to its high content of EPA,
comprising approximately 25–26% of its total fatty acid composition [18]. Consequently,
O. aurita is being explored as a promising source of EPA [21]. Fucoxanthin, a marine
xanthophyll present in brown algae and diatoms, exhibits a diverse array of bioactivities,
including anti-oxidant, anti-cancer, and anti-obesity properties [22]. Additionally, it has
been reported that the substance contains a variety of beneficial components, including
fiber, phytosterols, protein, and minerals [23,24].

In 2002, the Agence Française de Sécurité Sanitaire des Aliments (AFSSA) granted
approval for the consumption of Odontella aurita, citing its substantial equivalence to other
edible seaweeds that had already been approved under EC Regulation 258/97 [25]. Since
then, O. aurita has been officially designated as a Novel Food in the European Union
(EU) [26]. According to the regulations set by the EU, the entire biomass of O. aurita can
be utilized in certain food products, subject to maximum content limitations [27]. This
particular species is one of the few commercially available options, even though it has not
been officially recognized as safe for consumption by the United States Food and Drug
Administration (US FDA) under the “generally recognized as safe” (GRAS) category [28].
Thus, it possesses the potential to be developed for feed, food, and functional material
with high value-added properties [29,30]. The French company Innovalg has successfully
cultivated this species on a large scale in raceway ponds and subsequently commercialized
it as a dietary supplement [31]. The supplement is available in the form of capsules that
contain dried cells. The species has not yet undergone human nutrition tests; however, it
has demonstrated the potential to mitigate the risk of metabolic syndrome in mice that
were fed a high-fat diet [21]. In addition, the lipophilic extract derived from this particular
species has been recognized for its ability to mitigate the effects of skin aging, making it a
popular choice as a cosmetic ingredient [29].

Acquiring new strains is of importance because the biological attributes of specific mi-
croalgae can vary depending on their habitat and strain, even within the same species [32].
Additionally, the regulations on Access and Benefit Sharing (ABS) under the Nagoya
Protocol have recognized a variety of biomaterials, including microalgae, as valuable
resources [33]. Per these regulations, any profits derived from these resources must be
distributed among the resource providers. This has the potential to result in increased
production expenses, thereby hindering the process of industrialization for the species [34].
Therefore, it can be argued that the exploration and cultivation of indigenous strains hold
significant importance.

The objective of this research is to identify and analyze the indigenous Odontella
aurita strain that was isolated from the coastal waters of Sonyang-myeon, Yangyang-
gun, Gangwon-do, Republic of Korea. In addition, this study aims to determine the
optimal culture conditions for each factor, including temperature, salinity, irradiance, and
nutrients concentration, which have an impact on the growth of this species and analyze
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the composition of fatty acids and carotenoid pigments to examine its potential applications
in various industries.

2. Results and Discussion

2.1. Morphological Identification of Strain OAOSH22

Our morphological observations revealed that our isolate exhibited several features
that are consistent with the characteristics of the genus Odontella. These features include
bipolar valves, two elevations at the apices with rimmed ocelli at the summits, two types of
pore occlusion, a distinct expanded hyaline valve margin with an upturned rim, rimoportu-
lae located in the subcentral position, valvocopula extending beneath the flange, and chain
formation [35]. The morphological characteristics of the isolate are outlined in detail below
and illustrated in Figure 1. The cells were strongly silicified, with an apical axis measuring
25–51 μm (n = 16). Numerous small circular or elliptical chloroplasts were observed adher-
ing to the cell wall (Figure 1A). The cells typically exhibited colony formation characterized
by a zigzag pattern, with a single horn connecting them, or a linear colony formation, with
both horns serving as points of connection (Figure 1A). Valves were more or less elliptical
(bipolar), with two obtuse horns (elevations) and an ocellus at each pole. There was also
a distinct convex area between the horns (Figure 1A,B,F; arrowhead). The valve mantle
became increasingly constricted towards the edge and greatly curved outward from the
edge again (Figure 1F; arrow). Valves were found to be embedded within the girdle band
(Figure 1E,F). Two or more labiate processes (up to 14 observed) with spine-like external
tubes were located in the central convex area of each valve (Figure 1D–F). The areolae were
arranged radially from the center of the valve (11 in 10 μm, n = 7) and were occluded by
two types of vela (Figure 1C; arrow and arrowhead). The surface of the valve exhibited a
multitude of small spines (Figure 1C,D,F).

 

Figure 1. Light and scanning electron microscopy micrographs of Odontella aurita OAOSH22. (A) Cells
form colonies with one or two horns connected. (B) External whole frustule view. (C) Detail of external
areolae occluded by two types of velum (arrow and arrowhead). (D) Detail of external valve central
area showing two labiate processes with spine-like external tubes (arrow). (E) Valve with 14 labiate
processes. (F) Embedded valve in the girdle band (arrow) and two obtuse horns with ocelli at apices
(arrowhead). Scale bars: (A) = 20 μm, (B,D–F) = 5 μm, and (C) = 1 μm.
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Microscopic observations revealed that strain OAOSH22 exhibited the characteristic
morphological traits of O. aurita (Lyngbye) C.A. Agardh 1832 [35]. The size of O. aurita cells
exhibits significant variability [16]. Therefore, it can be confusing to differentiate between
O. aurita and other species that share similar morphological features, such as O. obtusa
and Hobaniella longicuris. O. obtusa exhibits shorter and more obtuse horns, displaying
greater inflection at the base and a lower elevation at the center of the valve compared to
O. aurita [17]. In contrast to O. aurita, H. longicruris exhibits elongated and slender horns
with minimal curvature at the base. Additionally, it possesses dome-shaped areolae [35].

2.2. Molecular Identification of Strain OAOSH22

The length of the trimmed and assembled 18S rDNA sequences for strain OAOSH22
was determined to be 1684 base pairs (bp). The sequences obtained as a result of this study
have been submitted to GenBank under the accession number OP502635. A BLASTn search
was conducted to determine the similarity of the 18S rDNA sequence of strain OAOSH22.
The results revealed a high level of identity, with 99.6% similarity (query cover of 100% and
E-value of 0), when compared to the 18S rDNA sequence of Odontella aurita (MW750334).
Based on the BLASTn search results, we conducted phylogenetic analyses using maximum
likelihood (ML), and Bayesian inference (BI) methods were used to confirm the taxonomic
classification of strain OAOSH22 within the order Eupodiscales, which includes the genus
Odontella. Strain OAOSH22 exhibited a close relationship with O. aurita, as evidenced
by strong bootstrap values (ML bootstrap = 98% and BI posterior probabilities = 100%)
(Figure 2). Finally, the strain OAOSH22 was identified as Odontella aurita via the analysis of
morphological characteristics and sequencing data. The strain was deposited in the Korean
Collection for Type Cultures (KCTC 15114BP).

Figure 2. ML and BI phylogenetic tree of 18S rRNA gene from Eupodiscales species. The values on
each node indicate ML bootstrap and Bayesian posterior probabilities (%), respectively. The asterisk
(*) indicates 100.

Accurate identification of the microalgae species used for food is of utmost impor-
tance. Some microalgae have the ability to synthesize toxins, which can potentially lead
to severe health complications [36]. Therefore, accurately identifying the microalgae and
demonstrating that it belongs to a species that has been previously recognized as safe
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for consumption ensures that it is suitable for human consumption. In addition, accu-
rate species identification holds significant importance from a quality control standpoint.
Because each species of microalgae possesses distinct nutritional profiles and properties,
precise identification of the target microalgae is crucial in ensuring that the final product
achieves the intended nutritional content and properties [36]. In fact, the standardization of
species identification is one of the research recommendations outlined in the Phycomorph
European Guidelines for the Sustainable Aquaculture of Seaweeds [37]. In conclusion,
precise species identification plays a crucial and indispensable role in ensuring the safety,
quality, and nutritional value of microalgae during the industrialization process.

2.3. Optimization of Culture Conditions for Strain OAOSH22

To assess the influence of various factors on the growth of Odontella aurita OAOSH22
and identify the optimal cultivation conditions for each factor, an analysis was conducted
to examine the growth response under different conditions of irradiance, temperature,
salinity, and nutrient concentration at the laboratory scale (Figures 3 and 4). The growth
rate and statistical analysis results for each treatment are depicted in Figure S1.

The optimal irradiance (Ek) required to saturate photosynthesis in O. aurita OAOSH22
was determined via the rapid light curve method to be 76.5 μmol photons m−2 s−1. Fur-
thermore, the ETRmax was determined to be 5.29 (Figure 3). The growth of microalgae
and biomass production are more significantly influenced by suitable irradiance rather
than nutrient availability, as supported by previous studies [38,39]. At higher light in-
tensities, where saturation occurs, additional illumination does not enhance the rate of
photosynthesis. When microalgae are exposed to excessively intense light, it can result
in photo-oxidative damage to the photosynthetic machinery via the generation of sin-
glet oxygen. This subsequently reduces the efficiency and speed of photosynthesis, a
phenomenon known as photoinhibition [40,41]. Furthermore, low levels of irradiance
can hinder growth rates. Various studies have shown that certain species of microalgae
are capable of achieving their highest growth rates when exposed to irradiances below
100 μmol photons m−2 s−1 [42]. Additionally, it has been observed that photoinhibition
can occur even at irradiance levels ranging from 100 to 200 μmol photons m−2 s−1, which
is significantly lower than the typical intensity of sunlight [43,44]. The results of this in-
vestigation showed similarities to the findings of previous studies. However, irradiances
below 100 μmol photons m−2 s−1 may be considered suitable for laboratory-scale cultiva-
tion, as supported by the findings of this study. Conversely, when it comes to large-scale
cultivations beyond the pilot scale, it may be necessary to increase light intensities in order
to counteract the self-shading effects [45].

Figure 3. The rapid light-response curve of Odontella aurita OAOSH22. Solid lines indicate best
fit according to model of Platt et al. [46], and blue dotted lines represent 95% confidence intervals
(r2 = 0.96). Symbols and error bars represent the mean ± SE (n = 3).
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Figure 4. Growth curves of Odontella aurita OAOSH22 under different conditions of temperature (A),
salinity (B), nitrate (C), silicate (D), phosphate (E), and iron (F). Symbols and error bars represent the
mean ± SE (n = 3).

The growth curves of O. aurita OAOSH22 at temperatures of 5, 10, 15, 20, and 25 ◦C,
respectively, are illustrated in Figure 4A. Biomass production reached its maximum value of
138.7 mg L−1 after a 9-day incubation period at a temperature of 15 ◦C (p < 0.05). However,
no growth was observed at either 5 ◦C or 25 ◦C. Temperature is a critical determinant in the
growth and development of microalgae [47]. Various aspects are influenced by it, including
the growth rate, cell size, biochemical composition, and nutrient requirements [22]. O. aurita
is a common species frequently found in temperate regions and present throughout the year.
The species under consideration is classified as tychopelagic and is primarily distributed in
coastal regions [48]. It primarily inhabits the seafloor during the summer and autumn, and
can exert dominance in water columns from late winter to early spring [16,48]. This species
was observed to thrive in a temperature range of −1.8 to approximately 26.0 ◦C, with
the most favorable temperature for growth reported to be between −1.5 and 6.0 ◦C [49].
Martens [50] conducted a study at the Sylt–Rømø tidal basin, where it was found that a low
temperature of −2 ◦C was the main factor responsible for the bloom of O. aurita. However,
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Baars [49] proposed that the species’ normal growth is best achieved at temperatures
below 20 ◦C. In contrast, Pasquet et al. [51] conducted a study to investigate the impact
of temperature on chlorophyll–fluorescent photosynthesis parameters and found that this
particular species is capable of tolerating temperatures as high as 28 ◦C. Temperature
critically affects photosynthesis efficiency via its impact on enzyme kinetics [52]. Lower
temperatures impair enzymatic processes associated with photosynthesis, while moderate
temperature elevations enhance respiratory rates [47]. In contrast, extreme temperatures
suppress both metabolic and respiratory functions in microalgae [53]. Optimal microalgal
growth is attained when energy production in the thylakoid membranes aligns with energy
consumption in the Calvin cycle [47]. Environmental variations, especially temperature
shifts, can disrupt this balance, leading to adjustments in the photosynthetic components,
including altered structural dimensions and Rubisco activity [47]. At lower temperatures,
carboxylase activity significantly diminishes. In contrast, at higher temperatures, some
photosynthetic enzymes may cease to function. However, the tolerance of microalgae to
these temperatures varies by species [47].

In order to achieve optimal growth of our strain, it is crucial to consider the salinity
of the medium. The growth curves of O. aurita OAOSH22 at various salinities (24, 27,
30, 33, and 36 psu) are depicted in Figure 4B. Biomass production reached its peak at
138.2 mg L−1 on day 9 of the experiment at a salinity level of 33 psu (p < 0.05). Addi-
tionally, biomass production exhibited comparable levels within the range of 24 to 30 psu.
There is limited existing research on the correlation between growth and salinity levels
in O. aurita. However, McQuoid [54] found that low salinity levels below 15 psu could
have a detrimental impact on the germination process of O. aurita. Salinity stress can
significantly impact the growth and biochemical composition of microalgae. Indeed, salt
stress has been identified as a primary factor affecting both the growth and biochemical
composition of these organisms [55]. Different microalgae species exhibit preferences for
specific salinity ranges, which are often associated with their natural habitats. This salinity
affects osmotic and ionic balances, subsequently impacting growth, photosynthesis, and
metabolite production [56]. For example, when Chlorella vulgaris is grown under varying
salinity levels, it exhibits distinct metabolite profiles, characterized by variations in lipids,
proteins, and carbohydrates [56]. Furthermore, extreme salinity can induce osmotic stress,
potentially restricting the activity of ATP synthase and thus influencing crucial metabolic
pathways [57].

In the present study, the biomass production of O. aurita OAOSH22 increased to
approximately 100 mg L−1 (Figure 4C), which represents a 1.2-fold increase compared
to the control, when the concentration of nitrate in the medium was doubled (p < 0.05).
However, when the nitrate concentrations were doubled or higher, there was little to no
increase in biomass production. Therefore, a concentration of 150 mg N L−1, which is
twice the amount of nitrate found in the standard F/2 medium, appears to be adequate for
the growth of O. aurita OAOSH22. Previous studies have consistently reported a strong
correlation between the concentration of nitrate and the biomass of microalgae [58,59].
Similar findings have been observed in studies focusing on O. aurita [18,45,60]. However,
Xia et al. [61] found that the biomass of O. aurita was produced at similar levels (approx-
imately 4 g L−1) under both high (18 mM) and low (6 mM) nitrate concentrations when
cultured at 100 μmol photons m−2 s−1. Additionally, they observed that biomass produc-
tion increased approximately 1.5-fold under high nitrate concentrations compared to low
concentrations when cultured at 300 μmol photons m−2 s−1. This observation demonstrates
that providing sufficient nutrients alone may not guarantee optimal growth outcomes, as
the fulfillment of basic physical environmental conditions is also crucial in determining
growth effects.

In the present study, we observed that the using a silicate-enriched medium signifi-
cantly enhanced the biomass production of O. aurita OAOSH22 (Figure 4D). The growth
of O. aurita exhibited a significant increase with the rise in silicate concentration in the
medium (p < 0.05). The maximum biomass of 216 mg L−1 was observed on the 6th day of
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culture when the silicate concentration was 8 times higher than that of the standard F/2
medium. Xia et al. [60] demonstrated that an increase in silicate concentration positively
correlated with the biomass production of O. aurita. However, contrary to the findings
of the present study, no significant difference in biomass production was observed across
varying silicate concentrations (27.3–104.2 mg L−1). Silicates play a crucial role as vital
nutrients in promoting diatom growth and are indispensable for the development of their
cell walls composed of silica [62]. Therefore, the presence of silicates can have a substantial
impact on the growth of diatoms [63]. When the availability of silicate is limited, a majority
of diatoms experience disruptions in their cell cycles during the G1/S or G2/M phases,
resulting in thinner frustules [62,64]. Additionally, the imposition of silicate restriction
resulted in a reduction in the fucoxanthin content within Phaeodactylum tricornutum [65].
Conversely, it is imperative to appropriately adjust the concentration of silicate based on
the target indicator material to be utilized, as research has shown that the restriction of
silicate strongly promotes lipid accumulation in diatom cells [66].

In the case of phosphate, the biomass production of O. aurita exhibited no significant
variation across different treatment concentrations, as depicted in Figure 4E. Phosphorus
constitutes only 1% of the dry weight of microalgal cells; however, it plays a crucial role in
limiting microalgal growth in natural ecosystems [22]. However, the impact of phosphorus
on the growth of microalgae is relatively less significant compared to nitrogen. Additionally,
it has been observed that beyond a certain concentration, phosphorus does not contribute to
the growth and biomass production of microalgae [67,68]. Lu et al. [69] reported a negative
correlation between phosphate concentration and biomass production in their study on the
culture of Nitzschia laevis. As a result, it seems that there is no need to provide additional
phosphate supply beyond the phosphate concentration present in the F/2 medium is not
required for the growth of O. aurita OAOSH22.

Iron plays a crucial role in various metabolic processes that regulate photosynthesis
via enzymatic reactions. It is a key component of cytochromes b and c, which function as
electron transporters in both the photosynthetic and respiratory chain. This involvement of
iron positively impacts the growth rate of diatoms [39,70]. The study conducted by Sahin
et al. [12] demonstrated that Nanofrustulum shiloi exhibited 1.3- and 1.1-fold increases in
response to an iron-rich environment. Contrarily, the limitation of iron frequently leads to
an elevation in the silica composition of diatoms [71]. This, in turn, can cause a reduction in
the concentration of silicate in the medium, ultimately resulting in the inhibition of diatom
growth. In the present study, O. aurita OAOSH22 showed no significant variation in biomass
production compared to the control group when given additional iron supplementation,
(Figure 4F).

2.4. Carotenoid Content of Strain OAOSH22

The concentration of major carotenoid pigments in Odontella aurita OAOSH22 is
depicted in Figure 5. Additionally, the LC chromatogram can be found in Figure S2. The
main carotenoid pigment found in the isolate obtained in this study was fucoxanthin, with
a content of 7.10 ± 0.47 mg g−1 DCW. It was also found to contain a small amount of
diadinoxanthin (0.98 ± 0.06 mg g−1 DCW) and diatoxanthin (1.37 ± 0.04 mg g−1 DCW).

Fucoxanthin, a xanthophyll pigment derived from carotenoids, is a naturally occurring
pigment. According to Matsuno [72], it is estimated that this particular carotenoid con-
tributes to over 10% of the overall carotenoid production in nature and holds the highest
prevalence among carotenoids in marine ecosystems. In the context of fucoxanthin produc-
tion, it is highly probable that commercially viable microalgae species would include di-
atoms (Bacillariophyta), Prymnesiales (Haptophyta), and Chrysophyceae (Ochrophyta) [73].
One notable chemotaxonomic characteristic of diatoms is their high concentration of fu-
coxanthin, which is also found in brown algae [74]. The fucoxanthin content in diatoms is
approximately 1–6%, which is over 100 times greater than that found in brown algae [75].
Moreau et al. [29] conducted a study on the anticancer activity of fucoxanthin against
bronchopulmonary cancer and epithelial cancer and reported that O. aurita is a significant
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source of fucoxanthin. Fucoxanthin exhibits health-promoting effects attributed to its
potent antioxidant properties [76]. Additionally, it demonstrates anti-obesity, anti-diabetic,
anti-cancer, anti-angiogenic, anti-inflammatory, anti-metastatic, and anti-Alzheimer’s dis-
ease activity [18,77]. Due to its diverse physiological activities, fucoxanthin has found
extensive applications in the food, pharmaceutical, and cosmetic industries. It has gained
significant attention as a functional material with anti-obesity properties [78]. Fucoxanthin
has been scientifically proven to possess superior anti-cancer, anti-microbial, and free
radical-scavenging properties compared to widely used compounds such as β-carotene and
astaxanthin [79,80]. Based on the observed physiological activity, commercially available
fucoxanthin-based products derived from microalgae, such as Fucovital and BrainPhytTM,
have been developed and marketed [81]. Fucovital is a health supplement developed
by Algatechnologies. It is the first food additive to obtain US FDA approval in 2017 in
recognition of its liver function improvement effect and is the first microalgae-derived
fucoxanthin-containing product released on the market [22]. BrainPhytTM is a health sup-
plement developed by Microphyt, France, and was listed on the US FDA’s New Dietary
Ingredients (NDI) in 2019 [22]. It can help improve cognitive ability and short- and long-
term memory by alleviating oxidative and inflammatory stress in the brain. Consequently,
it is anticipated that there will be a rise in demand in the future [22].

Figure 5. Concentrations of the major carotenoid pigments in Odontella aurita OAOSH22.

Xia et al. [60] conducted a study on the fucoxanthin content of O. aurita and found
that it reached up to 21.7 mg g−1 (dry weight). The actual content varied depending on the
optimal culture conditions, specifically a light intensity of 100 μmol photons m−2 s−1 and a
nitrate supply of 6 mM. This finding was significant, as it represented the highest reported
fucoxanthin content in diatoms [82]. Although the fucoxanthin content observed in our
study was lower than that reported in previous studies focusing on O. aurita, it was found
to be comparable to or higher than the levels found in other species such as Chaetoceros
gracilis, Cylindrotheca closterium, Nitzschia laevis, and Phaeodactylum tricornutum [68,83,84].
The composition of high-value-added substances can vary among different strains, even
within the same species [32]. This variation is influenced by various culture conditions
including light intensity [60], temperature [85], salinity [58], nutrient concentration [60], and
culture media [86]. For instance, it has been observed that with an increase in light intensity,
there is a corresponding increase in microalgal biomass [73]. However, it has also been
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noted that this increase in light intensity leads to a decrease in fucoxanthin production [87].
Light intensity exceeding 150 μmol photons m−2 s−1 has been found to induce the synthesis
of photoprotective pigments, namely diadinoxanthin and diatoxanthin [88]. Therefore,
further investigation into the optimal culture conditions is required in order to enhance the
content of fucoxanthin.

2.5. Fatty Acids Composition of Strain OAOSH22

The composition of fatty acids in Odontella aurita OAOSH22 consisted of saturated
fatty acids (SFAs) (42.5%), monounsaturated fatty acids (MUFAs) (37.8%), and polyunsat-
urated fatty acids (PUFAs) (19.7%). The main fatty acids synthesized by this strain were
palmitoleic acid (C16:1, 36.4 ± 1.4%), palmitic acid (hexadecanoic acid, C16:0, 25.8 ± 1.0%),
eicosapentaenoic acid (EPA, timnodonic acid, C20:5ω3, 17.7 ± 3.3%), and myristic acid
(tetradecanoic acid, C14:0, 15.6 ± 1.2%) (Table 1).

Table 1. Fatty acid composition (% total fatty acids) of Odontella aurita OAOSH22.

Fatty Acids
Amount

(mg g−1 DCW)
Composition

(%)

SFA
Myristic acid C14:0 9.65 ± 0.23 15.61 ± 1.20
Palmitic acid C16:0 15.96 ± 0.27 25.76 ± 0.95
Stearic acid C18:0 0.68 ± 0.02 1.10 ± 0.09

MUFA
Palmitoleic acid C16:1n7 22.52 ± 0.36 36.34 ± 1.36

Oleic acid C18:1n9 0.93 ± 0.02 1.50 ± 0.05

PUFA

Linoleic acid C18:2n6 cis 0.75 ± 0.03 1.21 ± 0.01
Gamma-linolenic acid (GLA) C18:3n6 0.30 ± 0.03 0.48 ± 0.03

Arachidonic acid (AA) C20:4n6 0.22 ± 0.06 0.33 ± 0.09
Eicosapentaenoic acid (EPA) C20:5n3 11.07 ± 2.63 17.66 ± 3.28

The distribution of fatty acids exhibits significant variation among different microal-
gae taxa as well as within species. Diatoms are commonly known to possess a significant
concentration of various fatty acids, including myristic acid (C14:0), palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), and EPA (C20:5ω3) [13,89].
These fatty acids play a significant role in various industries, including food, pharmaceu-
ticals, cosmeceuticals, aquaculture, and biofuel [77]. In particular, PUFAs, represented
by EPA and docosahexaenoic acid (DHA), have garnered significant interest. PUFAs
refers to unsaturated fatty acids containing 18 or more carbon and two or more double
bonds [90]. PUFAs, such as omega-3 or omega-6 unsaturated fatty acids, play crucial
roles in various physiological processes within the human body. However, these fatty
acids are either not naturally synthesized (e.g., linoleic acid and α-linolenic acid) or are
synthesized in limited quantities (e.g., EPA, DHA, and arachidonic acid). Consequently, it
is necessary to obtain these PUFAs via dietary intake [91]. EPA offers a range of nutritional
and health advantages, including its anti-inflammatory, anti-microbial, anti-cancer, vision
and cardiovascular-protective, anti-Parkinsonian syndrome, and anti-Alzheimer’s disease
effects [18,77].

Odontella aurita is a representative EPA-rich species among microalgae and is known
to have an EPA content of more than 20% total fatty acids [18,45,51,92]. The fatty acid
composition of O. aurita OAOSH22 was similar to that of previous studies, but the content
of EPA was slightly lower, measuring at 17.7%. Several previous studies have documented
that a deficiency of silicate in the growth medium stimulates lipid synthesis and leads to
an increase in EPA levels [65,93]. Hence, it is hypothesized that the high concentration of
silicate in the medium used in this study had a negative effect on the EPA content.

Currently, the primary source of EPA is derived from oily fish species such as salmon,
mackerel, pilchard, herring, and trout [19]. However, diatoms present a promising alter-
native source of EPA, offering the advantage of meeting vegan dietary requirements [85].
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In particular, the species O. aurita has already been commercially utilized for food in
Europe, suggesting that it holds significant potential in the food and functional food indus-
tries [21,31]. In 2018, SAS Odontella, a French startup, introduced Solmon, a vegan food
product that incorporates the extract of Odontella aurita to maintain the flavor profile of
smoked salmon while also being a significant source of omega-3 fatty acids [94].

Myristic acid, which is the main fatty acid present in this strain, acts as a stabilizing
agent for various proteins, including those involved in immune system function and anti-
cancer properties [95]. Additionally, it has extensive applications in the beauty industry as a
fragrance, surfactant, detergent, and emulsifier [96]. Palmitoleic acid has been documented
to exhibit antibacterial properties [77], and has recently been suggested as a potential food
ingredient for managing obesity [97].

3. Materials and Methods

3.1. Sample Collection and Isolation

A sample was collected from the coastal water at the port of Osan (38◦5′25.51′′ N,
128◦39′53.36′′ E) in Yangyang-gun, Gangwon-do, Republic of Korea, on 16 February 2022
by the Survey on Marine Bio-Resources. Cell isolation was conducted using the capillary
method with a Pasteur pipette while being observed under an Eclipse Ti-U inverted
microscope (Nikon, Tokyo, Japan). The isolated cells were subsequently transferred to a
cell culture flask (SPL Life Sciences, Pocheon, Republic of Korea) containing F/2 medium
supplemented with silicate (Sigma Aldrich Co., St. Louis, MO, USA) and a 0.2% antibiotic
mixture (Penicillin-streptomycin-neomycin) (Sigma Aldrich Co.). To assess the ability of the
isolated strain to grow on a solid medium, the monoculture strain was inoculated onto a 1%
agar plate (Bacto Agar, BD Difco Ltd., Detroit, MI, USA) supplemented with F/2 medium.
Culture strains cultivated in both liquid and solid media were periodically transferred to
fresh medium at intervals of three weeks and two months, respectively. The culture strains
were then incubated at a temperature of 17 ◦C, a 14:10 h light/dark cycle, and an irradiance
of 40 μmol photons m−2 s−1.

3.2. Morphological Identification

The culture strain was harvested via centrifugation at 2100× g for 5 min and mixed
with glycerol gelatin (Sigma Aldrich Co.) to be mounted on a slide. The mixed sample was
placed dropwise on a glass slide and fixed in position with a coverslip. Finally, the margin
of the coverslip was sealed with CoverGrip coverslip sealant (Biotium, Hayward, CA, USA).
The slide was examined using a Nikon Eclipse Ni light microscope. For scanning electron
microscopy (SEM), the cultured strain was fixed in 5% Lugol’s solution, filtered through a
polycarbonate membrane with a pore size of 3 μm and a diameter of 25 mm (Advantec,
Tokyo, Japan), and washed three times with sterile distilled water. The membrane was
dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 90%, and 100%) and finally
dried using tetramethylsilane (Sigma Aldrich Co.). The membrane was mounted on a stub
and sputter-coated with gold using an MC1000 ion sputter (Hitachi, Tokyo, Japan). The
cells and surface morphology were observed using a high-resolution Zeiss Sigma 500 VP
field-emission scanning electron microscope (FE-SEM, Carl Zeiss, Oberkochen, Germany).

3.3. Molecular Identification

The culture medium, which contained the strain, was transferred into a 50 mL conical
tube and subjected to centrifugation at a speed of 5370× g for a duration of 5 min. The
supernatant was subsequently removed. Genomic DNA extraction was performed using
the DNeasy PowerSoil Pro Kit (Qiagen Inc., Hilden, Germany) according to the manufac-
turer’s instructions. Polymerase chain reaction (PCR) amplification was conducted using
the Diatom9F [98]/EukBR [99] primer pairs in order to amplify the 18S rRNA sequence.
PCR analysis was conducted following the protocol outlined by Raja et al. [100]. The PCR
product underwent purification using ExoSAP-IT Express PCR Product Cleanup Reagent
(Thermo Fisher Scientific, MA, USA) and was subsequently sequenced by Cosmogenetech
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Co., Ltd. (Seoul, Republic of Korea). The sequence underwent trimming, assembly, and
alignment using Geneious Prime v.2022.2.2 (Biomatters Ltd., Auckland, New Zealand).
The data set of 18S rRNA sequences was compiled, comprising the genetic sequences of
16 species belonging to the Eupodiscales order, as retrieved from GenBank. Biddulphia
biddulphiana (JX401227) was utilized as an outgroup. Phylogenetic analyses were performed
using maximum likelihood (ML) and Bayesian inference (BI) methods. Randomized Axel-
erated Maximum Likelihood (RAxML) v.8.2.10 [101] and MrBayes version 3.2.7 [102] were
used for the ML and BI analyses, respectively. ML and BI analyses were conducted using
the methodologies outlined by An et al. [103].

3.4. Determination of Optimal Culture Conditions

The isolate was cultured under various temperature, salinity, and nutrient conditions
to determine the optimal culture conditions. The experimental conditions for water tem-
perature, salinity, and irradiance were set based on previous research findings [38,49,51,54].
Additionally, the concentrations of each nutrient were set at levels that were 2, 4, and 8 times
higher, respectively, than those found in the commonly used F/2 medium for culturing
marine microalgae. To determine the optimal growth temperature, the temperature experi-
ment compared growth at temperatures ranging from 5 to 25 ◦C. The salinity experiment,
on the other hand, compared growth at salinities ranging from 24 to 36 psu using F/2 media
that contained silicate. These experiments were conducted using a multi-thermo incubator
(MTI-202B, Eyela, Tokyo, Japan). In addition, to confirm the growth characteristics based
on nutrient concentrations, the isolate was cultured at 17 ◦C using a medium enriched with
each nutrient (nitrate, silicate, phosphate, and iron) (Sigma Aldrich Co.). The concentra-
tion of each nutrient in the standard F/2 medium was set to the control level. Optimal
conditions for each factor were determined via daily growth tests. Detailed experimental
conditions for each factor are shown in Table 2. Samples for all tests, with the exception of
the test aimed at determining optimal irradiance, were carried out by introducing 30 mL
of medium containing the strain into a 25 cm2 cell culture flask. A dimmable LED panel
was used as the light source for the cultivation process. Irradiance was measured using the
HD2102.2 Portable Luxmeter Data Logger, which was equipped with LP471PAR Quantum
Radiometric Probe (Delta OHM, Caselle, Padova, Italy).

Table 2. Experimental conditions for determining optimal cultivation conditions for each factor.
The minimum condition for each nutrient utilized in the experiments is its presence in a standard
F/2 medium.

Experimental Conditions

Temperature (◦C) 5, 10, 15, 20, 25
Salinity (psu) 24, 27, 30, 33, 36

Nutrients (mg L−1)
Nitrate (NaNO3) 75, 150, 300, 600

Silicate (Na2SiO3•9H2O) 15, 30, 60, 120
Phosphate (NaH2PO4•H2O) 5, 10, 20, 40

Iron (FeCl3•6H2O) 3.15, 6.3, 12.6, 25.2

To determine the optimal growth irradiance, the pulse amplitude modulation (PAM)
fluorometry technique was used in this study. The PAM technique is commonly employed
to assess parameters associated with the photosynthetic efficiency of microalgae using
chlorophyll fluorescence quenching analysis [104]. RLCs obtained using the PAM technique
offer comprehensive insights into the saturation characteristics of electron transport and
the overall photosynthetic capacity of microalgal strains [105]. This information can be
used to determine the optimal level of irradiance required for cultivating specific types of
microalgae [106]. It can also be used to estimate the maximum productivity of the culture
when provided with the optimal irradiance [107]. The determination of the light saturation
coefficient (Ek), which indicates the point at which photosynthesis reaches saturation,
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involves considering two factors: the maximum electron transport rate (ETRmax) and the
initial slope (α) of the RLC. The initial slope of a graph represents the quantum efficiency
of photosynthetic electron transport [108]. Ek can be regarded as the ideal irradiance level
for the cultivation of microalgal strains [109]. A 3.0 mL quantity of the culture strain was
placed in a DUAL-K25 quartz glass cuvette, which was supplied with the Dual-PAM and
dark-adapted for 30 min before PAM measurement. Rapid light curve (RLC, ETR versus
irradiance curve) was conducted at eight incremental irradiances (47, 56, 69, 119, 190, 244,
398, and 610 μmol photons m−2 s−1) of actinic light using the Dual-PAM-100 (Heinz Walz
Gmbh, Effeltrich, Germany) equipped with an Optical Unit ED-101US/MD. The light
curve was fitted according to the model of Platt et al. [46] to determine the maximum
electron transport rate (ETRmax), the initial slope of the curve (α), and the irradiance at
which ETR saturation occurs (Ek). Data processing was performed following the method
described in Ralph and Gademann [105] using SigmaPlot v.12.3 (Systat Software Inc.,
San Jose, CA, USA).

3.5. Determination of Biomass

Biomass production was calculated based on the equation derived from the calibration
curve between chlorophyll fluorescence (with an excitation wavelength of 440 nm and
emission wavelength of 680 nm) and dry cell weight (DCW) (Figure S3). To obtain a
calibration curve of chlorophyll fluorescence versus biomass weight, we measured the
chlorophyll fluorescence of five pre-cultures of algae with different cell densities using a
microplate reader (Synergy H1, BioTek, Winooski, VT, USA). Each sample was then placed
in a pre-weighed tube and centrifuged at 8400× g. After the supernatant was removed, the
sample was washed once with distilled water to remove salt and then centrifuged again.
The cell pellet was lyophilized using a benchtop freeze dryer for 24 h (Freezezone 4.5,
Labconco, Kansas City, MO, USA). Finally, the DCW was determined by subtracting the
weight of the pre-weighed tube from the total weight of the tube containing the pellet.

3.6. Carotenoids Analysis

Carotenoid was analyzed using a slight modification of the method from Kang et al. [110].
To quantify the carotenoid content, algal biomass concentration was calculated using a
pre-determined conversion equation mentioned earlier. Subsequently, algal cells were
collected by centrifugation at 33,600× g for 2 min. The supernatant was then removed, and
the pigments were extracted from the cells using 100% methanol and algal cells disrupted
via ultrasonic water bath (DAIHAN Scientific, Republic of Korea) for 3 min at 60 ◦C. The
resulting supernatant was then filtered through a 0.2 μm PTFE membrane filter (Millipore,
Billerica, MA, USA). Carotenoid pigments were analyzed using an Agilent 1260 Infinity
HPLC system (Agilent, Waldbronn, Germany) equipped with a Spherisorb 5.0 μm ODS1
4.6 × 250 mm cartridge column (Waters, St. Louis, MO, USA) at 40 ◦C. Chromatograms
were identified by comparing them to carotenoid standards including fucoxanthin (Sigma
Aldrich, St. Louis, MO, USA), diadinoxanthin, diatoxanthin, and β-carotene (DHI, Hør-
sholm, Denmark), and the concentration of each pigment was calculated using the peak
area of the standard pigments.

3.7. Fatty Acid Analysis

Cells were harvested via centrifugation at 16,500× g for fatty acid analysis. After + as
much supernatant as possible was removed, the pellets were lyophilized via freeze-drying
at −110 ◦C under a vacuum for 24 h. Fatty acid extraction was performed following the
methods described by Garces and Mancha [111]. The fatty acid composition was analyzed
using a 7890A gas chromatograph (Agilent, Wilmington, DE, USA) equipped with a flame
ionization detector (280 ◦C, H2 35 mL min−1, air 350 mL min−1, He 30 mL min−1) and
a DB-23 column (60 mm × 0.25 mm × 0.25 μm film thickness; Agilent). The initial GC
oven temperature was set at 80 ◦C and maintained for 3 min. The temperature was ramped
up at a rate of 15 ◦C min−1 to 200 ◦C and held for 8 min. It was then ramped at a rate of
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1 ◦C min−1 to 215 ◦C and held for 8 min. After that, it was ramped at a rate of 2 ◦C min−1

to 250 ◦C and held for 5 min. Finally, it was ramped at a rate of 50 ◦C min−1 to 80 ◦C
and held for 3 min. The sample (2 μL) was injected with a split ratio of 10:1. The injector
and detector temperatures were set at 250 ◦C and 280 ◦C, respectively. The identification
of fatty acids was performed by comparing their retention time to the retention time of
standards (Supelco 37-component FAME mix; Supelco, Bellefonte, PA, USA) and an internal
standard (pentadecanoic acid; Sigma Aldrich Co.). Fatty acid analysis was conducted at
the National Instrumentation Center for Environmental Management (NICEM) at Seoul
National University in the Republic of Korea.

3.8. Statistics Analysis

All experimental procedures were conducted in triplicate. First, the data were sub-
jected to analysis in order to evaluate its normality through the utilization of the Shapiro–
Wilk test. Once the normality of the data was confirmed, the mean differences between
treatments were examined via one-way analysis of variance (ANOVA) with Tukey’s post
hoc test (p < 0.05) using the SPSS v.14.0 software (SPSS Inc., Chicago, IL, USA). The mean
and standard deviations are reported, and distinct letters are used to indicate a statistically
significant difference at a significance level of p < 0.05.

4. Conclusions

In the present study, we obtained an indigenous strain of Odontella aurita OAOSH22
and conducted an analysis of its fundamental characteristics and optimal culture condi-
tions. As observed in previous studies on this species, the current isolate also exhibited
elevated levels of fucoxanthin and EPA. This particular species has obtained certification
and has been utilized as a cosmetic ingredient not only in Korea but also in numerous
other countries. Furthermore, it possesses significant potential as a material for food
and health functional products. The composition of high-value-added substances is sub-
ject to the influence of diverse cultural conditions, including light intensity, temperature,
salinity, nutrient concentration, and culture media. Therefore, additional investigation is
required to enhance the synthesis of valuable compounds. In addition, in order to establish
optimal conditions for large-scale cultivation in an industrial environment, follow-up re-
search to reduce cultivation costs, such as exploring alternatives to expensive media, must
also be conducted.
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(d), phosphate (e), and iron (f). Symbols and error bars represent the mean ± SE (n = 3). The same
letter indicates homologous groups as recognized via the Tukey HSD test at p = 0.05. Figure S2: The
chromatogram, acquired via high-performance liquid chromatography with photodiode array detection
(HPLC-PDA), of the carotenoid extract derived from Odontella aurita OAOSH22. Figure S3: Calibration
curve for Odontella aurita OAOSH22 based on fluorescence excitation of chlorophyll.
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Abstract: Microalgae attract interest worldwide due to their potential for several applications.
Scenedesmus is one of the first in vitro cultured algae due to their rapid growth and handling easiness.
Within this genus, cells exhibit a highly resistant wall and propagate both auto- and heterotrophically.
The main goal of the present work is to find scalable ways to produce a highly concentrated biomass
of Scenedesmus rubescens in heterotrophic conditions. Scenedesmus rubescens growth was improved at
the lab-scale by 3.2-fold (from 4.1 to 13 g/L of dry weight) through medium optimization by response
surface methodology. Afterwards, scale-up was evaluated in 7 L stirred-tank reactor under fed-batch
operation. Then, the optimized medium resulted in an overall productivity of 8.63 g/L/day and a
maximum biomass concentration of 69.5 g/L. S. rubescens protein content achieved approximately
31% of dry weight, similar to the protein content of Chlorella vulgaris in heterotrophy.

Keywords: Scenedesmus rubescens; heterotrophy; media optimization; stirred-tank reactor; DoE—design
of experiment; RSM—response surface methodology

1. Introduction

Microalgae or microphytes are microscopic ancestral living organisms defined as
oxygenic photosynthesizers. These organisms comprise over 300,000 species of which ap-
proximately 30,000 are documented [1]. Their potential to be used in wastewater treatment
and effluent bioremediation has been widely discussed [1], as well as other uses, namely
for food and feed applications and added value compound extraction [2].

To overcome prohibitive production costs and to achieve the high purity required for
more refined niche markets (such as cosmetics and pharmaceutical industries), it is possible
to use biorefinery approaches to extract a wide variety of bioproducts, such as proteins,
carbohydrates, carotenoids, and lipids such as DHA (docosahexaenoic acid) and EPA
(eicosapentaenoic acid) [1]. Besides being more readily incorporated into commonly used
products than whole biomass, microalgae extracts are functional ingredients, conveying
bioactive properties to those products [3]. Therefore, it is possible to take full advantage
of microalgae’s inherent ability to produce valuable compounds, channel the different
fractions into specific applications directed at highly refined markets, and make the whole
production process economically viable [4].

Microalgae can be produced under autotrophic, mixotrophic, and heterotrophic condi-
tions. However, only a few microalgae, such as Scenedesmus sp., Chlorococcum sp., Chlorella
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sp., and Chlamydomonas sp., grow heterotrophically [5–8]. Under these conditions, microal-
gae use organic substrates both as energy and as carbon sources [9], and production occurs
in closed-stirred reactors, such as industrial fermenters [9], and in axenic conditions [10].
Heterotrophic growth is light-independent and allows faster growth and higher yields.
For instance, Scenedesmus acuminatus produced heterotrophically yielded 274 g/L of dry
biomass [5]. Thus, it decreases the need to occupy large areas for inoculum production [7,9].
Overall, it allows efficient, controlled, reproducible, and reliable year-round production,
overcoming major limiting factors of autotrophic cultivation, namely the dependency on
weather conditions [11].

The green microalgae Scenedesmus sp. (Chlorococcales; Scenedesmaceae) are com-
monly found in fresh and wastewater streams [12]. These algae are typically characterized
by a two-dimensional arrangement of two or more cells in regular aggregates called coeno-
bia [13], and algae from this genus were some of the first cultured in vitro due to their rapid
growth and handling easiness [12]. Scenedesmus sp., similarly to other coccoid green algae,
present highly resistant cell walls exhibiting a characteristic trilaminar structure [14].

Scenedesmus sp. can grow both auto- and heterotrophically and has untapped biotech-
nological potential. They are considered a valuable source of protein, containing up to
60% [15], and, when stress-induced, Scenedesmus sp. direct their metabolism to accumulate
lipids by repurposing other energetic components, such as proteins and polysaccharides,
a key feature for biofuel development [5,16,17]. Lastly, these microalgae can produce
carotenoids such as lutein and astaxanthin [18]. This group of pigments is targeted by food,
feed, and cosmetic industries due to their appealing color, aroma, remarkable nutritional
composition [19,20], and bioactivity as powerful antioxidants [20,21].

To cultivate microalgae and produce a given metabolite, a combination of parameters
must be considered [22], namely nutritional or chemical factors and environmental or
physical factors. The first includes chemical elements in the culture medium essential for
the cell’s metabolism, such as carbon, nitrogen, phosphorus, calcium, sodium, silica, metals
such as iron and copper, etc. [23,24]. On the other hand, environmental factors include pH,
temperature, agitation, and aeration intensity in the system [23].

Traditionally, culture medium optimization is achieved through an OVAT approach,
i.e., “one variable at a time” [25]. Although simple, OVAT becomes time-consuming and
inefficient since it does not consider possible interactions between different factors [26]. In
addition, this time- and labor-intensive approach comes at increased costs [27] compared
to alternative methods such as the design of experiments (DoE). DoE is a statistical perfor-
mance analysis method that allows the development of a model which can predict some
system responses given the change of the variables under study [25]. In addition, DoE de-
termines the importance of the factors (screening) and their interactions (optimization) [28].
It determines the effect of each factor (variable in study) individually or by changing the
level of other factors (interactions), which means the level of one factor varies the effect
that other factors will have on a specific response [29].

In a complex microbial process, evaluating the interactions between the studied
variables is critical for obtaining the optimal operation point. The system responses could
be biomass production or biocompound(s) productivity [28].

The present work aimed at obtaining an optimal culture medium to cultivate Scenedesmus
rubescens under heterotrophic conditions. Medium validation with high cell density and
biomass characterization for further potential commercial application were also accessed.

2. Results

2.1. Growth Performance
2.1.1. Preliminary Assays (Carbon and Nitrogen Sources and Working pH)

Preliminary assays, aiming to find a baseline medium for the optimization study, were
performed. First, different carbon sources (glucose, acetate, and glycerol) were tested.
Glucose was the only one that promoted cell growth, and since it was already used to grow
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Scenedesmus acuminatus [5], Scenedesmus obliquus [30], and Chlorella vulgaris [11], this was
the chosen carbon source from this point on.

Two different media, TAP [31] and 5× concentrated Bold’s medium [32], were screened
using OVAT methodology (Figure 1). Both were supplemented with 20 g/L of glucose. The
nitrogen sources were ammonia and nitrates for TAP and Bold’s media, respectively.

5x concentrated 
Bold’s medium  
TAP medium

Figure 1. Scenedesmus rubescens growth curves under heterotrophic cultivation in 250 mL Erlenmeyer
flasks using TAP or 5× concentrated Bold’s media supplemented with 20 g/L glucose. The values
represent the average and respective standard deviation of 3 individual experiments. SD values were
lower than 0.04 g/L.

The highest biomass concentration (4.1 g/L) was reached using Bold’s medium while
TAP medium only reached 0.81 g/L, as depicted in Figure 1. Comparing the composition of
both media, 5× concentrated Bold’s medium had a higher concentration of most nutrients,
particularly nitrogen and phosphate, which could influence Scenedesmus growth as it also
affected the growth of Chlorococcum sp. and S. acuminatus in other published studies [5,6].

Since these media have different nitrogen sources, which could also compromise cell
growth [33], the next step was to evaluate S. rubescens growth using nitrates (120 mM),
ammonia (60 mM), and urea (60 mM) (Figure 2).
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Figure 2. Scenedesmus rubescens growth curves using 0037SA medium supplemented with different
nitrogen sources and 20 g/L glucose. Cultures were grown heterotrophically in 250 mL Erlenmeyer
flasks. The values represent the average and respective standard deviation (SD) of 3 individual
experiments. SD values were lower than 0.26 g/L.

No significant differences were found (p > 0.05) among treatments, and 13 g/L of dry
biomass and 0.91 g/L/day of global productivity were obtained. This result suggests the
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possibility of using urea and nitrate, which is in agreement with previous studies where
Scenedesmus acuminatus was supplemented with these two nitrogen sources [5]. However,
in this work, ammonia could also be used to control pH in later stages of the scale-up
process, suggesting it could also become a promising nitrogen source.

The pH determines the solubility of nutrients and drives many cellular responses,
which can significantly influence overall microalgal metabolism [34]. The optimal pH was,
therefore, searched. Four pH values were used during the experiments (6.0, 6.5, 7.0, and
8.0, Figure 3). The pH was maintained using 80 mM of PIPES buffer.
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Figure 3. Scenedesmus rubescens growth curves using 0037SA medium supplemented with 20 g/L
glucose at different pH values. Cultures were grown heterotrophically in 250 mL Erlenmeyer flasks.
The values represent the average and respective standard (SD) deviation of 3 individual experiments.
SD values are lower than 0.91 g/L.

Under pH 6.5 and 7.0, the culture reached higher cell productivity and growth rate
(Table 1). Other studies [5] showed Scenedesmus acuminatus achieving a higher concen-
tration at pH 6.0. However, S. rubescens growth continues to be favored under a weak
acidic/neutral pH environment, unlike S. acuminatus. Other resemblant heterotrophic
species, such as Chlorella vulgaris, have also been cultivated at pH 6.5 in 7 L bench-top
fermenters [7].

Table 1. Global biomass productivity and specific growth rate of Scenedesmus rubescens grown
heterotrophically under different pH values. Different letters indicate significant differences, p < 0.05.
Values are given as average ± standard deviation (n = 3).

Conditions (pH) Global Productivity (g/L/day) Growth Rate (day−1)

6.0 0.94 ± 0.11 a 0.78 ± 0.04 a

6.5 2.95 ± 0.26 b 1.05 ± 0.01 b

7.0 2.98 ± 1.74 b 1.04 ± 0.07 b

8.0 0.30 ± 0.10 c 0.49 ± 0.05 c

2.1.2. Culture Medium Screening Using Plackett–Burman Design

As previously mentioned, nutrients are essential for the growth and development of
microalgae. In this way, 12 nutrients were studied under different concentrations: N, Mg,
Ca, P, Fe, Cu, Zn, Mn, Mo, Co, Ni, and B. Factors and their concentrations were chosen
based on previously tested media (TAP and Bold’s). Screening was carried out to predict
which nutrients influence biomass productivity (Figure 4). Nitrogen sources (nitrates and
ammonia) were included to understand their influence on/under different concentrations
of other nutrients.
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 A 

B 

 C 
Figure 4. Order bar charts (Pareto charts) and analysis of variance (ANOVA) obtained with the
software Minitab® version 19, testing 13 factors for 3 responses: (A) biomass concentration, (B) global
productivity, and (C) maximum productivity. Factors above the red line are the most significant
factors for all three responses. The model was significant (p < 0.05). The cultures were grown
heterotrophically in 250 mL Erlenmeyer flasks.

The Plackett–Burman design was used with two coded levels, and 30 runs were
employed (Table S1) with the chosen responses: (1) biomass concentration, (2) global
productivity, and (3) maximum productivity. Low- and high-level concentrations were
defined based on the previously studied culture media (Section 2.1.1).

The nitrogen source was one of the most significant factors affecting cell growth
(p < 0.05). However, in the previous experiment (Figure 2), there was no significant
difference between ammonia and nitrates. Therefore, ammonia was chosen given the
convenience regarding pH control in later stages of scale-up. The concentrations of N, P, Ni,
and Ca also significantly influenced cell growth (Figure 4). However, calcium concentration
only affected maximum productivity (Figure 4C).
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2.1.3. Culture Medium Optimization Using Box–Behnken Design

Design-Expert software was used to further optimize the medium composition through
Box–Behnken design via the response surface method (RSM). The N, P, Ni, and Ca element
concentrations were further optimized (Table 2). In this experimental design, 26 experimen-
tal sets were generated with three central points (Table S2). The same responses as before
were addressed, including biomass concentration, global productivity, and maximum
productivity (Figure 5).

Table 2. Levels of 4 factors used in DoE (with Design-Expert software, version 12): ammonia,
phosphate, nickel, and calcium.

Factors (mM) Coded Levels

Low Central Point High

Ammonia (A) 20 40 60
Phosphate (B) 1 5.5 10
Calcium (C) 0.3 1 1.7
Nickel (D) 0 0.01 0.02

A B 

C 

Figure 5. Response surfaces showing the mutual effects of factors present in the culture medium.
(A) Effects of the interaction between P and N factors for biomass concentration response; Ni was
kept at maximum level and Ca was kept at lowest level. (B) Effects of the interaction between P and
Ca factors for global productivity response; N and Ni were kept at the intermediate levels. (C) Effects
of the interaction between P and Ni factors for maximum productivity response; N and Ca were kept
at the intermediate levels. The cultures were grown heterotrophically in 250 mL Erlenmeyer flasks.

Figure 5 represents the prediction of the interaction among different factors in S.
rubescens culture medium. In general, the model predicts that P will achieve maximum val-
ues to increase all these responses (10 mM). Regarding biomass concentration (Figure 5A),
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the model shows that P and N concentrations should be near the highest concentrations
used (10 and 60 mM, respectively) to achieve higher biomass concentration. The predicted
model is represented by Equation (1), p < 0.05. Figure 5B characterizes the interaction
between Ni and P for global productivity response. N and Ni concentrations at the central
values demand P at the highest (10 mM) and Ca at the lowest value (0.3 mM) to obtain the
highest global productivity. As a result, the predicted equation was Equation (2) p < 0.05.

Finally, P and Ni at the highest level (10 and 0.02 mM, respectively) and N and Ca at
the central point induced higher maximum productivity values (Figure 5C). The model
predictions are described by Equation (3) (p < 0.05).

From the models designed, it was possible to conclude that for an optimized S.
rubescens culture medium, the highest level for factors N (60 mM), P (10 mM), and Ni
(0.02 mM), and lowest value of Ca (0.3 mM) were necessary.

Biomass concentration (g/L):

9.74 − 0.0185A + 3.58B + 0.2010C + 0.1098D − 0.0268A × B − 0.9468A × C
+ 0.2881A × D − 0.0473B × C − 0.4322B × D − 0.5969C × D
+ 0.3750A × A − 2.85B × B + 0.3790C × C + 0.0179D × D

(1)

Global productivity (g/L/day):

0.1101 − 0.0014A + 0.0382B + 0.0004C + 0.0016D − 0.0043A × B − 0.0035A × C
+ 0.0091A × D − 0.0062B × C − 0.0053B × D − 0.0040C × D
+ 0.0001A × A − 0.0335B × B − 0.003C × C + 0.0005D × D

(2)

Maximum productivity (g/L/day):

0.269 + 0.0266A + 0.131B + 0.001C + 0.001D (3)

Finally, to assess the possibility of phosphate being a growth limiting factor, different
concentrations were tested, including 10 (control), 50, and 100 mM (Figure 6).
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Figure 6. Scenedesmus rubescens growth curves using 0037SA medium supplemented with different
phosphate concentrations and 20 g/L glucose. Cultures were grown under heterotrophic conditions
in 250 mL Erlenmeyer flasks. The values represent the average and respective standard (SD) deviation
of 3 individual experiments. SD values are lower than 0.94 g/L.

Alga growth led to similar biomass concentration, comparing the use of 10 and 50 mM
of phosphate (11.5 to 12.2 g/L; Table 3). Data suggest there are only growth differences with
100 mM of phosphates, possibly caused by the initial inhibition of cell growth (p < 0.05).
Comparing global productivity and specific growth rate (Table 3), there were no significant
differences between the use of 50 mM and 10 mM phosphate, neither between 50 and
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100 mM (p > 0.05), but there was a significant difference between 10 and 100 mM. Overall,
50 mM of phosphate was used in the following assays.

Table 3. Biomass concentration, global productivity, and specific growth rate of Scenedesmus rubescens
under different phosphate concentrations. Different letters indicate significant differences between
media, p < 0.05. Values are given as average ± standard deviation (n = 3).

Concentrations (mM)
Biomass Concentration

(g/L)
Global Productivity

(g/L/ h)
Specific Growth Rate

(day−1)

10 11.5 0.119 ± 0.012 a 1.18 ± 0.027 a

50 12.2 0.115 ± 0.005 ab 1.17 ± 0.011 ab

100 9.2 0.090 ± 0.011 b 1.09 ± 0.005 b

In this way, when comparing Bold’s medium and 0037SA medium, S. rubescens growth
was improved by 3.2-fold (from 4.1 to 13 g/L of dry weight), indicating that the medium
optimization succeeded.

2.2. Validation of Optimized Medium in Bench-Top Fermenters

The optimized medium resulted in an overall productivity of 8.63 g/L/day and a
maximum biomass concentration of 69.5 g/L (Figure 7). This concentration is much higher
than what was reported for the same species grown autotrophically, which was 4.1 g/L [33].
However, it is significantly lower than that found for S. acuminatus (274 g/L) [5], but the
fact that this is a different species should be taken into account. The medium pH in the
fermenter from the referenced study was set to 6, rather than 6.5. Additionally, to optimize
the biomass concentration, the fermenter feeding was determined by controlling glucose
concentration in the range of 0–5 g/L. In the present study, glucose concentration was
controlled in the range of 0–20 g/L, and a tighter control may be crucial. Compared to
other published data, the cell densities obtained herein represent higher biomass titers than
those obtained in other studies with Aurantiochytrium sp. (batch) [35], Chlorella vulgaris
(fed-batch) [7], Chloroccoccum amblystomatis (batch) [6], Nitchia laevis (fed-batch) [36], and
Schyzochytrium sp. (fed-batch) [37]. Overall, although different species may behave and
respond differently, S. rubescens was able to reach a high biomass concentration, in line
with other fed-batch heterotrophic microalgae species. Still, further studies are required
to optimize S. rubescens growth and obtain even higher cell densities and to develop its
biotechnology potential for commercial applications.

2.3. Biochemical Analysis

The biochemical composition of the biomass obtained during the validation at the
beginning and end of the growth curve (initial and final phase) were analyzed, and the
content of proteins, lipids, carbohydrates, and ashes was assessed to understand if the
different stages influenced biochemical composition (Table 4).

Table 4. Biomass composition at the beginning and end of the cultivation. Proteins, lipids, carbo-
hydrates, and ashes are presented as the percentage of the biomass dry weight. Different letters
indicate significant differences between media (p < 0.05). Values are given as average ± standard
deviation (n = 3).

Sample Proteins (%) Lipids (%) Carbohydrates (%) Ashes (%)

Beginning of cultivation 32.9 ± 0.25 a 13.2 ± 1.90 a 51.4 ± 1.90 a 2.3 ± 0.35 a

End of cultivation 31.2 ± 0.30 b 12.3 ± 1.70 a 53.5 ± 1.40 a 3.2 ± 0.41 b
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Figure 7. Scenedesmus rubescens growth curve in a 7 L bench-top fermenter using the optimized
heterotrophic medium. Dissolved oxygen (DO) inside the fermenter was controlled automatically
above 40% saturation by increasing aeration up to 5 L/min and stirring speed up to 1200 rpm. The
values represent the average and respective standard deviation (SD) of 3 individual experiments. SD
values are lower than 2.82 g/L.

S. rubescens biomass displayed 33% and 31% of protein at the initial and final phase of
cultivation in the fed-batch fermenter, respectively. These values are comparable to those
attained with heterotrophically cultured Chlorella vulgaris [7], suggesting that Scenedesmus
sp. also has great potential to produce biomass for alternative protein markets. Under
autotrophic conditions, S. obliquus, as other species such as Chlorella vulgaris and Arthrospira
platensis, achieved between 50 and 60% [15], which is significantly higher than S. rubescens
in heterotrophy. However, heterotrophically produced S. rubescens could also subsequently
inoculate photobioreactors, where cells would grow autotrophically. This strategy, already
used for Chlorella, increases production efficiency to obtain a highly concentrated biomass
for the inoculation of reactors operating under autotrophic conditions [38] and can be
coupled to a second stage of autotrophic cultivation, which would most likely increase the
protein and pigment contents and result in higher quality microalgal biomass, as shown
in Chlorella.

Concerning lipid content, cells grown in the fermenter obtained 13% at the initial
and 12% at the final growth phases. This result is in agreement with the lipid content
reported in the literature for S. obliquus [15]. However, Cheng. et al. 2018 reached 31% [39]
by actively inducing lipid production through nitrogen depletion strategies. In another
study, also through a nitrogen depletion strategy, Scenedesmus abudans achieved high lipid
content, between 36% and 67% [40]. Overall, according to the literature, microalgae tend to
accumulate lipids when metabolically stressed as a tradeoff of other energetic components,
such as proteins and polysaccharides, as reported, for instance, for Nannocloropsis sp. [17,41,42].

Lastly, S. rubescens obtained a remarkably low ash content (2.3% and 3.2% at initial
and final growth phases, respectively) in comparison to that of other microalgae, namely
Arthrospira platensis (14.5%) [43] and Nannocloropsis sp. [44]

Altogether, S. rubescens was shown to be a promising source of relevant compounds,
such as proteins and lipids, comparable to other commercially available species. Fur-
thermore, depending on the desired commercial application, heterotrophic growth is a
promising strategy to obtain high biomass yields or a given metabolite of interest.

3. Discussion

To the best of the authors’ knowledge, this represents the first report on S. rubescens
under heterotrophic conditions. The optimization of culture medium was performed
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(Table S3) and compared to the initial Bold’s growth medium. When comparing these
media, S. rubescens growth was successfully improved by 3.2-fold (from 4.1 to 13 g/L of
dry weight).

The medium composition resulting from the optimization was also compared to that
reported by Jin et al. (2020), designed for Scenedesmus acuminatus [5]. While Jin et al. (2020)
found the optimum pH at 6.0, the strain used in the present study grew optimally at pH 6.5.
In addition, when comparing both media, 0037SA medium is formulated with higher nutri-
ent concentrations, which could have compromised cell growth. S. acuminatus is described
as reaching a maximum of 274 g/L on a 7.5 L fermenter [5], a biomass concentration value
that is significantly higher than the one obtained in the present study. The authors also
started to use nitrates (30 mM) as nitrogen sources, and the study was also performed at
the laboratory scale; nevertheless, the N-source was replaced by urea at 0.85 g/L in the
batch fermenter medium, and the study was concerned with a different species. All these
differences most likely influence cell growth significantly.

In a study performed with Chlorella vulgaris, biomass reached 175 g/L in a 7 L het-
erotrophic scale-up phase [7]. Nevertheless, this higher biomass titer was achieved after
further medium and abiotic parameter optimization steps.

The optimization strategies in the studies referred to above ([5,7,9]) allow us to hypoth-
esize that there are still opportunities for the further improvement of Scenedesmus rubescens
biomass productivity in batch and fed-batch bioreactor cultivation such as culture media or
growth strategies (C-source concentration control, aeration, or stirring speed, etc.).

Heterotrophically produced S. rubescens presented an appealing nutritional profile,
and both literature and empirical large-scale production experience suggest there is poten-
tial to increase the protein content of this microalgal species under autotrophic conditions.
Therefore, one way to develop its commercial application potential could be to combine
hetero- and autotrophic cultivation modes, taking advantage of the two metabolic path-
ways [7,38].

Overall, cultivation conditions were key factors influencing both the growth process
and the biochemical profile of the final biomass. Only by learning how to manipulate
these variables and understanding the systems’ responses does it become possible to grow
uncommon microalgae species. The present work demonstrates pilot-scale feasibility of S.
rubescens production under heterotrophic conditions, shows the derived microalga proxi-
mate composition, and highlights strategies for potential commercial applications. Whether
aiming at vegetarian/vegan protein substitutes or lipids for biofuel production [39], studies
addressing industrial production feasibility open new routes toward commercial applica-
tion and bring us one step closer to market viability.

4. Materials and Methods

4.1. Microalgae Strain and Culture Media

The axenic Scenedesmus rubescens used in this work were obtained from Allmicroalgae’s
own culture collection (strain code AGF0037SA). This alga was stored in agar slant tubes
and subsequently scaled to 250 mL Erlenmeyer flasks. Initially, culture medium was PCB
(plate count broth). Throughout experiments, cultures were grown in optimized media.
Through the optimization work, the growth medium utilized was continuously updated.

The following media were used for preliminary tests: TAP (Tris-acetate-phosphate)
medium [31] and 5× concentrated Bold’s Basal Medium [32]. All media were supple-
mented with 20 g/L glucose. Lastly, 0037SA medium (Table S3) was created and optimized
according to the assays described.

Two types of tests were performed to optimize the culture media: OVAT and DoE tests.
All the assays were performed using triplicates, except for DoE tests. All culture media
were sterilized using filtration through a 0.2 μm pore size PES membrane in a Vacuum
Filtration System (VWR, Radnor, PA, USA) and/or autoclaved (Uniclave88 and uniclave77,
A.J.Costa, Irmãos, Lda; Cacém, Portugal) at 121 ◦C for 40 min.
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4.2. Growth Assessment

S. rubescens growth was determined using optical density (OD) and dry weight (DW).
OD was measured at 600 nm (Figure S1) using a spectrophotometer (Genesis 10S UV–Vis
-Thermo Scientific, Waltham, MA, USA). DW was determined using the filtration of culture
samples with pre-weighed 0.7 μm GF/C 698 filters (VWR, PA, USA) and dried at 120 ◦C on
a DBS 60–30 electronic moisture analyzer (KERN & SOHN GmbH, Balingen, Germany).
These measurements were used to study cell growth, namely specific growth rate, and
maximum and overall productivities were calculated.

The specific growth rate (μ) was calculated according to Equation (4):

μ
(

day−1
)
=

ln(X2/X1)
t2 − t1

(4)

X refers to dry biomass concentration (g/L) at time t2 and t1 (days) of cultivation within
the exponential growth phase.

Volumetric biomass productivity (Pv) was calculated according to Equation (5):

Pv =
Xf − Xi
tf − ti

(5)

where Xf corresponds to final dry biomass concentration, Xi corresponds to initial dry
biomass concentration (g L−1), tf corresponds to final time, and ti corresponds to the initial
time (h) of cultivation within the exponential growth phase.

4.3. Experimental Trials

All experimental trials for medium optimization were conducted in 250 mL baffled
Erlenmeyer flasks with vented caps with a 0.2 μm PTFE membrane (Duran™, Munich,
Germany) with a working volume of 50 mL. Cultures were grown in an orbital shaker
incubator (SKI 4, ARGOLAB, Carpi, Italy) at 28 ◦C and 200 rpm (revolutions per minute).
All assays ended when cultures reached the stationary phase or carbon source depletion.

Initially, two culture media (5× concentrated Bold’s Basal Medium and TAP medium)
were tested and the alga’s growths compared. Subsequent cultures with the supplemen-
tation of different nitrogen sources (ammonia, nitrates, and urea) at different pH values
(6.0, 6.5, 7.0, and 8.0) followed and were analyzed. Based on the outcomes, a screen-
ing test was carried out to find the impact of different medium composition factors on
S. rubescens propagation. Lastly, a Box–Behnken design was conducted to optimize the
final culture medium.

Erlenmeyer flask cultures were further scaled-up to inoculate a 7 L bench-top fermenter
(New Brunswick BioFlo®/CelliGen®115; Eppendorf AG, Hamburg, Germany) to validate
the culture medium. Cultures were grown in a fed-batch regime at 28 ◦C, and pH was
maintained at 6.5 by adding ammonia solution (24% w/w), also ensuring a nitrogen source.
Glucose and phosphate concentrations were measured twice a day throughout the assays
and supplemented to guarantee optimal growth conditions. In the case of glucose, a
pure sterile solution of 500 g/L was added in pulses to maintain medium concentration
within the range of 0–20 g/L. Additionally, a sterile 2.5 M phosphate buffer solution was
added to maintain the medium concentration of 50 mM. Dissolved oxygen (DO) inside the
fermenter was controlled automatically above 40% saturation by increasing aeration up to
5 L/min and stirring speed up to 1200 rpm. Samples at the beginning (immediately after
inoculation) and end of the fermenter operation time (reported) were collected to analyze
the biochemical composition of the respective algal biomasses.

4.4. Nutrient Quantification

The cultures sampled (50 mL) were centrifuged for 10 min at 3500 rpm in VWR Mini
Star microcentrifuge (VWR, Radnor, PA, USA). The supernatant was collected to quantify
glucose, phosphate, and ammonium concentrations.
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When necessary, the supernatant was diluted in a saline solution (10% sodium chloride,
90% distilled water). Freestyle precision Neo kit (Abbott, Witney, Oxon, UK) was used to
determine glucose concentration in g/L.

Ammonia and phosphate Sera Tests (Sera, Heinsberg, Germany) were used to deter-
mine ammonium and phosphate concentrations, respectively. The supernatant was diluted
with distilled water when necessary. The absorbance was measured at the wavelength of
697 nm for ammonium and 716 nm for phosphate. The absorbances were measured using
Genesis 10S UV–Vis (Thermo Scientific, Waltham, MA, USA).

4.5. Biomass Characterization
4.5.1. Protein Content

A Vario EL III elemental analyzer (Vario EL, GmbH, Hanau, Germany) was used to
quantify the freeze-dried biomass’s total carbon, hydrogen, and nitrogen (CNH analysis).
The biomass (1 mg) was placed in tiny aluminum capsules and heated at 950 ◦C. Total
protein content was calculated by multiplying the nitrogen amount with a conversion factor
of 6.25 [45].

4.5.2. Lipid Content

The lipid content of dry biomass was determined using gravimetry after organic extrac-
tion followed by the recovery of clear organic phase and further solvent evaporation [46].
The percentage of lipids was calculated with Equation (6):

% lipids = 100 × weight o f residue f rom evaporated clari f ied solvent
weight o f dry biomass initially put into the evaporated extractant solvent

(6)

4.5.3. Ash Content

A sample of freeze-dried biomass (50 mg) was weighed in a crucible and taken for
combustion at 550 ◦C for 8 h in a JP Selecta Sel horn R9-L furnace (JP Selecta, 22 Barcelona,
Spain). The ash content corresponded to the percentual residual weight of the sample
after combustion.

4.5.4. Carbohydrate Content

The carbohydrate content of the dry biomass was calculated as the difference to 100%
after summing the percentual contents of the other main components analyzed (protein,
ash, and lipid contents).

4.6. Statistical Analyses

The statistical tests for OVAT were performed using R software (4.0.2 version) through
RStudio 1.3.1073 version (R studio®, Boston, MA, USA). ANOVA analysis was followed by
a post hoc Tukey HSD test when comparing three or more conditions. A Student’s t-test
was used to compare groups of independent results. For each test, triplicates, mean, and
standard deviation were determined. A statistically significant difference was considered
at p < 0.05.

The statistical tests for DoE methodology were performed using two software: Minitab
(Minitab® version 19, State College, PA, USA), based on a preliminary screening, and
Design-Expert (version 12, Stat-Ease®, Minneapolis, MN, USA), based on response surface
methodology. Minitab was used for a preliminary screening through the Plackett–Burman
method followed by Design-Expert Box–Behnken method. Statistical significance was
considered at p < 0.05 ANOVA tests. The experimentally observed responses were com-
pared with the predicted values (Y) obtained from the model, given by the polynomial
Equation (7), correlating the input variables of the study (A, B, and C):

Y = a0 + a1 A + a2 B + a3 C + a4 AB + a5 AC + a6 BC (7)
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21070411/s1, Table S1: Screening method design in actual
level of variables through Minitab® software for Scenedesmus rubescens; Table S2: Response functions
for optimization of media composition for heterotrophic cultivation of Scenedesmus rubescens. Minitab®

software, version 19, was used; Table S3: Optimized culture medium developed in this work for
0037SA (macro and micronutrients); Figure S1: Calibration curve. Dry biomass concentration (g L−1)
vs. absorbance of S. rubescens suspensions (in water) measured at λ = 600 nm for heterotrophic growth.
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Abstract: Carotenoids, with their diverse biological activities and potential pharmaceutical ap-
plications, have garnered significant attention as essential nutraceuticals. Microalgae, as natural
producers of these bioactive compounds, offer a promising avenue for sustainable and cost-effective
carotenoid production. Despite the ability to cultivate microalgae for its high-value carotenoids
with health benefits, only astaxanthin and β-carotene are produced on a commercial scale by Haema-
tococcus pluvialis and Dunaliella salina, respectively. This review explores recent advancements in
genetic engineering and cultivation strategies to enhance the production of lutein by microalgae.
Techniques such as random mutagenesis, genetic engineering, including CRISPR technology and
multi-omics approaches, are discussed in detail for their impact on improving lutein production.
Innovative cultivation strategies are compared, highlighting their advantages and challenges. The
paper concludes by identifying future research directions, challenges, and proposing strategies for
the continued advancement of cost-effective and genetically engineered microalgal carotenoids for
pharmaceutical applications.

Keywords: microalgae; carotenoids; lutein; cultivation strategies; genetic engineering

1. Lutein as One of the Important Carotenoids

Carotenoids are a class of fat-soluble pigments that include carotenes (β-carotene,
lycopene) and xanthophylls (astaxanthin, lutein, fucoxanthin). Carotenes are hydrocarbon
carotenoids, while xanthophylls are the oxygenated versions of carotenes. Humans can-
not synthesize carotenoids and must obtain them through their diet. These compounds
are mainly produced by plants, fungi, and microorganisms, with a total of 1204 natural
carotenoids identified [1]. They primarily absorb light at wavelengths of 400–550 nm. In
photosynthetic organisms, carotenoids play a crucial role in protecting photosynthetic
organisms against photodamage and supporting their oxygenic photosynthesis [2].

Carotenoids have many health benefits, as listed in Table 1. Astaxanthin is the strongest
antioxidant among carotenoids, with significantly stronger antioxidant activity and free
radical inhibitory activity than vitamin E, β-carotene, and lutein [3]. The synthetic ver-
sion is used in aquaculture to give fish (i.e., salmon) and crustaceans their pinkish color.
β-Carotene is well-known as a precursor to vitamin A and is also used as natural orange-
yellow color in the food industry [4]. Lutein is widely used as an antioxidant, food coloring
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agent, and nutritional supplement in cosmetics, food, health products, and medicine [5]. Other
carotenoids, including zeaxanthin and fucoxanthin, also offer health benefits (Table 1).

Table 1. Health benefits of six carotenoids confirmed by human studies, their natural sources, and
recommended dose (modified from Gong and Bassi, 2016 and Ren et al., 2021) [6,7].

Carotenoid Health Benefits Natural Sources Recommended Dose

Astaxanthin

Strong anti-oxidant property Shrimp;
Salmon;
Crabs;

Microalgae
(Haematococcus

pluvialis)
Phaffia rhodozyma

4–12 mg/day

Anti-inflammatory effects
Anti-cancer

Cardiovascular health

β-Carotene

Prevent night blindness Pumpkin;
Mango;
Carrots;

Microalgae
(Dunaliella salina)

600 μg RE */day
Anti-oxidant property

Prevents liver fibrosis

Lutein

Prevents cataract and
age-related

Marigold flower;
Yolk;

Broccoli;
Microalgae;

Orange-yellow
fruits; Leafy green

vegetables

6 mg/day
macular degeneration
Anti-oxidant property

Anti-cancer
Prevents cardiovascular

diseases

Zeaxanthin

Anti-cancer Marigold flower;
Maize;

Orange peppers;
Microalgae;

Scallions

2 mg/day
Anti-inflammatory

Anti-allergy
Against UV, skin

redness

Fucoxanthin
Anti-obesity Macroalgae;

Microalgae /Anti-oxidant property

* RE, retinol equivalent.

The global carotenoid market was valued at approximately USD 1.8 billion in 2021
and is projected to reach USD 2 billion by 2026 [8]. The astaxanthin market is projected to
surpass USD 800 million by 2026. The β-carotene market is expected to be worth USD 620
million by 2026, with a CAGR of 3.8% from 2018 to 2026 [9]. The lutein market is projected
to reach USD 358 million by the end of 2024 [8]. The global fucoxanthin market reached a
valuation of USD 95 million in 2020 and is projected to attain a value of USD 113.5 million by
2026 [10]. Other carotenoids like zeaxanthin, lycopene, and canthaxanthin are also gaining
support and increasing market interest due to their health benefits. The market shares by
application are dominated by animal feed (34.8%), followed by food and beverages (26.1%),
dietary supplements (23.5%), pharmaceuticals (9.2%), and cosmetics (6.5%) [8]. The global
carotenoid market is poised for substantial growth, driven by increasing demand across
various applications and the rising awareness of their health benefits.

In the evolving market of carotenoids, there is a significant contrast between natural
and synthetic sources, each with its own cost implications, safety considerations, and
market share dynamics. Carotenoids produced by chemical synthesis can be up to three
times cheaper than those derived from natural sources. Consequently, natural carotenoids
only capture 10–20% of the market share due to high production costs [5]. However, this
ratio is changing as concerns about safety and environmental impact grow on synthetic
carotenoids and the higher health benefits of natural carotenoids become clear [11]. Syn-
thetic carotenoids are predominantly used in applications such as animal feed and as
colorants, whereas natural carotenoids are preferred for use in medicine and food supple-
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ments [11]. Another major reason for the preference towards natural carotenoids is their
significant differences in forms and bioactivity compared to synthetic sources, as natural
carotenoids are usually complex mixtures of various isomers, whereas synthetic carotenoids
typically consist of a single form [11]. The market value of synthetic carotenoids is relatively
low, ranging from USD 250 to USD 2000 per kilogram, whereas natural carotenoids from
plant sources range from USD 350 to USD 7500 per kilogram [12]. This price difference
reflects the higher consumer demand and perceived benefits of natural carotenoids over
their synthetic counterparts.

2. Microalgae as Producers of Lutein and Other Carotenoids

Microalgae are emerging as significant producers of valuable carotenoids, with biosyn-
thesis occurring in their chloroplasts. Microalgae are a diverse group of eukaryotic aquatic
microorganisms that can thrive in fresh, brackish, or marine water, with over 200,000 species
classified into various phylogenetic groups [13]. Depending on the species, microalgae
can be cultivated photoautotrophically, using light as an energy source to assimilate CO2
for biomass production, or heterotrophically, utilizing an organic carbon source for en-
ergy. Some species can grow mixotrophically, using both light and organic carbon sources.
Photoautotrophic microalgae can be cultivated in open raceway ponds (ORPs) or closed
photobioreactors (PBRs) [13,14]. These systems can be placed outdoors using natural
sunlight, indoors with artificial lighting, or in greenhouses with natural sunlight. ORP
systems are characterized by lower investment and operational costs but are more suscep-
tible to biological contamination compared to closed PBRs [15]. In contrast, PBRs offer
easier control over cultivation parameters and higher biomass productivity. Heterotrophic
microalgae are cultivated in fermenters (closed systems) where an organic carbon source is
added. These fermenters can achieve higher cell densities (25–125 g DW/L) compared to
PBRs (0.5 g DW/L) [13]. Heterotrophic cultivation in well-controlled bioreactors is gaining
commercial attention for pigment production due to its ability to overcome challenges
related to CO2 and light supply, as well as contamination and land requirements in open
autotrophic systems [16]. Microalgae growth can be managed in various modes: batch,
fed-batch, semi-continuous, and continuous modes [13]. In batch mode, microalgae are
grown with all nutrients provided at the start, continuing until nutrients deplete. It is
simple to operate, which also reduces the risk of contamination, but it generally results
in lower biomass production. In fed-batch mode, nutrients are periodically added during
cultivation, extending the exponential growth phase and increasing biomass production.
However, this method requires more nutrient monitoring and has more risk of contami-
nation compared to batch operation. In semi-continuous mode, a portion of the culture
is periodically harvested at a certain time point, and fresh medium is added to maintain
growth. This method maintains high biomass productivity but needs periodic interven-
tion, which increases the labor intensity and the risk of contamination. In continuous
mode, part of the culture is continuously harvested while new medium is added to the
system. This method offers stable biomass productivity and requires low labor cost, but
it is more difficult to control and more prone to contamination compared to the other
operation modes.

Carotenoids produced by microalgae can be categorized into primary and secondary
types, each serving distinct functions. Primary carotenoids, such as β-carotene, lutein,
fucoxanthin, lycopene, and violaxanthin, are essential for photosynthesis, playing a cru-
cial role in light harvesting and protecting chlorophyll from photodamage. Secondary
carotenoids, such as astaxanthin and canthaxanthin, are not directly involved in photosyn-
thesis but can act as antioxidants, protecting the cells from damage caused by stressors
such as high light intensity, nutrient deprivation, high salinity, or oxidative stress [17]. In
response to these stress factors, secondary carotenoids can be overproduced in microalgae.
Several primary carotenoids, such as β-carotene, also accumulate under stress conditions
and act as secondary metabolites [18]. Despite the ability to cultivate microalgae for its high-
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value carotenoids with health benefits, only astaxanthin and β-carotene are produced on a
commercial scale by Haematococcus pluvialis [19,20] and Dunaliella salina [21], respectively.

In contrast to astaxanthin and β-carotene, lutein production from microalgae is not yet
commercially established. Currently, natural lutein is primarily produced from marigold
flowers [5]. However, several microalgal species offer promising prospects for the pro-
duction of this carotenoid. There is high interest in natural lutein because of its potential
health benefits (Table 1). However, high culture costs and low carotenoid yields are bot-
tlenecks for the commercialization of lutein from microalgae. Lin et al. (2015) estimated
that microalgae need to have a lutein content exceeding 1% of their dry weight (DW) to be
considered commercially viable for production [22]. Unlike secondary carotenoids, which
can be overproduced under stress conditions, the overproduction of primary carotenoids
like lutein is much more challenging due to its connection to the growth performance of
microalgae. Cultivation conditions can be optimized to enhance the biomass productivity
(g DW/L/day) and lutein content (mg/g DW) in microalgae. However, the optimal pa-
rameters for maximizing the lutein content can reduce the biomass productivity, thereby
lowering the overall lutein productivity (mg/L/day) [23]. Therefore, a balanced approach
is necessary to optimize both lutein content and biomass productivity for maximum overall
lutein production. Metabolic engineering, which enables the targeted upregulation of
specific carotenoid biosynthesis pathways, might offer a solution to enhance lutein produc-
tivity [5]. This review exclusively focuses on enhancing lutein content and productivity
through strain improvement via random mutagenesis and metabolic engineering, along-
side cultivation strategies such as fed-batch, batch, and semi-continuous methods. Unlike
reviews that emphasize cultivation parameters for increasing carotenoid content broadly,
our review specifically concentrates on lutein and offers a comparative analysis across
various microalgal species.

Downstream processing (harvesting, cell disruption, extraction, and purification) of
microalgal biomass for lutein production are also crucial steps determining the production
costs but will not be covered here, as they were recently extensively reviewed by Gong and
Bassi (2016) [6] and Zohra et al. (2022) [24].

3. Random Mutagenesis to Increase the Lutein Production

Random mutagenesis is a versatile and powerful technique employed in genetic
research and biotechnology to induce genetic variation and enhance desirable traits in
organisms [25]. This approach involves the deliberate induction of mutations across an
organism’s genome without targeting specific genes, thus generating a diverse pool of
genetic variants [26]. The method stands in contrast to new genomic techniques (NGTs),
which involve specific, intentional changes to particular genes. The process of random
mutagenesis typically involves exposing microalgal cultures to physical or chemical muta-
gens [25,26]. Physical mutagens such as UV radiation or gamma rays create DNA damage
that can lead to mutations during DNA repair processes [25]. Chemical mutagens, like ethyl
methanesulfonate (EMS) and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG), introduce
changes by chemically altering nucleotides, causing mispairing and subsequent mutations
during replication [27]. Random mutagenesis does not require any previous knowledge
about the genetics and metabolism of the target organism and the development of molecu-
lar tools, which can be time-consuming and expensive [28]. This advantage is particularly
significant for organisms with limited or inaccessible genomic information and can be
used for the assignment of phenotypes (traits/characteristics) to a certain gene/genotype
and the expansion of the current understanding of the biology and metabolism of several
microalgae species [26].

One of the significant applications of random mutagenesis is in the field of microalgal
biotechnology, particularly for the enhancement of valuable compounds like lutein (Table 2).
Mixotrophic cultivation of a Chlorella sorokiniana MB-1-M12 mutant, created by a 1 h MNNG
treatment, resulted in a higher lutein content and lutein productivity (7.52 mg/g DW;
3.63 mg/L/day) compared to the wild-type strain C. sorokiniana MB-1 (5.86 mg/g DW;
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2.56 mg/L/day) [29]. Ren et al. (2022) also treated microalga Chromochloris zofingiensis
with MNNG, resulting in the mutant Cz-pkg that could reach a lutein content of 6.28 mg/g
DW with a lutein productivity of 10.57 mg/L/day, which was 2.5- and 8.5-fold higher,
respectively, than that of the wild-type [30]. Characterization of the mutant Cz-pkg with
single-nucleotide polymorphism (SNP) analysis to pinpoint the exact mutation(s) revealed
a T to A substitution in the cGMP-dependent protein kinase (PGK), leading to a premature
stop codon (UAG) [30]. As a result, the photosystem of the Cz-pgk mutant can work
effectively for uptake of both inorganic (CO2) and organic carbon sources (glucose) under
mixotrophic conditions, thereby enhancing its capacity for lutein production [30].

Following mutagenesis, the challenge lies in screening and identifying mutants with
the desired trait—in this case, increased lutein content. Random mutagenesis introduces
mutations randomly, leading to many neutral or deleterious changes that necessitate exten-
sive screening to identify beneficial mutants. This screening process can be labor-intensive,
time-consuming, and resource-intensive [26]. Additionally, the randomness of the mu-
tations can cause unintended effects, with changes occurring in genes unrelated to the
targeted trait, resulting in unforeseen alterations in other phenotypic characteristics. Effec-
tive screening methods for lutein include the use of norflurazon and nicotine. Norflurazon,
an herbicide that inhibits phytoene desaturase in the carotenoid biosynthesis pathway,
disrupts the production of downstream carotenoids, including lutein [31]. Nicotine, a
specific inhibitor of lycopene β-cyclase, affects lutein biosynthesis by interfering with the
conversion of lycopene to β-carotene [32]. Screening for mutants that tolerate and thrive in
the presence of norflurazon and/or nicotine allows for the identification of strains with
modifications in the carotenoid biosynthesis pathway, potentially leading to an increased
lutein content. Cordero et al. (2011) used these screening methods to identify mutants with
a higher lutein content [32]. C. zofingiensis was chemically mutagenized with MNNG and
spread onto media supplemented with norflurazon or nicotine. From all the mutants, two
mutants resistant to norflurazon showed a 53–55% increase in lutein content relative to the
wild-type, reaching values of 7.0 mg/g DW. One mutant resistant to nicotine exhibited a
1.4-fold higher lutein content than that of the wild-type, reaching 6.4 mg/g DW [32].

A complementary approach to identifying mutants with higher lutein content involves
a color-based colony screening approach. This technique leverages the visual differences in
pigmentation that result from variations in carotenoid content among different mutants.
For example, mutants with a higher lutein content will appear more intensively yellow.
Huang et al. (2018) used this screening approach to select for a higher zeaxanthin, lutein,
and β-carotene content in C. zofingiensis cells treated with the chemical mutagen MNNG and
grown on media containing glucose [33]. The selected mutant, CZ-bkt1, with a premature
stop codon in β-carotene ketolase, accumulated zeaxanthin up to 0.34 mg/g DW, lutein up
to 7.12 mg/g DW, and β-carotene up to 1.51 mg/g DW [33]. Stress conditions known to
induce carotenoid biosynthesis were used to further increase the carotenoid content in the
mutant. High-light radiation (460 μmol/m2/s) and nitrogen deficiency could increase the
zeaxanthin content up to 7.00 mg/g DW, lutein up to 13.81 mg/g DW, and β-carotene up
to 7.18 mg/g DW when induced by high-light irradiation and nitrogen deficiency [33].

4. Metabolic Engineering for Enhanced Production of Lutein

In contrast to random mutagenesis, new genomic techniques (NGTs) can introduce
very specific, intentional changes to particular genes. Metabolic engineering using NGTs is a
powerful approach for steering cell metabolism by modifying specific pathway enzymes or
regulatory proteins. It utilizes a toolbox that includes gene knock-out/knock-in techniques,
as well as gene repression and overexpression applications. Gene knock-out techniques,
such as clustered regulatory interspaced short palindromic repeats/Cas (CRISPR/Cas) [34],
zinc-finger nucleases (ZFNs) [35], and transcription activator-like effector nucleases (TAL-
ENs) [36], result in the modification of specific genes to abolish undesired pathways [37].
Knock-in techniques integrate new genetic material to introduce novel functionalities.
Gene repression restricts the expression of certain genes to redirect metabolic flux and
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includes RNA interference (RNAi), a technique used to degrade specific mRNA molecules,
preventing their translation into proteins [38]. CRISPR interference (CRISPRi), another
technique under gene repression, interferes with the transcription machinery [39]. Gene
overexpression techniques, achieved through promotor engineering or copy number ampli-
fication, can generate a many-fold overexpression of a specific gene that is responsible for a
rate-determining step. Metabolic engineering techniques are key approaches to improve
microalgal biomass productivity and suitability on an industrial scale in terms of high-value
compound production (such as lutein), growth rate, mode of nutrition, and synergism
between lutein accumulation and growth [5].

Metabolic engineering relies on a good knowledge of the biosynthetic pathway and
involved genes. The carotenoid biosynthetic pathway in microalgae is intricate and in-
volves several enzymatic steps, each of which can serve as a potential target for metabolic
engineering. Precursors of the carotenoid biosynthesis pathway can be retrieved from the
mevalonate (MVA) pathway and/or the methyl-D-ertythritol phosphate pathway (MEP).
However, in green microalgae, the MVA pathway has been lost, leaving the MEP path-
way as the sole pathway for isopentenyl phyrophosphate (IPP) synthesis. The carotenoid
biosynthetic pathway is well described in Figure 1 [39,40].

Figure 1. Schematic overview of the carotenoid biosynthesis pathway. The carotenoid biosynthesis
starts with the synthesis of isopentyl pyrophosphate (IPP) through either the mevalonate (MVA)
pathway or the methyl-D-erythritol phosphate (MEP) pathway located in the chloroplast [40]. IPP
isomerizes to dimethylallyl diphosphate (DMAPP) and together they produce the immediate pre-
cursor of the carotenoid synthesis, geranylgeranyl pyrophosphate (GGPP). The condensation of
two GGPP molecules leads to the formation of a colorless carotene, phytoene, by enzyme phytoene
synthase (PSY). This PSY-catalyzed reaction is known to be the most important rate-limiting step in
the carotenoid biosynthetic pathway [41]. Phytoene is converted to lycopene via a multi-step desatu-
ration reaction catalyzed by phytoene desaturase (PDS) and ζ-carotene desaturase (ZDS) [42]. The
cyclization of lycopene is the branching point of the carotenoid synthesis pathway into an α-branch
and β-branch. In the α-branch, lycopene-ε-cyclase (LCYE) and lycopene β-cyclase (LCYB) catalyze
lycopene to α-carotene, and then cytochrome P450 β-hydroxylase (CYPC97A) and cytochrome P450
ε-hydroxylase (CYPC97C) convert α-carotene to lutein [40]. In the β-branch, lycopene β-cyclase
(LCYB) catalyzes lycopene to β-carotene, which is further hydroxylated by β-carotene hydroxylase
(BCH) to form zeaxanthin [7]. Zeaxanthin epoxidase (ZEP) then converts zeaxanthin to violaxanthin.
Violaxanthin can be converted to neoxanthin or enter the xanthophyll cycle, where it can be reversibly
converted back to zeaxanthin via antheraxanthin to balance light harvesting and photoprotection.
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Regulatory mechanisms in this pathway include transcriptional regulation, where
the genes encoding carotenoid biosynthetic enzymes are regulated by (1) environmental
factors such as light and nutrient availability, (2) feedback inhibition, where end products
inhibit upstream enzymes, and (3) post-transcriptional regulation, which influences mRNA
stability and translation efficiency [43]. One important example of post-transcriptional
regulation is by the Orange (Or) gene, which is known to affect carotenoid accumula-
tion and is involved in stabilizing the PSY gene, ensuring that PSY remains active and
functional within the cell [44]. Different strategies can be used to increase the content of
carotenoids, either directly by overexpression of endogenous enzymes involved in the
carotenoid biosynthesis pathway, or indirectly by inhibition of competition pathways and
thus redistributing the metabolic flow towards certain pigments [5].

Applications of metabolic engineering in microalgae for overproduction of carotenoids,
and lutein in particular, are listed in Table 2. To increase the overall carotenoid production,
the PSY gene and Or gene are good candidates for metabolic engineering, as they catalyze a
rate-limiting step in the carotenoid biosynthesis pathway. Overexpression of the Or gene in
Chlamydomonas reinhardtii using a strong dual-promotor system led to a lutein production
from 0.69 mg/L to 1.04 mg/L and a β-carotene production from 0.18 mg/L to 0.24 mg/L,
respectively [45]. Functional analysis of Or genes in various orange-flesh melon fruits
identified a single-nucleotide polymorphism known as “golden SNP”, which converts
a highly conserved arginine to histidine and is responsible for an elevated carotenoid
accumulation [44]. Site-directed mutagenesis was used by Yazdani et al. (2021) to introduce
this “golden SNP” in the Or gene in C. reinhardtii and overexpression resulted in a 4-fold
increase in α-carotene, 3.1-fold increase in lutein, 3.2-fold increase in β-carotene, and
3.1-fold increase in violaxanthin [46]. Overexpression of the PSY gene itself can also result
in a higher overall carotenoid content, as shown by Velmurugan et al. (2023) [47]. The
overexpression of the endogenous PSY gene in D. salina led to a substantial increase in
lutein and β-carotene content, up to 5.4-fold and 7.2-fold compared to the wild-type [47].

Considering the metabolic branches originating from lycopene, overexpression of
LCYB or LCYE could affect the productivity of carotenoids in each branch pathway. The
overexpression of LCYE could redirect the lycopene flux towards the α-branch, with an
increase in lutein production as a result. Tokunuaga et al. (2021) overexpressed the LCYE
gene in C. reinhardtii using a dual-promotor system, resulting in a significant increase in
lutein concentrations (2.3-, 2.0-, and 2.6-fold, respectively) compared to the wild-type [48].
Lou et al. (2021) used the LCYE gene from C. vulgaris, which is rich in lutein, for the
heterologous expression in C. reinhardtii, where it showed an enhanced lutein content
from 0.583 mg/g DW to 1.357 mg/g DW [49]. Both studies indicate that the conversion of
lycopene to α-carotene can be increased by homologous or heterologous expression of the
LCYE gene.

Table 2. Application of random mutagenesis and metabolic engineering in microalgae to increase
carotenoid content.

Source Species Host Strain Target Gene Technique Carotenoid Reference

C. sorokiniana / / Random mutagenesis
(MNNG treatment)

Increased lutein content up to
7.25 mg/g DW with a

productivity of 2.56 mg/L/day.
[29]

C. zofingiensis / / Random mutagenesis
(MNNG treatment)

Increased lutein content up to
6.25 mg/g DW with a

productivity of 10.57 mg/L/day
[30]

C. sorokiniana / / Random mutagenesis
(MNNG treatment)

Increased lutein content up to
7.0 mg/g DW and 6.4 mg/L/day [32]

C. zofingiensis / / Random mutagenesis
(MNNG treatment)

Increased zeaxanthin (up to
7.0 mg/g DW), lutein (up to

13.81 mg/g DW) and β-carotene
(7.18 mg/g DW).

[33]
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Table 2. Cont.

Source Species Host Strain Target Gene Technique Carotenoid Reference

C. reinhardtii Endogenous Or
Overexpression Or gene

using dual-promotor
system

Lutein production increase from
0.69 mg/L to 1.04 mg/L and from

0.18 mg/L to 0.24 mg/L
[45]

C. reinhardtiii Endogenous Or Overexpression Or gene

Increased α-carotene (1.9-fold
higher), lutein (2-fold higher),

β-carotene (2.1-fold higher) and
violaxanthin (2.1-fold higher)

content compared to WT.

[46]

C. reinhardtii Endogenous Or

Overexpression Or gene
with single amino acid

substitution using
site-directed mutagenesis

Increased α-carotene (4-fold
higher), lutein (3.1-fold higher),
β-carotene (3.2-fold higher) and

violaxanthin (3.1-fold higher)
content compared to WT.

[46]

C. reinhardtii Brassica oleracea Or Heterologous expression
Or gene.

Increased lutein (1.5-fold higher:
112.4 pg/cell to 73.0 pg/cell
lutein (WT)) and astaxanthin

content (2-fold higher:
0.41 pg/cell to 0.2 pg/cell (WT))

[50]

C. reinhardtii

Mesorhizobium
loti and Sulfuri-
hydrogenibium
yellowstonense

CA Heterologous expression of
CA gene

Increased lutein concentration
from 4.41 mg/L (WT) to

8.89 mg/L (CA from Ml) and
7.07 mg/L (CA from SY).

[51]

D. salina Endogenous PSY Overexpression of PSY
gene.

Increased lutein (7.6-fold higher)
and β-carotene (5.4-fold higher)

content compared to WT.
[47]

D. salina H. pluvialis PSY Heterologous expression of
PSY gene.

Increased lutein (7.2-fold higher)
and β-carotene (2.4-fold higher)

conten compared to WT.
[47]

C. reinhardtii D. salina PSY Heterologous expression
LCYE gene.

Increased lutein (2.6-fold higher)
content compared to WT. [32]

Scenedesmus / PSY Expression of synthetic
PSY gene.

Increased β-carotene content
from 10.8 mg/g (WT) cell to

30 mg/g cell.
[28]

C. reinhardtii Endogenous LCYE Overexpression of
LCYE gene.

Increased lutein (at least 2-fold
higher) content. [48]

C. reinhardtii C. vulgaris LCYE Heterologous of
LCYE gene.

Increased lutein content (2.3-fold
higher) compared to WT. [49]

H. pluvialis Endogenous PDS

Overexpression of PDS
gene with single amino
acid substitution using

site-directed mutagenesis.

Increased lutein (1.5 μg/g DW to
1.9 μg/g DW), zeaxanthin

(142 μg/g DW to 214 μg/g DW),
β-carotene (532 μg/g DW to

728 μg/g DW) and astaxanthin
content compared to WT.

[52]

C. zofingiensis Endogenous PDS

Overexpression of PDS
gene with single amino
acid substitution using

site-directed mutagenesis.

Increased total carotenoid content
with 32.1% and astaxanthin

with 54.1%.
[53]

C. reinhardtii / LCYE
Knock-out of the LCYE

gene using CRISPR/Cas
(NHEJ)

Increased zeaxantin content (up
to 60%). [54]

C. reinhardtii / LCYE
Knock-out of the LCYE

gene using CRISPR/Cas
(HDR)

Increased zeaxantin (0.31 mg/L
(WT) to 0.59 mg/L),

antheraxanthin (0.28 mg/L (WT)
to 0.63 mg/L) and violaxanthin

(1.3 mg/L (WT) to
2.3 mg/L) content.

[55]
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According to the studies mentioned, Or, PSY, and ε-LCY are the key targets for
metabolic engineering to increase the lutein content. PSY regulates the overall flow towards
carotenoid synthesis, while ε-LCY directs the flow specifically towards the α-carotene
branch [56]. Therefore, overexpression of the PSY gene influences the total carotenoid
content, while overexpression of the ε-LCY gene only positively affects the lutein content.
Aside from the genes involved in the carotenoid biosynthetic pathway, other genes involved
in microalgae metabolism might be good targets for metabolic engineering. Lin et al. (2022)
showed that the heterologous expression of carbonic anhydrases (CAs) in C. reinhardtii with
the aim to increase photosynthetic capability and carbon capture could increase biomass
from lutein production from 4.41 mg/L to 8.89 and 7.07 mg/L [51].

5. Cultivation Strategies to Increase Microalgal Lutein Production

Many microalgal species, including Chlorella sp., Chlamydomonas sp., Desmosdesmus
sp., and Scenedesmus sp., produce lutein [57]. An important step before implementing a
cultivation strategy is understanding the effect of cultivation parameters on lutein pro-
duction of microalgae, which is reviewed by Hu et al. (2018) [16], Liu et al. (2021) [8],
and Suparmaniam et al. (2024) [23]. Under photoautotrophic or mixotrophic conditions,
high light intensity (often > 750 μmol/m2/s) induces carotenogenesis, leading to higher
lutein content in microalgae [23]. Furthermore, adequate CO2 supply and the removal of
the built-up O2 are essential for biomass growth, especially in photoautotrophic condi-
tions. Under heterotrophic conditions, glucose is the optimal carbon source, and urea is
the most effective nitrogen source for lutein production, outperforming carbon sources,
such as glycerol and acetate, and nitrogen sources, such as nitrate and ammonium [58–61].
Under mixotrophic cultivation, acetate is the preferred carbon source, while nitrate and
urea are the preferred nitrogen sources for lutein production. Importantly, high initial
concentrations of carbon sources (often > 50–100 g/L) such as glucose and acetate can
inhibit growth and reduce lutein production due to substrate inhibition [16]. Aeration
also strongly affects lutein productivity since the heterotrophic metabolism of microalgae
requires oxygen for growth [60]. Other than supplying sufficient oxygen for biomass
production, oxygen levels do not influence the lutein content [16]. Nitrogen availability is
critical for biomass productivity and lutein production, as nitrogen depletion leads to lutein
degradation [57]. For certain microalgal species such as Chlamydomonas and Scenedesmus
species, it has been reported that the lutein content remains high until the onset of nitro-
gen depletion [61,62]. Finally, each microalga has a specific optimal pH and temperature
range for growth. Generally, increasing temperature up to a stress limit enhances lutein
productivity, while temperatures beyond this threshold severely affect cellular growth and
survival. On the contrary, cooler temperatures decrease the nutrient uptake rate and slow
down both microalgal growth and lutein productivity [57]. However, Léon-Vaz et al. (2023)
demonstrated that certain microalgal species produce higher lutein content at elevated light
intensity (500 μmol/m2/s) and 10 ◦C, compared to lower light intensity (100 μmol/m2/s)
and 20 ◦C [63]. Consequently, the optimal temperature for lutein production varies by
species and must be determined experimentally.

In the following part of this review, innovative cultivation strategies for various
microalgae species will be discussed, focusing on lutein productivity (mg/L/day) and
lutein content (mg/g DW). The strategies resulting in the highest lutein production are
shown in Tables 3 and 4.

5.1. Cultivation Strategies for Chlorella Species

Mixotrophic and heterotrophic conditions have been explored for lutein production
in various Chlorella species, including C. sorokiniana, C. protothecoides (now Auxenochlorella
protothecoides), and C. vulgaris. Researchers place particular emphasis on cultivation strate-
gies to maximize lutein production in strains of C. sorokiniana. C. sorokiniana FZU60 is an
excellent candidate for large-scale lutein production due to its rapid growth and high lutein
content, reaching 8.29–11.22 mg/g DW under photoautotrophic and mixotrophic condi-
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tions, and 2.33–4.42 mg/g DW under heterotrophic conditions. Based on the reviewed
articles (Table 3), the optimal conditions for cultivating C. sorokiniana FZU60 include a
temperature range of 30–33 ◦C, light intensity of 150–750 μmol/m2/s depending on culture
density, and an optimal pH of 7.5. Suitable media are BG-11 and Mann and Meyer’s.
Depending on the culture density, the aeration requirements vary around 0.02–0.2 vvm
with 2–2.5% CO2 for photoautotrophic or mixotrophic growth. For optimal heterotrophic
growth, the dissolved oxygen (DO) is crucial and should be controlled at 20–50% air
saturation using aeration or agitation (stirring).

Two-stage strategies, starting from fed-batch mixotrophic conditions and transitioning
to photoautotrophic conditions, achieve higher lutein productivities for C. sorokiniana
FZU60 compared to single-stage batch and fed-batch modes under mixotrophic conditions.
Xie et al. (2020) used a two-stage strategy to maximize lutein productivity of C. sorokiniana
FZU60 [64]. Initially, this strain was cultivated under fed-batch mixotrophic conditions
for 3 days under white light 350 μmol/m2/s, maintaining 1 g/L sodium acetate (NaAc)
by adding a 400 g/L NaAc solution when the DO reached 7 mg/L. The culture was then
shifted to photoautotrophic conditions for 4 days using the same light conditions, with
concentrated BG11 medium added when 90% of the nitrate was consumed. This strategy
achieved a higher lutein productivity (4.67 mg/L/day) compared to a batch mixotrophic
operation (3.59 mg/L/day), while achieving a lutein content of 9.51 mg/g. Furthermore,
Xie et al. (2019) discovered that a two-stage strategy to produce lutein in C. sorokiniana
FZU60 can be operated in semi-continuous mode [65]. Initially, C. sorokiniana FZU60 was
cultivated under fed-batch mixotrophic conditions in BG-11 medium with 1 g/L NaAc
pulses every 12 h for 1.5 days under white light (150 μmol/m2/s). Subsequently, 92.5%
of the culture was shifted to photoautotrophic conditions with the same light intensity
and 100-fold BG11 medium for another 1.5 days. The other 7.5% was used as the seed for
a new cycle in the first stage. This strategy enhanced the average lutein productivity to
11.57 mg/L/day, compared to 4.78 mg/L/day in batch culture and 4.20 mg/L/day in
fed-batch culture, while reaching a lutein content of on average 9.57 mg/g DW after each
cycle.

The nutrient feeding dosage and light intensity also significantly impact the lutein
productivity. Ma et al. (2020) compared different fed-batch strategies for C. sorokiniana
FZU60 in BG-11 medium under mixotrophic conditions (750 μmol/m2/s) [66]. They found
that feeding a constant NaAc concentration of 1 g/L yielded higher lutein productivity
(8.04 mg/L/day) compared to the gradient feeding of NaAc (6.11 mg/L/day). Additionally,
the authors explored the effect of the light intensity of the second stage. Higher lutein
productivity and lutein content were achieved with 750 μmol/m2/s (8.25 mg/L/day;
11.22 mg/g DW) compared to 150 μmol/m2/s (5.62 mg/L/day; 9.85 mg/g DW).

Xie et al. (2022) investigated different nutrient feeding strategies for C. sorokiniana
FZU60 under heterotrophic conditions in a 5 L fermenter [59]. Importantly, the DO was
controlled at 20% by adjusting the stirring speed. When DO levels increased, new media
with glucose were fed into the fermenter. Enhancements in lutein productivity and lutein
concentration in the fermenter were observed using a 3-fold concentration of Mann and
Myer’s medium with urea (82.50 mg/L/day; 415.93 mg/L after 6 days) compared to 1-fold
(53.93 mg/L/day; 273.86 mg/L after 6 days) and 6-fold (50.37 mg/L/day; 254.90 mg/L
after 6 days) concentrations. This observation was explained by the more stable substrate
addition and operational parameters (stirring speed and DO) compared to the 1-fold, and
less substrate inhibition compared to the 6-fold. Notably, the lutein content of C. sorokiniana
FZU60 under fed-batch heterotrophic growth was only 2.57 mg/g DW.
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C. sorokiniana MB-1-M12 is another promising strain for lutein production, developed
through random mutagenesis with MNNG [31]. This lutein-rich mutant has lutein content
ranging from 4.98 to 8.71 mg/g DW under phototrophic and mixotrophic conditions, and
from 2.31 to 4.9 mg/g DW under heterotrophic conditions. While optimal parameters
for pH, light intensity, and aeration are similar to previously described C. sorokiniana
FZU60, the optimal temperature range for maximizing lutein production in C. sorokiniana
MB-1-M12 is slightly lower, at 27–28 ◦C. Chen et al. (2019) showed that the medium
replacement ratios used in semi-continuous mode also impact the lutein productivity of
C. sorokiniana MB-1-M12 under mixotrophic conditions (150 μmol/m2/s with NaAc). They
evaluated three medium replacement ratios (25%, 50%, 75%) over six repeated cycles,
replacing the medium when carbon was depleted [67]. Semi-continuous cultivation with
75% medium replacement (6.61 mg/L/day) resulted in higher lutein productivity than batch
(3.43 mg/L/day) and other replacement ratios (50%: 3.79 mg/L/day; 25%: 2.76 mg/L/day).

Chen et al. (2021) evaluated four different two-stage strategies for C. sorokiniana
MB-1-M12 in BG-11 medium over 10 days: TSAH—initiated as autotrophic and switched
to heterotrophic on day 3, TSHA—initiated as heterotrophic and switched to autotrophic
on day 4, TSMH—initiated as mixotrophic and switched to heterotrophic on day 5, and
TSHM—initiated as heterotrophic and switched to mixotrophic on day 4 [68]. The strategies
that started with heterotrophic conditions obtained higher maximum lutein concentra-
tion and lutein content compared to the strategies initiated with photoautotrophic and
mixotrophic conditions and ending with heterotrophic conditions (Table 3). In addition,
Chen et al. (2022) further improved the TSHM strategy by integrating fed-batch and
semi-continuous operational strategies for the C. sorokiniana MB-1-M12 [69]. During the
heterotrophic phase, glucose and urea were fed into the reactor to maintain glucose concen-
trations between 2.0 and 7.5 g/L and ensure sufficient nitrogen. When the highest biomass
was reached in the reactor, the fed-batch heterotrophic mode was switched to mixotrophic by
transferring 75% of the medium to the mixotrophic mode, while the remaining 25% continued
in a new fed-batch heterotrophic phase. This strategy was applied for three cycles in a 1 L
reactor, achieving lutein production (average of 79.55 mg/L) and lutein content (average of
6.44 mg/g DW). In addition, this strategy was successfully scaled to a 5 L reactor, achieving
lutein production (average of 167.96 mg/L) and lutein content (average of 8.33 mg/g DW).

Finally, Shi et al. (2002) investigated a strategy to enhance lutein productivity in
Chlorella protothecoides CS-41 (Auxenochlorella protothecoides) under heterotrophic conditions
in a 30 L fermenter [70]. The strategy involved initiating a fed-batch culture with glucose
(40 g/L) and urea (7 g/L) for 10 days at 28 ◦C. Subsequently, the culture was exposed to
nutrient-limited conditions at 32 ◦C for 84 h (equivalent to 3.5 days). After 10 days, the
lutein concentration in the reactor reached 200 mg/L, with the strain exhibiting a lutein
content of 3.8 mg/g DW. Following the period of nutrient limitation of 3.5 days, the lutein
content increased to 5.35 mg/g DW. However, the lutein concentration only slightly rose to
a maximum of 209.08 mg/L due to a decline in microalgal biomass in the reactor.

5.2. Cultivation Strategies for Other Microalgal Species

Several species of Scenedesmus exhibit the capacity to produce lutein. These green algae
thrive in freshwater habitats and can resist high light intensities (1625–1900 μmol/m2/s).
The optimal lutein production occurs at temperatures of 30–40 ◦C and the preferred pH
range for cultivation is between 6 and 8, with Mann and Myers medium commonly em-
ployed for lutein production. Aeration levels of 0.2–0.5 vvm, coupled with CO2 supplemen-
tation ranging from 2.5 to 10%, enhance growth. Under photoautotrophic conditions, lutein
content is 4.8–5.5 mg/g DW, around 2.55 mg/g DW under mixotrophic conditions, and
around 1.49 mg/g DW under heterotrophic conditions, which is generally lower compared
to Chlorella species (Tables 3 and 4). Ho et al. (2014) selected S. obliquus FSP-3 from the six
S. obliquus strains in photoautotrophic conditions for its higher lutein productivity capaci-
ties [61]. Different light-related strategies were evaluated for this strain in batch, including
various types of fluorescent lamps (e.g., TL5, T8, and helix lamps) and light intensities
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(from 30 to 600 μmol/m2/s). The full white light spectrum (410–610 nm) is more favorable
for lutein production than monochromatic green (480–580 nm), blue (435–515 nm), and red
(600–690 nm) LED light sources. The optimal lutein productivity (4.08 mg/L/day) was
obtained when using a white TL5 fluorescent lamp at a light intensity of 300 μmol/m2/s.
Florez-Miranda et al. (2017) tested a two-stage strategy to increase the lutein productivity
of S. incrassatulus CLHE-Si01 [73]. The heterotrophic stage was performed in batch mode
using glucose as a carbon source. Once glucose was consumed, the cultures were transferred
to a photoautotrophic stage (230 μm/m2/s). After 24 h of photoinduction, the lutein pro-
ductivity reached 3.10 mg/L/day. Chen et al. (2019) found that a fed-batch strategy under
mixotrophic conditions (150 μmol/m2/s, 12 h/12 h) continuously feeding Detmer’s medium
with 20 g/L glucose led to a lutein productivity of 4.96 mg/L/day for S. obliquus CWL-1 [74].

The freshwater microalga Desmodesmus also has the capacity to accumulate lutein
in its cells. Xie et al. (2013) identified Desmodesmus sp. F51 as the best strain for lutein
production [75]. Various growing media were tested, and Modified Bristol’s medium was
selected as optimal for lutein productivity (3.05 mg/L/day) under phototrophic condi-
tions (150 μmol/m2/s). To further enhance the lutein production, a fed-batch strategy
was employed using different nitrate concentrations (1.1, 2.2, 4.4, 8.8, and 17.6 mM). The
highest lutein productivity (3.56 mg/L/day) and content (5.05 mg/g DW) were achieved
with 2.2 mM nitrate pulse-feeding, with minimal differences observed between other con-
centrations. Interestingly, Ahmed et al. (2019) discovered that the synergistic effect of
the plant hormones salicylic acid and succinic acid can enhance nitrate assimilation and
increase lutein production in Desmodesmus sp. [76]. Supplementing with 100 μM salicylic
acid and 2.5 mM succinic acid under phototrophic conditions in batch culture achieved
a maximal lutein content of 7.01 mg/g DW and lutein productivity of 5.11 mg/L/day.
Additionally, a fed-batch strategy involving nitrate, succinic acid, and salicylic acid fur-
ther enhanced the lutein content and lutein productivity, reaching 7.50 mg/g DW and
5.78 mg/L/day, respectively.

Chlamydomonas is a green microalga with high light resistance and the capacity to
produce lutein in fresh and salt water. Similar to Scenedesmus and Desmodesmus, fewer culti-
vation strategies have been explored to increase lutein production in this genus. Different
light and temperature strategies were evaluated for Chlamydomonas sp. [77]. However, the
reported lutein productivities and lutein content (2.52–4.24 mg/g DW) are generally lower
compared to those of Chlorella (Table 3). However, as discussed earlier, its well-understood
genetics make it an ideal candidate for genetic manipulation, allowing us to potentially
enhance its lutein production.

Based on the literature reviewed, Chlorella sp. appears to be superior to Scenedesmus
sp., Chlamydomonas sp., and Desmodesmus sp. for lutein production. The most effective
cultivation strategy, yielding the highest lutein productivity (82.50 mg/L/day), involves
cultivating C. sorokiniana FZU60 under heterotrophic conditions in fed-batch mode with
3-fold concentrated Mann and Myer’s medium supplemented with glucose and urea,
while controlling dissolved oxygen (DO) in the fermenter [59]. Over 6 days, this approach
achieves a lutein concentration of 415.93 mg/L due to high biomass concentration in the
fermenter. Controlling operational parameters such as pH, ensuring effective gas supply
(ambient air and CO2), and maintaining dissolved oxygen (DO) levels in the fermenter
are crucial for achieving higher biomass production and consequently enhancing lutein
productivity. However, under these heterotrophic conditions, the lutein content is only
2.57 mg/g DW. To enhance the lutein content in Chlorella, two-stage strategies can be
employed. For instance, using fed-batch heterotrophic conditions followed by mixotrophic
conditions for C. sorokiniana MB-1-M12, as proposed by Chen et al. (2022) [69], results in
a lutein content of 8.19 mg/g DW after 14 days of cultivation. Conversely, the fed-batch
mixotrophy followed by mixotrophic conditions for C. sorokiniana FZU60, as suggested by
Ma et al. (2020) [66], achieves a lutein content of 11.22 mg/g DW after 8 days of cultivation.
These two-stage strategies were demonstrated to run in semi-continuous mode, optimally
with a medium replacement ratio of 75% or higher.
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6. Future Directions and Challenges

6.1. Conclusion and Future Directions in Metabolic Engineering for Microalgal Lutein Production

Random mutagenesis and metabolic engineering of microalgae for enhanced lutein
production presents a promising avenue for sustainable and efficient lutein biosynthesis,
as both techniques were able to increase the lutein content in microalgae (Table 2). On the
one hand, random mutagenesis involves the alteration of genetic material in a non-specific
manner, leading to the discovery of beneficial mutations that can increase lutein production.
On the other hand, metabolic engineering allows for the precise modification of specific
genes known to be involved in the lutein biosynthetic pathway, offering a targeted approach
to enhancing production.

Comparing studies to determine the most efficient different random mutagenesis and
metabolic engineering technique is challenging because lutein content is often reported
in different units, such as mg/g DW, pg/cell, or not reported at all. Overall, random
mutagenesis resulted in a higher lutein content compared to metabolic engineering (Table 2),
largely because it has been applied to microalgal species that already exhibit a high natural
lutein production. On the other hand, metabolic engineering has predominantly focused
on C. reinhardtii, primarily because its genome is one of the first to be fully sequenced, and
it has well-established transformation protocols.

In this review, the highest found lutein content (13.81 mg/g DW) was from C. zofin-
giensis mutant, obtained via random mutagenesis, exposed to stress conditions (nitrogen
deficiency and high light irradiation of 460 μmol/m2/s) [33]. However, this was achieved
at a very small scale (50–100 mL), and further evaluation of lutein productivity is necessary
to compare it with reported values from cultivation strategies (Tables 3 and 4). Explor-
ing various cultivation strategies could be beneficial and intriguing avenues for further
research, as demonstrated by Chen et al. in 2017 with their C. sorokiniana MB-1-M12 mutant
generated through random mutagenesis [29].

Interestingly, some genes modified through random mutagenesis, such as the cGMP-
dependent protein kinase, have shown significant effects on lutein biosynthesis [30]. The
identification of such genes is valuable because it highlights specific genetic targets that can
be further studied and precisely modified through metabolic engineering. With the increas-
ing availability of genomic knowledge and techniques, metabolic engineering research can
shift to microalgal species, such as Chlorella sp. and Scenedesmus sp., that naturally produce
higher levels of lutein.

In the context of utilizing microalgae biomass with enhanced lutein content, consider-
ation must be given to two key regulatory aspects: novel food regulation and genetically
modified organism (GMO) legislation. Some dried microalgal biomass with high lutein
content can be consumed directly or after cell disruption to enhance bioavailability, serv-
ing as food or a food supplement. In the EU, this is allowed for several species such as
A. protothecoides, C. sorokiniana, C. vulgaris, and Parachlorella kessleri, among others like
Scenedesmus vacuolatus. Other species, such as C. reinhardtii, are in the pipeline of novel
food regulation, while Desmodesmus species and other Scenedesmus species are currently
not allowed as food.

Using random mutagenesis on permitted microalgal species with a history of safe con-
sumption before 1997, such as Chlorella, poses no issues for regulatory approval. However,
microalgae approved under the novel food regulation would require a new application
under this regulation if random mutagenesis is used. Furthermore, the use of GMO could
be controversial and face stricter regulations requiring careful evaluation and approval.
Due to the relatively strict regulatory framework for GMOs in the EU, most commercial
applications of gene editing technologies, including transgenic microalgae, have occurred
outside the EU.

6.2. Comparing the Optimal Cultivation Strategies for Lutein Production

As seen from Tables 3 and 4, employing fed-batch heterotrophic cultivation in a
controlled fermenter results in the highest lutein productivity. Two-stage strategies, tran-
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sitioning from heterotrophic to mixotrophic or photoautotrophic cultivation conditions,
often result in slower lutein production and lower biomass density in the second stage.
This contributes to lower final lutein concentrations in the PBR compared to those achieved
with fed-batch heterotrophic conditions. Nevertheless, the lutein content is higher in these
two-way strategies, which might be important for further downstream processing. Mi-
croalgal biomass with higher lutein content may facilitate greater extraction efficiencies
during downstream processing, owing to a higher concentration gradient that enhances the
diffusion of lutein from the cell interior to the extraction solvent. Consequently, achieving
high lutein productivity from microalgae initially cultivated under heterotrophic condi-
tions, which typically have lower lutein content, may require increased resources such as
chemicals, energy, and water. However, this hypothesis warrants further investigation, as
no comparative studies were found in the literature.

Energy consumption for artificial lighting under mixotrophic and phototrophic con-
ditions can significantly increase the production cost of microalgae, which is not the case
for heterotrophic cultivation. Perez-López et al. (2014) found that replacing artificial light-
ing with sunlight reduces both environmental impact and cost, though it can also lower
biomass productivity [81]. Interestingly, Dineshkumar et al. (2016) tested various light
strategies (constant light intensity, and linearly and exponentially increasing light intensity)
for Chlorella minutissima [71]. They found that a linear light strategy not only increased
lutein productivity and lutein content (5.35 mg/L/day; 8.24 mg/g DW) compared to con-
stant illumination at 260 μmol/m2/s (4.32 mg/L/day; 6.37 mg/g DW), but also reduced
light energy consumption by 32%. Apart from the energy costs associated with lighting,
mixotrophic and phototrophic conditions can reduce the ecological footprint by lowering
CO2 emissions, thanks to their carbon sequestration capabilities, which is not the case for
heterotrophic cultivation.

Scalability of the used strategy is also important for commercialization and reducing
production costs of microalgae. Additionally, a single-stage process might be easier to
operate compared to a two-way strategy. Jeon et al. (2014) demonstrated that fed-batch
heterotrophic cultivation for lutein production is scalable to a commercial level [72]. They
observed that lutein concentration remained consistent for C. vulgaris when scaling up from
a 5 L batch (252.75 mg/L) to fed-batches in a 25 m3 system (260.55 mg/L) and further to
fed-batches in a 240 m3 system (263.13 mg/L). Scaling the two-way strategy to commercial
levels has not been attempted. As seen in Tables 3 and 4, most research on microalgal
lutein production is predominantly confined to laboratory conditions with volumes often
limited to 1 L bottles, PBR, or small-scale fermenters. Scaling the two-way strategy could
present several challenges. For example, if the culture becomes dense under heterotrophic
conditions in the first stage, it will need to be diluted for efficient light penetration when
transferred to the second stage under mixotrophic or photoautotrophic conditions. Diluting
the culture in closed systems would require larger PBRs, which would significantly increase
the capital expenditure (CAPEX). Suparmaniam et al. (2024) hypothesize that two-way
strategies can be upscaled by first cultivating the microalgae heterotrophically in fed-batch
mode until the early exponential phase [23]. In the second stage, the microalgal cultures
would be transferred to an open raceway pond (ORP) system operated under mixotrophic
conditions. However, using ORPs under mixotrophic conditions might be challenging due
to the increased risk of contamination because of the presence of a carbon source, resulting
in culture crashes. Operating in photoautotrophic conditions for the second stage, ensuring
the carbon source is fully utilized before changing conditions, might be a possible solution
to minimize contamination risks in ORPs.

Under heterotrophic and mixotrophic conditions, both microalgae and bacteria also
compete for organic carbon, with bacteria often outnumbering microalgae due to their
shorter doubling times. As a result, keeping anexic conditions through the scaling process
will be important to avoid culture crashes or contamination issues, which could raise
safety concerns for human consumption. Selecting lutein-producing species that can resist
extreme environments, such as low-pH and high-salt conditions, might offer a solution
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for contamination during cultivation. These resilient species could enhance the stability
and efficiency of large-scale lutein production systems. For example, Bermejo et al. (2018)
demonstrated that the acidophilic eukaryotic microalga Coccomyxa onubensis, which can
endure moderate salt stress and low pH (pH 2.5), can accumulate lutein under phototrophic
conditions (140 μmol/m2/s) with the addition of 100 mM NaCl, achieving up to 6.7 mg/g
DW [80]. However, this species grows much slower compared to Chlorella species (Table 3),
resulting in lower lutein productivity (1.63 mg/L/day).

6.3. Comparing Microalgae and Marigold for Lutein Production
6.3.1. Advantages of Microalgal Production for Lutein Compared to Marigold

Natural lutein is currently produced commercially from marigold flowers, specifi-
cally Tagetes patula or Tagetes erecta. However, several advantages have led to growing
interest in using microalgae for lutein production (Figure 2). The lutein content in the
dry petal powders of T. erecta and T. patula ranges from 0.829 to 27.946 g/kg and 0.597 to
12.31 g/kg, respectively, depending on environmental conditions, growth stages, and ge-
netic variation [22]. As a result, the lutein content in marigold petals can be higher than
in dried microalgae (Tables 3 and 4). However, microalgae have a growth rate that is
5–10 times faster than that of higher plants, which can significantly increase their lutein
productivity [22]. Moreover, microalgae can be cultivated year-round, unlike seasonal
marigold flowers. Li et al. (2015) compared the lutein yield, assuming an available lutein
content of 20 g/kg in dry petal powder and 5 g/kg in dry microalgal powder [22]. Be-
cause of the higher growth rates and year-round production of microalgal biomass, the
annual lutein production rate can reach 350–750 kg/hectare, whereas for marigolds, it
is approximately 120 kg/hectare. The marigold production is also labor-intensive and
predominantly located in economically upcoming countries such as China, India, and some
African nations, which are locations that are prone to climate change (extreme temperature,
drought, and heavy rainfall), which could affect the marigold production. Li et al. (2015)
also stated that a lutein content of at least 10 g/kg (1% DW) in microalgae is deemed essen-
tial for commercial viability [22]. As discussed in previous sections, specific Chlorella strains
can achieve lutein content ranging from 4 to 11 mg/g DW, depending on the cultivation
conditions and strategies used, indicating that this criterion can be met with optimized
cultivation methods. Furthermore, advancements in random mutagenesis and metabolic
engineering offer potential for surpassing these values significantly, as shown for the C.
zofingiensis mutant (13.81 mg/g DW) described by Huang et al. (2018) [33].

 
Figure 2. The advantages of using microalgae as a source for lutein production.

Additionally, microalgal cultivation requires no arable land and 2–10 times less water
compared to marigold flowers. While microalgae require more nitrogen and phosphorus—1.5
and 2 times more, respectively—they need 3.5 times less potassium than marigold flowers [22].
Using food waste hydrolysate and other side streams can serve as sustainable and cost-effective
nutrient sources, further enhancing the sustainability of microalgal lutein production. For
instance, Wang et al. (2020) tested Chlorella sp. GY-H4 mixotrophic cultivation using
food waste hydrolysate supplemented with 20 g/L glucose in semi-continuous mode,
achieving a lutein productivity of 10.5 mg/L/day and a lutein content of 8.9 mg/g DW [82].
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Additionally, ricotta cheese whey and cane molasses have shown potential as culture media
for growing Chlorella species [83,84]. Tran et al. (2014) explored cost reduction by recycling
the cultivation medium; however, this approach was shown to decrease both biomass and
lutein content [85]. It is essential to note that legislation will require side streams used for
microalgal lutein production to meet food-grade standards to ensure safety and compliance
with health regulations.

6.3.2. Disadvantages of Microalgal Production for Lutein Compared to Marigold

The primary drawback of lutein production from microalgae is its energy-intensive
process, particularly in the downstream processing (harvesting, cell disruption, extraction,
and purification) of the biomass [86]. To remove the larger volume of water in microalgal
culture, extracting microalgal suspension requires more energy than for marigold flow-
ers [22]. Conventional techniques like centrifugation consume significant energy, whereas
sedimentation is time-consuming and carries a risk of lutein degradation. Drying requires
similar amounts of energy for both marigold flowers and microalgae. Cell disruption
is often necessary to increase carotenoid yields but is more energy-intensive than crush-
ing/powdering the marigold flowers due to microalgae’s smaller cell size (3–10 μm), which
reduces disruption efficiency [6]. Due to this, the energy needed for microalgal cell dis-
ruption ranges from 33 to 530 MJ/kg, about 1000 times higher than the energy required
for crushing marigold flowers (800 kJ/kg) [22]. The composition, thickness, and size of
microalgae cell walls dictate the energy demand for disruption. Lutein-rich Chlorella species,
known for their strong cell walls, typically require cell disruption. In contrast, species such
as C. reinhardtii, with more fragile cell walls, do not require cell disruption [87].

Despite microalgae requiring less water during cultivation compared to marigold
flowers, the extraction phase for microalgae demands more solvents, water, and energy,
attributed to stronger lutein bonds within the microalgal biomass and its small size [22].
Microwave-assisted extraction and supercritical fluid extraction are explored as potential
alternatives for traditional solvent extraction methods due to their thermal stability and
high efficiency, despite higher operational costs and energy demands [15]. Furthermore, an
intense purification step is needed to eliminate water, chlorophyll, and other compounds
bound to the free lutein in the microalgal cells. Advanced methods like chromatography
offer high purification efficiency but are costly and challenging to scale up [15]. In con-
trast, marigold flower extracts contain primarily lutein and zeaxanthin esters, simplifying
the extraction and purification processes. Typically, solvent extraction with n-hexane is
employed to extract oleo-resin from milled dry flower petals, occasionally aided by KOH
to release free lutein. For microalgae, solvent extraction, purification, and residual water
removal for lutein purification are more laborious, with excess solvent requirements [24].
Balancing effectiveness with affordability remains a challenge in optimizing microalgal
lutein extraction and purification processes.

Lutein extracted from marigolds can be marketed as an additive (E161b) in the Euro-
pean Union. Furthermore, it is granted GRAS status by the United States Food and Drug
Administration for use as a health supplement promoting eye health [22]. In contrast, com-
mercialization of purified lutein extracted from microalgal species would require regulatory
approval. Alternatively, microalgae species rich in lutein can be used as a whole, bypassing
the need for extraction and purification steps. However, consumer acceptance of this
approach may be hindered by the distinct flavor and color characteristics of microalgae [88].
While marigolds are still the main source, research is ongoing to improve the efficiency and
cost-effectiveness of microalgae for lutein production. In the future, we might see a shift
towards microalgae as the preferred method.

7. Conclusions

The review highlights the potential and challenges of enhancing lutein production
in microalgae through random mutagenesis and metabolic engineering. Both techniques
have shown promise, with random mutagenesis achieving higher lutein content due
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to its application to naturally high-producing species, while metabolic engineering of-
fers precision in modifying specific genes. The highest lutein content was observed in a
C. zofingiensis mutant under stress conditions, yet scalability and productivity comparisons
require further research. Regulatory considerations must be taken into account when using
certain microalgae species, especially when employing genetic modification techniques.

Optimal cultivation strategies suggest fed-batch heterotrophic cultivation in controlled
fermenters for the highest lutein productivity, though two-stage strategies, involving a tran-
sition from heterotrophic to mixotrophic or photoautotrophic conditions, show potential
for higher lutein content, particularly in Chlorella species. The scalability of these culti-
vation strategies remains a challenge, with heterotrophic conditions being easier to scale
than mixotrophic or photoautotrophic conditions. The review compares microalgal and
marigold lutein production, highlighting microalgae’s faster growth rates and year-round
cultivation advantages. Despite the current challenge of energy-intensive downstream
processing in microalgae, advancements in extraction and purification technologies hold
promise for overcoming these hurdles.

In conclusion, microalgae offer promising avenues for sustainable lutein production,
particularly with advancements in genetic techniques for obtaining high-producing lutein
species. Testing these species with the proposed cultivation strategies and scaling up the
cultivation process are crucial for commercial viability. With ongoing research focused on
optimizing cultivation and processing methods, microalgae have the potential to surpass
marigolds as the preferred source of lutein in the future.
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