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Abstract: Chlamydomonas reinhardtii (C. reinhardtii) is one of the most well-studied microalgae or-
ganisms that revealed important information for the photosynthetic and metabolic processes of
plants and eukaryotes. Numerous extensive studies have also underpinned its great potential as
a biochemical factory, capable of producing various highly desired molecules with a direct impact
on human health and longevity. Polysaccharides, lipids, functional proteins, pigments, hormones,
vaccines, and antibodies are among the valuable biomolecules that are produced spontaneously or
under well-defined conditions by C. reinhardtii and can be directly linked to human nutrition and diet.
The aim of this review is to highlight the recent advances in the field focusing on the most relevant
applications related to the production of important biomolecules for human health that are also
linked with human nutrition and diet. The limitations and challenges are critically discussed along
with the potential future applications of C. reinhardtii biomass and processed products in the field of
nutraceuticals and food supplements. The increasing need for high-value and low-cost biomolecules
produced in an environmentally and economy sustainable manner also underline the important role
of C. reinhardtii.
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1. Introduction

Microalgae represent a valuable source for economic production of commercially rele-
vant high-value products (e.g., whole biomass, metabolites, recombinant proteins, etc.), in
a more sustainable, environmentally friendly manner. In fact, the cultivation of microalgae
may reduce the stress on intense resource demanding of terrestrial food crops. They also
have higher photosynthetic efficiency and carbon mitigation potential, encouraging more
sustainable and efficient production [1]. There are two main strategies used in industrial-
scale production for algal biomass: i) open systems and ii) large closed systems that meet all
the necessary photobioreactor criteria [2]. In terms of risk assessment and cost, the former
increases the contamination risks (e.g., coliform bacteria and E. coli) due to a large surface
of the biomass medium exposure [3], while the latter is costlier and provides much better
control of the whole processes. The bioaccumulation of heavy metals represents another
significant problem; thus, microalgae-growing media and water should always be carefully
controlled [4]. It is worth noting that most of the processes used in microalgae production
still struggles to reach a technology readiness level (TRL) that could demonstrate indus-
trial viability, even if there is a significant number of new studies that provide important
supplementary knowledge to that end (e.g., culture illumination influencing microalgal
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physiology, gene expression, and metabolism) [5]. For those cases that do not include
whole-cell consumption, usually, the nutritional components of microalgae are extracted
before being used. The various methods utilized to that end include steam explosion,
ultrasonication, enzymatic disruption, and extraction with green solvents or CO, under
supercritical conditions [6]. The extraction processes are monitored for improving the
efficiency and quality of the extract since it could be negatively impacted (e.g., oxidation).
Regarding the microalgae extracts high in protein, they have been found to exhibit superior
characteristics to those found in meat [7].

The pioneering keynote held by phycologist Ralph Lewin in 1992 at the Fifth In-
ternational Chlamydomonas Conference has been a milestone and a predictive truth in
Chlamydomonas history. The author described the photosynthetic microalgae, including
morphological descriptions and genetics studies, as well as, coining its name Chlamy-
domonas (Greek etymology, xAaptg (chlamys): a cloak; povég (monas): solitary) proposing
the title of his address to be “The cloaked one emerges from obscurity” [8]. The advantages
provided by a haploid system that gives access to all four products of meiosis, and due
to the fact that the loss-of-function mutations can be immediately traduced in observable
phenotypes with respect to diploid organisms, made the work on these systems highly
desirable [9]. The easiness of growing the microalga C. reinhardtii and Chlamydomonas
eugametos in the laboratory quickly and in large quantities (they boost a faster reproduction
time (~ 8 h) in comparison with classic plant models) also played a crucial role

Taxonomic studies revealed the presence of more than 500 species belonging to the
Chlamydomonas genus, with C. reinhardtii as one of the most well-studied [10]. The origin of
C. reinhardtii was reported to derive from a single zygote isolated from a Massachusetts
potato field in 1945 [11]. However, after decades of laboratory domestication (e.g., accu-
mulation of mutations) their current genetic traits have become distant from the wild type,
and they probably lost the capability to live in nature [10,12].

In the last decades, the research interest in this eukaryote organism has grown expo-
nentially, focusing on the cell division, responses to excess light and the dissipation of light
energy, metabolism, photosynthesis, cilia biogenesis, carbon-concentrating mechanisms,
biosynthetic pathways, and chloroplast gene expressions. At the beginning of the 20th
century, an important project related to the sequencing of the Chlamydomonas genome
began, due to its strong potential in genetic engineering, which made it an excellent model
system in DNA surgery and turning it into a model system dubbed “green yeast” [13,14].
Nevertheless, the preliminary gene models released were truncated or missing, mainly
because of the limited technical limitations at the time.

For all these reasons, an iterative process of improvements housed at Phytozome, the
Joint Genome Institute’s plant genomics portal, started and pushed Chlamydomonas into the
“omics” age, thanks to the high-quality genomic data supported by RNA-Seq analysis and
the ease-of-use organization on chromosomes [15,16].

The role of C. reinhardtii in developing genetic engineering protocols has been essential,
and nowadays it is widely used to maximize the yields of bio-products, such as polyphe-
nols, catechin, flavanols, glycosides, and phlorotannins, with intriguing applications in
both medical and nutraceutical fields [17-20]. The abundance of noteworthy compounds
produced by C. reinhardtii as primary or secondary metabolites made it an attractive source
of carotenoids, chlorophylls lipids, polysaccharides, and recombinant proteins [5,21]. The
recently discovered ability of C. reinhardtii to grow rapidly in fermenters has opened up
the way for production at a commercial scale [22]. Moreover, the production of vaccines
subunits, aiming to provide stable preparations, such as lyophilized microalgae pellets,
could serve as alternative vaccinations in countries with health difficulties and they could
also have a strong impact on the reduction in production costs, due to easiness in produc-
tion, handling, and vaccine administration [23-25]. The notice (No. 773) issued by the Food
and Drug Administration (FDA) recognizing C. reinhardtii as a generally regarded as safe
(GRAS) organism unveiled new possibilities for further utilization of C. reinhardtii.
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Recent studies have highlighted the positive health outcomes of algal compounds
inserted into the human diet. In particular, microalgae biomass and extracted compounds
have been tested, providing promising results in terms of potential reduction in cancer
incidence, prevention of diseases, and control of inflammation and obesity [26-30].

Clinical studies on effects related to the consumption of C. reinhardtii whole cells
by human volunteers have been carried out for assessing the impacts on gastrointestinal
health and microbiota, showing that the intake of C. reinhardtii cells is able to promote
the microbiota eubiosis, reducing the imbalances and improving the general health of the
intestine, even in conditions of induced colitis stress [31].

Another significant role of C. reinhardtii in human health concerns antibiotic resistance,
as it has been recently defined by the World Health Organization (WHO) as the most serious
warning to the health of the global population. The ability of C. reinhardtii to synthesize
several metabolites exhibiting strong antibiotic activity to counteract numerous pathogenic
microorganisms may prove to be an important asset [32]. Among those metabolites, the
sulfur polysaccharides are believed to be some of the most promising metabolites, inhibiting
the formation and promoting the elimination of bacterial biofilms which trigger strong
virulence in many foods and represent a serious problem in hospital environments [33,34].

Achieving better high-value nutrients and recombinant protein content in C. reinhardtii
has constantly been the aim of many studies utilizing genetic and metabolic engineer-
ing tools; for example, toward the expression of human selenoprotein, production of
bovine lactoferricin, increment of PUFA levels, fatty acids (FAs), anti-p57 antibodies, and
carotenoid pigments [35-41].

The aim of this review is to describe the role of C. reinhardtii in supporting human
health by the production of various high-value compounds (e.g., polysaccharides, lipids,
proteins, and pigments) that can be directly used as nutraceuticals or food supplements. We
also seek to highlight the biotechnological advances in the field by giving special attention
to the most recent applications. Lastly, we underline the still unexploited potential of this
system and the challenging issues still pending to be tackled.

2. Bio-production
2.1. Polysaccharides

Polysaccharides are macromolecules consisting of 10 or more monosaccharide units
connected to each other by glycosidic bonds.

According to their composition, the structure and, therefore, the physicochemical
characteristics of the polysaccharides can be different properties, such as gelling, textur-
izing, thickening, and stabilizing [42,43]. Based on these aspects, polysaccharides find
applications in various fields ranging from the food industry to the medical and pharma-
ceutical sectors, to biotechnological procedures [44]. Polysaccharides play significant roles
as immunomodulators, antioxidants, antitumor drugs, anticoagulants, and antiviral agents.
Algal cells are an abundant resource of these macromolecules [45].

In particular, Chlamydomonas species, depending on the strain, are known to pro-
duce different families of carbohydrates, namely exopolysaccharides (EPSs) and sulfated
polysaccharides (SPs). EPSs are released by microalgae or encapsulated in the cell walls
of microorganisms. These polysaccharide excretions have, among other functions, that
of protecting microalgal cells from harmful agents and/or environmental stress [46,47].
Moreover, they have many important technological and physiological properties of high in-
terest in the food industry safely; they are environmentally safe and usually biocompatible.
Any variety of the same species is able to supply different EPSs because this production is
not species-specific [43]. The chemical analysis of EPSs secreted by several Chlamydomonas
strains reveals the presence of six to nine monomers, with the main representatives being
glucose, galactose, fucose, rhamnose and arabinose (Table 1).
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Table 1. Sugar monomers of polysaccharides in Chlamydomonas microalgae where Ara arabinose, Fuc
fucose, Gal galctose, Glu glucose, Man mannose, Rha rhamnose, Rib ribose, Xyl xylose, UA uronic
acids. Adapted from [48].

Species Sugar Monomers (in Alphabetical Order) Ref.

C. mexicana (or C. oblonga) 1 Ara, Fuc,?2 Gal, Glu,2 Man, Rha, Rib, Xyl, UA [49]
C. reinhardtii Ara, Gal, Glu,2 Man, Rha [50]

C. sajao (or Labochamys segnis) 13 Ara, Gal,2 Glu, Man, Rha, Xyl, UA [49]

! uronic acids were not detected in cell wall polysaccharides; > dominant sugar; ® ribose was detected only in cell

wall polysaccharides.

EPS production and its physicochemical properties can be influenced by growth con-
ditions such as medium composition, salinity, nutrient availability, light exposure (photon
flux and wavelength), pH, and temperature. Abiotic stressors cause algal cells to secrete
polysaccharides [46]. For example, several studies of C. reinhardtii have shown that growing
the microalga under S-starvation induces a 10- to 15-fold increase in carbohydrate accumu-
lation [51,52]. For all these reasons, the studies on EPS production from Chlamydomonas
microalgae represent an intriguing goal for the research.

Regarding the SPs, they are polymers with anionic nature composed of one or more
monosaccharides substituted with a sulfate group in different positions, exhibiting signifi-
cantly useful biological properties [53-56] such as anticoagulant [57-59], anti-viral [60,61],
antioxidant [62-65], anticancer [60,66—-69], antithrombotic [70], antimicrobial [71], anti-
obesity [72-74], and anti-inflammatory activities [75-77]. Green algae biosynthesize di-
verse types of SPs with different carbohydrate residues such as xyloarabinogalactans,
glucuronoxylorhamnans, glucuronoxylorhamnogalactans, etc [55]. Numerous studies have
demonstrated that the composition of SPs is strongly correlated with their bioactivity,
and the production of different SPs from diverse algae. For example, carrageenans and
agarans are biosynthesized from red algae, while brown algae produce laminarin, alginates,
and fucoidan.

Recently, is was found that SPs possess significant antibacterial activity, even against
multiresistant bacteria [32]. Several studies have focused on the possible mechanism
which allows these metabolites to prevent antibacterial activity from taking place. The
mechanism proposed is based on the binding of the polysaccharides to the cell wall,
cytoplasmic membrane, and DNA of the bacterium. These interactions cause dramatic
changes in the bacterial cell, such as membrane modification, resulting in protein loss
and bacterial DNA damage [78]. In particular, SPs from C. reinhardtii exhibited significant
antibacterial activities toward opportunistic pathogens such as Streptococcus sp., Bacillus
subtilis, Neisseria mucosa, and Escherichia coli. Interestingly, at concentrations of 4-8 mg/mL,
the extracted SPs inhibited at 100% the biofilm formation of all bacteria [33]. Moreover,
other noteworthy properties of SPs from green chlorophyte C. reinhardtii have been reported,
including efficient antioxidant and anticancer activities toward different cancer cell lines
(e.g., HepG2, HeLa, melanoma B16, and MCEF-7), although the molecular mechanism still
remains unclear [34]. SPs have also shown promising anti-neurodegenerative activities
by both inhibiting the x-Synuclein (x-Syn) fibrillation process and dissolving preformed
fibrils [33,79].

The production of EPSs and SPs from C. reinhardtii can be considered economically
sustainable, but still many efforts are required to be made to achieve optimal growth
conditions, to identify the best-performing strains in the production yield, and finally, to
deepen our understanding of the molecular mechanisms of these compounds related to
their biocidal and antitumor activities.

2.2. Lipids

Lipids are organic compounds widely diffused in nature and represent one of the
four main classes of organic compounds of biological interest, together with carbohydrates,
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proteins, and nucleic acids. Lipids are identified on the basis of their common solubility
properties. They are insoluble in water (therefore, they are defined as hydrophobic),
while they are soluble in organic solvents such as diethyl ether or acetone, alcohols, and
hydrocarbons. These molecules perform fundamental biological functions, they are the
principal components of cell membranes (e.g., galactoglycerolipids, phosphoglycerolipids,
sphingolipids, and sterols), they are responsible for energy storage (triacylglycerols or
TAGs) and for signaling in defense responses (e.g., phosphoinositides and oxylipins) [80].
Furthermore, they find broad applications. Among the main ones, they are used as essential
nutrients in human and animal nutrition, important raw materials for industry, potential
renewable energy resources, nutraceuticals, and food supplements [81].

The potential of lipids present in C. reinhardtii for biofuels and bio-products production
is well-known and previously reviewed elsewhere [82,83]. In this review, we seek to point
out an additional value of these compounds related to their nutritional capacity.

Microalgae are among the main producers of very long-chain omega-3 and omega-6
polyunsaturated fatty acids (PUFA). These compounds play critical roles both as nutrients
in the human diet and are used in the medical field [84,85]. Furthermore, some of these are
considered essential fatty acids because they cannot be biosynthesized by humans, but must
be taken through the diet. Moreover, the potential health benefits of the w-3PUFAs, namely
alpha-linolenic acid (ALA), docosapentaenoic acid (DHA), and eicosapentaenoic acid (EPA),
on neurological disorders, inflammatory disease, cardiovascular events, and even some
cancers, have been well-investigated [86-89]. Microalgae can be induced to affect their lipid
metabolism if subjected to stressful conditions. In particular, stress conditions can be iden-
tified as unfavorable environmental factors, such as illumination conditions (wavelength,
duration, and intensity), carbon dioxide levels, temperature, nutrient starvation, heavy
metal stress, pH, and saline stress, or a combination of the latter factors. For example, if all
the elements necessary for growth are not available, microalgae cells can divide rapidly,
mainly synthesizing membrane lipids, in particular chloroplast lipids. Moreover, extreme
temperatures are reported to be related to changes in the composition and the ratio between
membrane lipids in order to reach a phase of adaptation of the cell to the new conditions.
Furthermore, light intensity, spectral quality, and the photoperiod are known to affect the
metabolism of microalgal lipids and their lipid composition. Indeed, in the case of high
luminous fluxes, microalgae can reduce the size of chloroplasts and induce deep rearrange-
ments in granae and intergranal lamellae, which is in agreement with the reduction in the
proportion of membrane lipids [90]. In the last decades, many efforts have been dedicated
to finding the optimized stress conditions to be applied to microalgae cultures for reducing
cultivation costs, maximizing the accumulation of desirable compounds, and preventing
contamination by undesirable organisms. Therefore, this approach represents a sustainable
and cost-effective strategy to increase lipid production in microalgae [91].

The percentage of lipids contained in microalgae is between 20 and 50% of dry
weight; the amount depends on the algal strain and growth conditions [92]. In partic-
ular, C. reinhardtii exhibits about 20% of lipids [93], which are composed of saturated,
monounsaturated, or PUFAs with a length between 16 and 20 carbons. The most abundant
are 16:0, 16:44472102,13Z 18.192 and 18:394122.15Z (Table 2) [20].

In their study, Darwish and co-workers [20] compared the lipid content in C. reinhardtii
with that of Chlorella and Spirulina, which are considered to be important principle active
ingredients in the production of health food supplements. The authors found that the
amounts of FAs, particularly omega-3 FAs, contained in C. reinhardtii are superior to the
reference species in both quality and quantity. For example, as shown in Table 2, the
content of ALA (C18:3 n-3) in C. reinhardtii is considerably higher than that of Spirulina
and Chlorella. Moreover, computational tools assisted by input from experimental data
revealed that tailor-made cultivation strategies relying on optimal nutrient composition
could yield significant increases of +270% in the starch and +74% in the lipid content in
C. reinhardtii, opening new avenues for manipulation of the nutrient composition [94]. It is
important to underline the determining role of ALA for humans. It is the starting material



Molecules 2023, 28, 1185

6 of 22

from which EPA and DHA derivatives can be synthesized [95]; therefore, the dietary intake
of this precursor could lead to the formation of DHA and EPA with their proven beneficial
effects. However, it must be specified that the transformation of ALA into EPA and DHA in
humans is not quantitative, but occurs in various percentages, depending on the quantity
of omega-6 present. Specifically, the conversion in EPA is about 8%, while in DHA is about
0.1%; therefore, the intake of FAs only with C. reinhardtii would not be sufficient to meet
the daily requirement but would have to be integrated with a balanced diet.

Table 2. Fatty acid (FA) profile of C. reinhardtii, Spirulina and Chlorella.

FA (DW) C. reinhardtii Chlorella Spirulina
mg/g” % mg/g % mg/g %
C16:0 16.7+ 0.8 23.8+02 11.0+£03 222+01 259+46 579+04

Cl6:1n-7 1.9+0.1 27£01 6.5£0.1 13.0+0.1 01=£00 01+00
C16:4 n-3 39101 55+03 0.0+0.0 0.1+0.0 0.0+0.0 0.1+0.0

C18:0 1.6 £02 23+03 1.4+£0.0 28+£0.1 0.7+ 0.0 1.5+0.1
C18:1n-9¢ 103 +£1.1 147 £1.6 35+£0.1 70+£0.2 09+02 20£02
C18:2 n-6¢ 27102 3.8+0.2 156 £0.3 314+£03 85+16 19.0£0.2
C(lngn)_6 29+02 41+03 0.0=£0.0 0.1=£00 87+£16 195+ 0.2
C18:3n-3 29.8 +19 424+12 11.6 £0.2 234 +£0.1 0.1+0.0 0.1+0.0
C20:4 n-6 0.6=£0.1 09+0.0 0.0+0.0 0.1£0.0 87+£1.6 195+ 0.2

Y.SFA 18.3 26.02 124 25.0 26.6 59.4
Y. USFA 52.1 74.0 37.3 75.0 18.5 40.6
¥n-3 FA 33.7 47.9 11.6 23.4 0.1 0.2
Xn-6 FA 6.2 8.7 15.7 31.6 17.2 38.3
n-6/n-3 0.2 0.2 1.4 1.4 und und

Abbreviations: DW: dry weight and und: undefined due to the very low amount. C16:0: palmitic acid; C16:1 n-7:
palmitoleic acid; C16:4 n-3: hexadecatetraenoic acid; C18:0: stearic acid; C18:1 n-9c: oleic acid; C18:2 n-6¢: linoleic
acid (LA); C18:3 n-6: gamma-linolenic acid (GLA); C18:3 n-3: alpha-linolenic acid (ALA); C20:4 n-6: arachidonic
acid; SFA: saturated fatty acid; USFA: unsaturated fatty acid. Reprinted from ref. [20].

An important aspect to consider is that Chlamydomonas, compared to other microalgae
species, is fully characterized. Its genome, in fact, is completely sequenced allowing the
development of sophisticated genetic engineering protocols [13,96-98].

In recent years, there has been considerable interest in using microalgal lipids in the
food, chemical, pharmaceutical, and cosmetic industries. In the fuel industry, algae-based
biofuels have emerged as clean, nature-friendly, and cost-effective solutions compared to
other fuels [99]. In cosmetic formulations, lipids and their derivatives are one of the main
ingredients [100]. Algae as a food has been explored for different applications such as in
the production of human food, as fodder for fish and farm animals, and as food supple-
ments [101]. Although microalgae are viable sources for bioenergy and biopharmaceuticals
in general, some limitations and challenges remain, which need to be overcome to upgrade
the technology from the pilot stage to the industrial level.

2.3. Recombinant Proteins for Therapeutics

Therapeutic proteins are genetically modified human proteins used for pharmaceutical
purposes. They have been shown to be highly effective in vivo and are invaluable tools
for disease treatment. In fact, protein therapy allows for a targeted and personalized
therapeutic approach based on the individual’s specific deficiencies.

Photosynthetic microalgae provide a broad spectrum of complex proteins and, com-
pared to other systems, such as bacterial, mammalian, yeast, viral, insect, higher plants,
etc., they offer significant advantages. In particular, they are cheap, scalable, and safe,
allowing uses aiming to a potential oral therapeutic delivery [102]. Furthermore, environ-
mental contamination of therapeutic proteins can be reduced as algae can be grown in
full containment.

Algal chloroplasts, compared to cytoplasm, are considered excellent targets for syn-
thetic biology approaches due to the relatively small size of their genomes (plastome,
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constituted by ~100-200 genes, encoding for core elements of the photosynthetic complexes,
and transcription/translation factors of the plastidial apparatus) completely separated
from the nuclear genome. Moreover, chloroplasts are believed to be a preferential target for
the expression of recombinant proteins in comparison to other microbial, mammalian, or
plant-based systems for their specific features. In particular, they boast the possibility of a
high precise and specific insertion of heterologous DNA via homologous recombination,
avoiding gene silencing problems. Moreover, the recombinant product’s efficient folding
and accumulation can be achieved thanks to the chaperones and disulfide isomerase activi-
ties, which are able to support their native states. The procedures for product purification
in C. reinhardtii can be significantly simplified thanks to its GRAS status and the absence
of harmful viral, prion, or endotoxin contaminants [103,104].

In particular chloroplasts of microalgae are of relevant interest for recombinant protein
expression; in fact, large groups of protein complexes are produced by these organelles
including full-length monoclonal antibodies [105], chimeric anti-cancer immunotoxins [106],
and other therapeutic proteins, such as erythropoietin, human fibronectin, interferon, grow
factor, etc. [107]. C. reinhardtii chloroplasts constitute about 70% of the cell volume and,
potentially, they represent a source of new therapeutic proteins of rapid development
and low cost, thanks to the synthesis of plastidial proteins such as disulfide isomerases,
chaperones [108], and peptidyl propylisomerases able to form disulfide bridges [109].

C. reinhardtii is a good bioreactor to produce important recombinant proteins [110,111].
The studies conducted by Almaraz-Delgado et al. fit into this context. They indeed
identified several therapeutic proteins, including antibodies, enzymes, therapeutic proteins,
viral proteins, etc., produced in the chloroplast of C. reinhardtii (see Table 3). Thus, the
ongoing research efforts aim to optimize the growth conditions [112] and the processing of
microalgae [113] in order to increase the production of recombinant proteins [112].

In addition, the biotechnological industry benefits from the high-value molecules
produced by genetically engineered C. reinhardtii chloroplasts (Figure 1).
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Figure 1. Chloroplast transformation in C. reinhardtii. Reprinted from ref. [103].
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Table 3. Overview of recombinant proteins produced in the chloroplast of C. reinhardtii. Adapted

with permission from [114]. Copyright 2014 Springer.

Recombinant Therapeutic Protein Yield Ref.
VP1-CTB; protein VP1 from the foot and mouth disease virus (FMDV) fused to cholera toxin B (CTB) 3-4% total soluble protein (TSP) [115]
HSV-lsc; large single chain (Isc) antibody directgd against glycoprotein D protein from the herpes Not reported [116]
simplex virus (HSV)
TRAIL; tumor necrosis factor-related apoptosis-inducing ligand 0.43-0.67% TSP [117]
M-SAA; mammary-associated serum amyloid 3-5% TSP [118]
CSFV-E2; classical swine fever virus (CSFV) structural protein E2 1.5-2% TSP [119]
Human glutamic acid decarboxylase (hGAD65) 0.25-0.3% TSP [120]
IBDV-VP2; infectious burial disease virus VP2 protein 4-0.8% total cell protein (TCP)
IHNV-G; infectious hematopoietic necrosis virus <0.5% TCP
IPNV-VP2; infectious pancreatic necrosis virus <0.3% TCP
VP2 protein 1-0.1% TCP [121]
IPNV-VP2 SBC; infectious pancreatic necrosis virus 1-0.2% TCP
Quorum sensing-regulated gene (LecA) p57 <0.5 TCP
PCV2; porcine circovirus type 2 0.9-0.2% TCP
VP-2C <0.5% TCP
VP28 21-0.2% TCP
HC-83K7C; heavy chain human monoclonal antibody against anthrax protective antigen 83 (PA83) 0.01% dry weight [105]
LC-83K7C; light chain human monoclonal antibody against anthrax PA83
CTB-D2; D2 fibronectin-binding domain of staphylococcus aureus fused to the cholera toxin B subunit 0.7% TSP [23]
14FN3; domain 14 of human fibronectin 3-0.15% TSP
VEGF; human vascular endothelial growth factor 2-0.1% TSP [122]
HMGBI; high mobility group protein Bl 2.5-1% TSP
acrV2 and vapA2; antigens from the fish pathogen aeromonas salmonicida 0.8% and 0.3% TSPrespectively [97]
Escherichia coli phytase gene (appA) Not Detected [123]
Pfs25 and Pfs28; surface proteins from plasmodium falciparum 0.5% and 0.2%TSP respectively [124]
«CD22PE40; monomeric immunotoxin consisting of the single chain antibody that recognizes the
CD22 surface protein from B- cells, fused to domain§ II and III of exotoxin A (PE40) from 0.3-0.4% TSP [106]
pseudomonas aeruginosa
«CD22HCH23PE40; dimeric version of xCD22PE40 0.2-0.3% TSP
CtxB-Pfs25; plasmodium falciparum surface p_rot.ein 25 fused to the B subunit of the cholera toxin 0.09% TSP [24]
from vibrio cholera
aCD22Gel; single.-chain antiboc;ly tiargeting t.he CD22. receptor from B-cells, f}lsed to the eukaryotic 0.2-0.3% TSP
ribosome-inactivating protein, gelonin, from gelonium multiflorm [112]

«CD22CH23Gel; dimeric version of «CD22Gel

0.1-0.2% TSP

Almaraz-Delgado et al. performed the C. reinhardtii chloroplast modification utilizing
a particle bombardment device, where the gold particles used for bombardment are covered
with a plasmid transporting the genes of interest [114]. When these particles, accelerated
by helium gas, reach and penetrate the cells, homologous recombination occurred and the
regions present in the plasmid were integrated with those present in the chloroplast genome
(CpDNA). This technology has proven to be the best option for the preparation of certain
proteins, otherwise difficult to obtain, such as immunotoxins [106,125], non-glycosylated
antigens [24,124], and antibodies [116].

The studies conducted by Rasala and Mayfield [126] focused on the preparation
of human therapeutic proteins from C. reinhardtii. Indeed, they modified the CpDNA
by inserting in it seven unrelated genes that encode existing or new human therapeutic
proteins, highlighting that four of these genes promoted the accumulation of bioactive
proteins at sufficient levels for commercial production.
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Recently, Pang and co-workers [127] explored the possibility to express the human
lactoferrin (hLF) in C. reinhardtii. Lactoferrin is an iron-binding glycoprotein found in
nature that possesses different and interesting biological functions, such as antibacterial,
antiviral, and antitumor activity, etc. The recombinant hLF, obtained from C. reinhardtii
algae, showed notable antibacterial activity and low toxicity to mice. Moreover, in com-
parison with commercial hLF expressed in rice, the recombinant hLF produced by algae
displayed comparable or moderately lower stability under various experimental conditions
(temperature and pH) [127], indicating that expression of hLF in C. reinhardtii is accessible
and thus opening the way to the possible preparation and administration of lactoferrin
directly using an eatable Chlamydomonas. Although the potential of C. reinhardtii as a vehicle
to synthesize pharmaceuticals and biotech products is clear [111], the extreme randomness
of the locus of exogenous gene integration, due to the lack of homologous recombination
in the nucleus, unlike the plastid zones, represents a great limitation. In fact, the inser-
tion of exogenous DNA at random loci can result in gene deletion, recombination, and
translocation near the integration site. This is one of the reasons why the transformation
in the nucleus of an exogenous protein in C. reinhardtii is not yet fully established. In this
context, the research aims to understand the gene expression mechanism in Chlamydomonas
by developing and optimizing potent transcription and translation elements, as well as
developing powerful genetic tools to obtain stable and working nuclear transformation to
enhance protein expression efficiency.

2.4. Pigments

Several species of microalgae show the natural attitude to produce pigments essential
for their photosynthetic physiology (e.g., f-carotene, fucoxanthin, phycoerythrin, and lutein).
These are secondary metabolites with the main function to sense light and control its intensity to
support the correct growth of microalgae cells and their rapid responses to the environment [128].

This group of bio-active compounds has been deeply investigated for its antihypertensive,
anticarcinogenic, and antioxidative features, as well as for its promising health benefits upon
consumption, as dietary and nutraceutical supplements in human diet toward a better quality
of life from a clinical point of view [129]. Moreover, several studies highlighted that the pigment
content in microalgae cells is higher in comparison with different plants and floral species [130].

The use of C. reinhardtii as a model system for the synthesis of photosynthetic pigments
represents a fascinating reality, in particular for the possibility to enhance their productiv-
ity through variations in growth conditions and genetic changes. Recently, Rathod and
colleagues explored the possibility of using C. reinhardtti as a technological platform in an
interesting molecular biology experiment [131]. In detail, they genetically manipulated
C. reinhardtii to obtain a functional expression of native phytoene-B-carotene synthase
from X. dendrorhous, encoding a bifunctional enzyme and obtaining an enhanced flux of
carotenoid pathway; that is, B-carotene and lutein accumulation. Moreover, the boost of
B-carotene (increased by 84 %; p < 0.01) and lutein (increased by 75%; p < 0.01) led to a
distinctive pale yellowish-light phenotype of novel mutant, contrary to the dark green
WT [131]. Another fascinating experimentation on C. reinhardtii cells has been conducted
by Song and colleagues aiming to produce highly purified zeaxanthin from algal mutants
for personalized treatment and pharmaceutical applications. Thus, they generated a double
knockout mutant by the clustered regularly interspaced short palindromic repeat CRISPR-
associated protein, the CRISPR-Cas9 ribonucleoprotein-mediated knock-in system. They
edited the lycopene epsilon cyclase gene and the zeaxanthin epoxidase gene, obtaining a
double mutant with a 60 % higher zeaxanthin yield (5.24 mg L) and content (7.28 mg g~ 1)
than that of the parental line after 3 days of cultivation [132].

Another carotenoid biosynthesis enhancing in C. reinhardtii has been obtained by
Cordero and colleagues with a nuclear transformation of the phytoene synthase gene
isolated from Chlorella zofingiensis. The authors showed an increase in the expression levels
of this gene, as well as a higher content of violaxanthin (2.0-fold) and lutein (2.2-fold) with
respect to the untransformed cells [133]. In the context of pigment production, a crucial
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aspect relates to environmental conditions, such as the wavelength within the electromag-
netic spectrum and temperature. This was well-documented by Zhao and colleagues, who
demonstrated an optimal growth of C. reinhardtii under white light irradiation at 35 °C,
while mixing white light and blue light at a 3:1 ratio and a temperature of 20-25 °C, which
were found to be the best conditions, leading to the highest lutein accumulation (lutein
content of 4.24 mg g~ ! and productivity of 3.25 mg/L/day) [134].

Following the studies regarding the relationship between autophagy and carotenoids
in microalgae, Tran and colleagues [135] recently proposed an innovative approach to boost
the synthesis of carotenoids by the regulation of autophagy and carotenoid biosynthesis
pathways in C. reinhardtii. The processes of autophagy represent a self-recycling mechanism
of eukaryotes, and in particular, in the microalgae cells, it is responsible for senescent or
oxidized cellular components cleaning that could lead to an oxidative chain reaction and
trigger cell death. Hence, it was exploited the role of autophagy silencing the ATG1 and
ATGS genes using artificial microRNA, which in turn reduced the mRNA expression of
ATG1 and ATGS by 84.4% and 74.3%, respectively. This gene expression level decrease led
to a 2.34-fold increase in the amount of B-carotene content (23.75mg g~ 1).

The interest in using C. rehinardtii cells as bioreactors for the production of pigments is
evident and contains a high potential in the medical and nutraceutical field. Moreover, the
possibility of expanding these technologies to other species of algae could be interesting
in the resolution of some current limitations related to the use of C. reinhardtii (enhanced
capability to grow in open ponds or photobioreactors, faster growth, as well as little
susceptibility to contamination). This could represent a new push toward the development
of novel genetic tools and transformation methods in microalgae.

3. Nutritional Aspects: Linking with Human Diet and Related Food Products

Studies examining the consumption of C. reinhardtii by Daphinia species date back
to 1968 [136-140]. C. reinhardtii has been found in the epicenter of numerous studies to
date as a model [8,139,140]; however, it was not until very recently, in 2018, that the dried
biomass of C. reinhardtii was considered food or a food ingredient. It is one of the very
few microalgae (wild type strain—THN 6) that has already received the GRAS status from
the FDA in the USA as a nutritive ingredient in food for replacing dietary proteins in the
population of aged >2 years [141].

The absence of known bioactive or toxic compounds among those produced by
C. reinhardtii and its composition, as depicted in Table 4, initially suggested physiologi-
cal digestion, absorption, distribution, metabolism, and excretion processes similar to other
foodstuffs consumed by humans. The latter hypothesis was later confirmed by in vitro
and in vivo experiments involving rats that showed no adverse effects. The studies were
focused on the toxicological evaluation of the dried biomass of C. reinhardtii wild type strain
(THN 6) and particularly the genotoxic potential and the repeated-dose oral toxicity by
application of international accepted standards according to the following tests: (i) bacterial
reverse mutation; (ii) in vitro mammalian chromosomal aberration; (iii) in vivo mammalian
micronucleus; and (iv) a 28-day in vivo repeated-dose oral toxicity study involving rats [142].
For estimating the dietary exposure for the model studies, it was initially calculated that
the usual lifetime protein intake for the population in the USA is 114.8 g/day and body
weight (bw) is 2.092 g/kg bw/day. This number was then adjusted to fit into a more realistic
scenario on the hypothesis that the dried algal biomass could potentially replace up to 10%
of the dietary protein consumed; thus, 16.4-38.3 g/day or 0.299-0.697 g/bw/day, which is
equivalent to 11.5 g protein/day or 0.209 g/protein/bw /day, respectively [141].

To our knowledge, there are only very few toxicological studies employing mammals
(i.e., rats and mice) and just a very recent one, in 2020, involving human volunteers [31,142].
The results of the latter 30-day dietary study, which was focused on the impact on gastroin-
testinal health, showed that the consumption of 1-5 g/day freeze-dried algal biomass led to a
notably better gastrointestinal function, while the gut microbiome composition is not affected
significantly. Regarding the organoleptic characteristics of the dried biomass, most of the
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participants in the study found the powder’s appearance to range from indifferent to very ap-
pealing, while the flavor/odor and taste had a normal distribution from very unappealing to
very appealing, on a 1-5 scale. The study also highlighted that the algal biomass consumption
mitigated weight loss in a dextran sulfate sodium colitis model in mice, while in humans with
high-frequency gastrointestinal symptoms, it reduced those associated with irritable bowel
syndrome and improved the quality of stools. These results indicated the action of unknown
bioactive compounds present in algal biomass and/or potentially a shift in gene expression of
the gut bacteria of the consumer. It should be noted also that some of the authors involved in
the studies declared competing interests and the C. reinhardtii biomass was provided by Triton
Algae Innovations, which also funded part of the research [31,141].

The standard specifications of the food grade product, extracted by the application sub-
mitted to the FDA, are listed in Table 4, along with data reported from two different batches,
namely TAI-1215-01 and TAI-0316-01. The % of dry biomass composition of C. reinhardtii
on the major substituents, such as proteins, carbohydrates, and lipids has been calculated
to be 22-48%, 15-50%, and 18-29%, respectively [142-145].

Table 4. Wild type C. reinhardtii (THN 6) dried biomass specifications (taken from the FDA application
document [141] and Murbach et al. [142], and revised) and typical composition analysis results from
two individual batches.

Batch Batch

Physical Characteristics Specification TAL-1215-01 TAI-0316-01 Method
Appearance Green powder Green powder a Visual inspection
Water content <10% 5.6% 15.57% AOAC Variable
Composition
Protein 30-70% 36.0% 39.9% AOAC 990.03
Fat <10% 2.0% 4.23% AOAC 945.16
Fiber 1-25% 7.3% 3.6% AOAC 991.43
Ash <5% 4.8% 1.87% AOAC 942.05
Chlorophyll <25% 0.49% a [146]
Heavy metals
Arsenic, cadmium, lead, Mercury <0.2 ppm <<()(.).11pp})r)ri1rj,<()d.llppppr; a USP<233>, EPA 7471
Microbiological tests
Total aerobic microbial <1000 CFU/g ND a AOAC 990.12
Total yeast and mold <1000 CFU/g 190 CFU/g a BAM Ch. 18
Total coliforms <100 CFU/g ND a AOAC991.14
E. coli Negative (absent/1 g) Negative a AOAC991.14
Salmonella Negative (absent/25 g) Negative a AOAC 030301
Staphylococcus Negative (absent/1 g) Negative a AOAC 2003.7

Abbreviations: BAM, US FDA Bacteriological Analytical Manual; CFU, colony forming units; EPA, US Environ-
mental Protection Agency; ND, not detected; ppm, parts per million; USP, United States Pharmacopeia. * in
accordance with the specifications [142].

Except for the wild type THN 6, recently other C. reinhardtii strains have been consid-
ered for human consumption. The increasing need for new and novel sustainable strategies
for the development of alternative plant-based products that could substitute meat products
pinpointed the value of heme-containing proteins that could induce a meat-like color and a
“meaty” flavor to the products added. To that end, some engineered C. reinhardtii strains
overexpressing iron-complexed proteins, such as hemoglobin, myoglobin, leghemoglobin,
and protoporphyrine IX (PPIX), are proposed in recent patent applications [147-152] as very
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attractive alternatives to other related examples of iron-complexed proteins; for example,
soy leghemoglobin in genetically engineered yeast of Pichia pastoris [153,154]. The selected
C. reinhardtii strains are unable to synthesize chlorophyll and they are light sensitive, ex-
hibiting red, brown, orange, or a variation of these colors. To that end, for example, the
overexpression and accumulation of protoporphyrine IX were found to be important; thus,
the heme biosynthesis pathway was found in the epicenter of the investigation along with
the development of purification and algae/composition enrichment procedures [151]. The
edible compositions proposed for preparing ingredients of finished products, such as meat
or fish analogs, e.g., heme-enriched “meatless” burgers, tuna, and plant-based burgers,
including whole-cell algal biomass, fractionated algal biomass enriched in PPIX and protein,
or extracellular fraction of the algae culture. The heme-enriched algae, containing 4.5%
protoporphyrine IX and 24.4% protein, was used in 0.01-5 % w/w compositions, inducing
a significant change in the color of the final product [150,151].

4. C. reinhardtii Molecular Genetic Toolkit: Is an Effective Road for the Market?

One of the main challenges in the bioproducts made from C. reinhardtii is the evolution
from a small volume of the laboratory to a large industrial scale, due to the costs of mainte-
nance and protection from possible contamination by other microorganisms. Interesting
insights come from the manipulation of algal strains to improve the production of valuable
compounds, and, in this context, the biotechnologies related to genome editing are provid-
ing valuable support. Indeed, it is undeniable that microalgae are a promising genetically
manipulated platform for achieving bio-products in a sustainable and quick way with
excellent yields. The strong potential lies in their expression vectors, regulatory elements
(e.g., promoters and transcription factors), and the availability of several transformation
methods (Figure 2) [155].

Genetic Tools Products

Food & feed

Bioinformatics

TN\

k }

Transformation vectors

.! o »k‘,

Promoters &

| Biomanufacturing >

Materials
transcription factors
lrlclelclIcl| =
Mutagenesis Medicines

Figure 2. Genetic tools to develop microalgae as a platform for the biomanufacturing of commercial
products. Bioinformatic algorithms are used to analyze algal genome sequences, resulting in codon
optimization and motif discovery techniques that allow the design of strong expression vectors for the
genetic transformation of algae strains. Regulatory elements, such as promoters and transcription factors,
allow recombinant gene expression and manipulation of metabolic pathways to obtain products of interest.
Random mutagenesis and genome shuffling can further drive the algal production strains toward desired
phenotypes. These tools are being utilized to explore the industrial production of foods, fuels, materials,
and medicines from microalgae. Reprinted with permission from ref. [155]. Copyright 2021 Elsevier.
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Crozet and colleagues [156] established a flexible cloning toolkit (MoClo) for C. rein-
hardtii based on Golden Gate Cloning with standard syntax, inclusive of 119 openly dis-
tributed genetic parts. The latter provided a rapid method to design engineered cells
through promoters, reporters, UTRs, tags, terminators, antibiotic resistance genes, and
introns cloned in different locations with extreme modularity (Figure 3).

Design » Build » Test

00000 o000t

- PARTS —
..

0 5 H~HaD -

Figure 3. MoClo for the green microalga C. reinhardtii. It is based on Golden Gate Cloning with

standard syntax and comprises 119 openly distributed genetic parts, most of which have been
functionally validated in several strains. Reprinted with permission from ref. [156]. Copyright 2018
ACS Publications.

C. reinhardtii has been further investigated to validate the amounts of nuclear heterolo-
gous gene expression by computational analysis and to overcome this strong limitation
in a commercial setting. Different sequence optimization algorithms have been analyzed,
in particular, eight distinctive sequence encodings for a synthetic ferredoxin-hydrogenase
enzyme were achieved and utilized as a gene reporter. The nuclear transformation was car-
ried out in line with previous studies in silico and the collected data showed the significance
of proper codon optimization to obtain high transgene expression [157].

Likewise, engineering recombinant proteins in microalgae is showing great attention
thanks to the insertion of the exogenous gene encoding for protein, enabling it to express
desired compounds at high levels and target to specific algal cells in the subcellular re-
gion [158,159]. However, in this case, some issues arise, particularly the lack of the desired
protein accumulation is usually hampered by the transcriptional or post-transcriptional
levels. For all these reasons, the interest in the identification of promoters able to drive
good production of the target protein is very high, such as in C. reinhardtii, the promoter of
heat shock protein 70 (HSP70) [160]. A recent application of this promoter [161] showed
an increase in the productivity of biomass in C. reinhardtii, overcoming the problem of
high thermal dissipation in case of high light intensity. In particular, the light use effi-
ciency of microalga was improved, introducing an LHCSR3 gene under the control of
HSP70/RUBISCO small chain 2 promoters in the mutant npg4 lhesr1, which is the knockout
for all LHCSR genes. This resulted in a low expression of LHCSR3 and a lowering of the
photoprotective mechanism, and also in improved photosynthetic effectiveness, as well as
in elevated biomass production.

The recombinant proteins importance in C. reinhardtii has been widely documented in the
biopharmaceutical field, making growth factors, vaccines, cytokines, antibodies, hormones,
antibiotics, thrombolytic agents, enzymes, and immune signaling proteins [127,162-164]. The
choice of this microalgae is derived from its eukaryotic genetics, which makes it possible to
overcome some of the hitches encountered with other organisms (e.g., bacteria and yeast), such
as costs, product effectiveness, low yields, contamination, and immunogenic effects [165,166].
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Concerning the synthesis of bio-products with intriguing effects on human health,
several studies highlighted also the power of metabolic engineering to overexpress or knock
out pivotal gene encoding for enzymes involved in FA, isoprenoid, or carotenoid pathways.
A noteworthy example has been recently reported in the literature, demonstrating the
possibility of enabling C. reinhardtii to generate high-value ketarotenoids (for example,
canthaxanthin and astaxanthin). In fact, the enzyme B-carotene ketolase was found in the
microalga genome, but physiologically there was little expressed. An overexpression of this
enzyme was achieved thanks to the codon optimization and systematic incorporation of
the first intron of the rubisco small subunit II gene. This experiment design led to a strong
production of ketocharotenoids, consequently triggering the change in the cell color from
green to reddish-brown, as well as motivating a competitive production with Haematococcus
pluvialis, presently the primary organism in the production of industrial astaxanthin [167].

The above-described examples highlight the recent interest in creating or optimiz-
ing transgenic strains and, hence, improve the industrial production of various com-
pounds [101]. Several genome editing approaches are available, such as zinc finger nu-
cleases (ZFNs), RNA/DNA gene repair, transcriptional activator-like effector nucleases
(TALENS), and CRISPR-Cas [168,169]. Each technique has its pros and weaknesses, but
lately, CRISPR-Cas9 is enjoying great success in many model organisms owing to its
versatility, accessibility, and precision. Concerning the CRISPR-Cas system-mediated
transformation for C. reinhardtii, various studies have been reported, but several issues
remain to be solved resulting in low success. In particular, the main problems arise from
repair mechanisms and off-target effects, which make genetically unstable microalgae and
conventional Cas9 and single guide RNA (sgRNA) genes inefficient [170]. Additionally,
novel transformation methods for C. reinhardtii based on DNA-free CRISPR systems and
visual phenotypic observation have been reported [171]. A noteworthy example has been
proposed by Baek and colleagues for generating a C. reinhardtii ZEP knock-out mutant from
the CC-4349 strain by direct delivery of ribonucleoproteins without the transport of foreign
DNA. This study represents an uncommon example of lutein and zeaxanthin production
for commercial application as a feed supplement to produce macular pigment-enriched
eggs, limiting the off-target effects [172].

5. Conclusions and Future Perspectives

To date, C. reinhardtii has been mostly used on a lab scale as a model organism in
investigations focused on the biological photosynthetic and metabolic processes of plants
and eukaryotes [36]. Its synthetic biology performance underpins a high potential for
using it as a biochemical factory for the production of various valuable biomolecules, such
as proteins, hormones, vaccines, antibodies, etc. Regarding the genetic manipulation of
C. reinhardtii, important achievements have been already reported, such as the reduction
in costs and the standardization of molecular toolkits able to offer the possibility of using
a modular system with standardized parts (promoter, coding sequence, and regulatory
elements) easily inserted, interchanged, or removed. The emerging and successful use of
CRISPR/Cas techniques made possible accurate genome editing by solving some of the
drawbacks currently still present in the genetic manipulation of C. reinhardtii (e.g., random
integration of the genome, problems of positional effects, or the epigenetic gene silencing).
Hence, thanks to the rapid pace of technological progress, it is possible that C. reinhardtii
will soon become a new platform for industrial biotechnology, as has already happened in
the past for other model systems (e.g., E. coli and S. cerevisiae). Significant advances have
been also described in modifying the metabolic pathways of carotenoids with consequent
accumulation of B-carotene, zeaxanthin, and astaxanthin, as well as in the production of
recombinant proteins.

Several foodstuffs of high consumption still lack several important components,
thus limiting their nutritional value. Most infant formulas, for example, lack or con-
tain a much lower level of “functional proteins” necessary for infant development, i.e.,
osteopontin, sCD14, lysozyme, lactoperoxidase, immunoglobin A, and superoxide dis-
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mutase [37-39,148]. Due to the rapid advances in the field of C. reinhardtii biotechnology,
including precise and programmable genome editing and application of new tools for trans-
gene expression, cloning, and transformation [173,174], the realization of robust scalable
solutions is expected to come soon, reaching in efficiency the processes commonly used in
traditional crops [175].

The exploitation of the research outcomes in the field of algae recombinant products
has been mainly limited until now and one reason is the fact that a viable large-scale
production process is still in its infancy. This has also limited the recombinant products
produced by C. reinhardtii that could potentially be found in the market since the preliminary
laboratory studies have provided important proof-of-concept results [175-180]. The ability
of the genetically engineered C. reinhardtii to transform phosphite to phosphate and to
grow successfully in harsh environments, such as wastewater, where bacteria and other
biological contaminants are found at high populations and concentrations, respectively,
is a highly desirable characteristic for achieving high-quality large-scale production [181].
C. reinhardtii strains developed by genome shuffling were found to exhibit good tolerance
in high salinity [182]. Recently, some of the limitations seem to be addressed by the
announcement of a new validated commercially viable production process, leading to an
increment of C. reinhardtii production to >20 g/L/day, with estimations of the cost dropping
about 5-fold after successful scale-up [148].

Apart from the induced synthesis of bioactive components and their nutritional values,
the photosynthetic H, evolution from C. reinhardtii was found to increase 7-fold when grown
in advanced solid-state fermentation wastewater compared to the cells grown in a tris-acetate-
phosphate medium, thus opening up a new avenue for uses also in waste treatment [183].

The preliminary positive results from a murine model of acute colitis studies and gas-
trointestinal health in humans [31] have increased the expectations [184] that algae could
reveal new molecules of high interest for further improvement of the human diet [185,186].
Overall, C. reinhardtii is expected to play a huge role as a delivery platform in the pharma-
ceutical /nutraceutical industry in the future [151,172,187].

The sensory features, such as aroma/flavor and texture, are also important factors to
be considered before being accepted by consumers. We should note here that some of us
are currently working on methods for improving the aroma and investigating the stability
of the C. reinhardtii dried biomass under controlled environmental conditions.

6. Methodology

The literature search was performed by using five electronic databases, namely,
PubMed, Scopus, Google Scholar, Google Patents, and EPO—espacenet, for identifying
the related peer-reviewed journal articles, edited academic books, and patents. We have
used keywords such as Chlamydomonas reinhardtii, C. reinhardtii, GRAS, high value com-
pounds, health, nutraceutical, food and biotechnologies, and combinations of these. We
also searched the references and citations of our search results to identify related articles
and patents. This review summarizes the results published until December 2022.
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