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Abstract

Common protein sources, such as animal-based food, have a high environmental impact, which will be
worsened by the rise in world population and food demand. Microalgae have the potential to be used as
alternative protein sources as they are a source of essential amino acids, their cultivation doesn’t require
arable land and doesn’t conflict with other food chains. However, microalgae wild-type strains’ high
chlorophyll content grants microalgal biomass unpleasant organoleptic properties, which prevents its
acceptance. Ethyl methanesulfonate random mutagenesis was used in this work to generate
chlorophyll-deficient, and high protein-producing mutants of Scenedesmus rubescens. To isolate the
randomly generated mutants a selection platform using nicotine and norflurazon, inhibitors of the
carotenoid’s biosynthetic pathway, and InChlo, an inhibitor of the chlorophyll’s biosynthetic pathway,
was developed. Four chlorophyll-deficient mutants were isolated: W1 (1.6 mg g!DCW), W2
(9.2 mg g'DCW), and W5 (0.6 mg g'DCW), isolated with nicotine, and Y1 (10.3 mg g*DCW) which
was isolated with InChlo. Mutants W1 and Y1 had a decreased protein content (21 % and 19.1 %), while
W2 and W5 maintained their protein content (27.7 % and 25.7 %). Additionally, three mutants, 200a,
300b and 300d, with increased chlorophyll (24.4 mg g'DCW, 34.4 mg g'DCW and 27.2 mg gDCW)
and protein contents (55.7 %, 61.0 % and 59.8 %) were also isolated without using metabolic inhibitors.
Among all the isolated mutants, W2 and 300d displayed the highest potential for biotechnological

applications, such as feedstock alternatives, cosmetics and nutritional applications.

Keywords: Microalgae, strain improvement, random mutagenesis, selection, chlorophyll, protein.



Resumo

Fontes proteicas comuns, como comida de origem animal, tém um elevado impacto ambiental, que
sera agravado pelo aumento na populagdo mundial. Microalgas tém o potencial de serem utilizadas
como fontes proteicas alternativas pois o seu cultivo ndo requer terrenos araveis, ndo perturbam outras
cadeias alimentares e sdo uma fonte de aminoacidos essenciais. No entanto, o elevado contetdo de
clorofila das estirpes selvagens atribui propriedades organoléticas desagradaveis a biomassa, o0 que
restringe a sua aceitacdo. Mutagénese aleatdria com metanossulfonato de etilo foi utilizada para gerar
mutantes de Scenedesmus rubescens com deficiéncia de clorofila e elevado conteldo proteico. Para
isolar os mutantes aleatoriamente gerados, foi desenvolvida uma plataforma de selecdo utilizando
nicotina e norflurazon, inibidores da via dos carotendides, e InChlo, um inibidor da via das clorofilas.
Quatro mutantes deficientes em clorofila, W1 (1.6 mg g!DCW), W2 (9.2 mg g!DCW), e W5
(0.6 mg g'DCW), isolados com nicotina, e Y1 (10.3 mg g'DCW), que foi isolado com InChlo. Os
mutantes W1 e Y1 tiveram um decréscimo no contetdo proteico (21 % e 19.1 %), enquanto W2 e W5
0 mantiveram (27.7 % e 25.7 %). Adicionalmente, trés mutantes, 200a, 300b e 300d, com conteudos
de clorofila (24.4 mg g*DCW, 34.4 mg g'DCW e 27.2 mg g'DCW) e proteina (55.7 %, 61.0% e
59.8 %) aumentados, foram isolados sem utilizar inibidores metabolicos. De todos os mutantes
isolados, W2 e 300b tém elevado potencial para aplicagfes biotecnolégicas, como racdes alternativas,

cosmética e aplicacdes nutricionais.

Palavras-chave: Microalgas, melhoria de estirpes, mutagénse aleatoria, selecéo, clorofila, proteina.
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1. Introduction.
1.1. Microalgae overview.
1.1.1. General Characteristics.

Microalgae are unicellular or simple multicellular eukaryotic microscopic organisms found both
in seawater and freshwater, but also in hypersaline environments, moist soils and rocks.}? They
constitute a phylogenetically diverse group, that encompasses different phyla and classes of organisms,
with an estimated 50000 existing species, out of which only around 25000 species have been isolated

and identified.:3

There is a growing interest in microalgae production, with 75 companies in Europe producing
microalgae.* Just in Portugal, there are six microalgae production plants.* The increasing market interest
for algae-derived products is due to the high versatility and applicability of microalgae in the
biotechnology industry, represented by a compound annual growth rate of over 5.2 % and a market
value foreseen to achieve US$ 44.6 billion by 2023.5 The main commercial biotechnological applications
(Figure 1) of microalgae biomass are related to human nutrition, nutraceuticals, cosmetics and feed

(animal nutrition).1#

Human Nutrition Animal Nutrition

Source of proteins,  Source of proteins,
carbohydrates, lipids, vitamins  carbohydrates, lipids, vitamins
and essential minerals. and other compounds adequate

for animal feed formulations.

CO:2 capture Nutraceuticals/food additives

From the atmosphere or flue Source of B-carotene,
gas emissions. astaxanthin, PUFAs (omega-3),
clionasterol, lutein and

phycocyanin.

Wastewater treatment

Nutrients removal from Cosmetics/pharmaceuticals
wastewaters. Source of B-carotene,
astaxanthin, PUFAs,
phycocyanin and other
compounds.
Biofertilizers Bioenergy

N- and P-rich biomass residue  Bulk oil feedstock for fuel and

as feedstock for the production  biodiesel.

of fertilizers and biostimulants. Biomass residue as feedstock
for bioethanol, biogas, bio-char
and biohydrogen production.

Figure 1. Main applications described for microalgae. (Adapted from Vale et al. 2020)*



Some of the most interesting microalgae-derived metabolites are: i) protein and amino acids,
such as leucine and isoleucine, which are essential amino acids; ii) pigments, such as chlorophylls and
carotenoids; iii) fatty acids, namely essential long-chain polyunsaturated fatty acids (LC-PUFAS), known
as omega-3 and 6; and iv) vitamins and carbohydrates.> Besides algae-derived products, microalgae

can also be used for wastewater treatment, carbon dioxide (CO2) capture, and biofuel production. 2:6-8

Microalgae are also a potentially environmentally sustainable feedstock.® The rise in world
population is accompanied by an increase in demand for food production, particularly protein.'®
However, the food system should include more environmentally sustainable protein sources, given the
rising consumer awareness for environmental protection and the impact that common protein sources,
such as animal-based food, have.® In fact, animal-based food production represents 57 % of total
greenhouse gas emissions related to food production, derived mainly from land usage, enteric
fermentation and grazing land.* On the other hand, plant-based food products still represent 29 % of
total greenhouse gas emissions related to the food system, whose impact derives mainly from land
usage, which imperatively needs to be arable land.!! This causes extra environmental pressure because
it contributes to deforestation and restrains carbon sequestration.!! It is noteworthy that the
environmental impact reported for plant-based production is also related to meat production since most
are forage crops and only a small portion for human nutrition.12 Thus, more sustainable protein sources,
such as microalgae, must be developed and included in the food system. Microalgae are a suitable
alternative to include in food and feed production because their cultivation doesn’t require arable land
or freshwater and it doesn’t conflict with other established food chains.513 Additionally, microalgae can

grow on minimal nutrient conditions, whether in fresh-, sea- or wastewater.?13.14

Besides protein and essential amino acids, pigments, nhamely carotenoids and chlorophylls, are
amongst the most interesting microalgae-derived products. Carotenoids are lipophilic pigments
responsible for the characteristic yellow, orange or red colour found in microalgae, that participate in
photosynthesis by absorbing light and quenching excessive energy. Additionally, the antioxidant
properties of carotenoids grant them a protecting role, as they can quench triplet chlorophyll states, and
neutralize free radicals and reactive oxygen species.’>16 Due to this function, carotenogenesis is
generally associated with specific environmental stresses, such as high temperature or nitrogen
deficiency.1® One of the most promising properties of carotenoids is their role in the immune system,
where their antioxidant properties can be useful.l” Regarding biotechnological applications, carotenoids
can be used in food, feed, cosmetics, pharmaceutical and nutraceutical industries.1” Chlorophylls are
lipophilic green pigments found in most photosynthetic organisms, essential for light-harvesting and
energy transduction in photosynthesis, functioning either as accessory or reaction centre pigments.!8
They have also been studied as a possible antioxidant, anticarcinogenic, antigenotoxic and
antimutagenic compound, highlighting their potential as a pharmaceutical product. It has also been
reported that chlorophyll has a beneficial role in digestion by stimulating gut microbiota and promoting

an increase in short-chain fatty acids.?®

Microalgae cultivation has to be optimized to maximize the production of specific compounds.

Optimization starts with choosing a suitable species to produce the compounds of interest, but the



cultivation method and abiotic factors are also key factors that highly impact the productivity of target
biomolecules.

1.1.2. Microalgae Cultivation.

Microalgae growth characteristics and composition are significantly dependent on their
cultivation conditions. One of the most interesting aspects of microalgae is their metabolic flexibility, as
some species possess the ability to grow on different metabolisms, such as photoautotrophic,
heterotrophic and mixotrophic.292! Table 1 summarizes the principal characteristics of the described
metabolisms and cultivation methods.

Table 1. Comparison of the most common microalgae cultivation types. (Adapted from Chen et al. (2011) and
Zhan et al. (2017)).2022

Photoautotrophic Heterotrophic

Mixotrophic growth

growth growth
. . Organic (e.g., glucose, . .
Energy Source Light (e.g., sunlight) glycerol) Light and Organic
Organic and inorganic
Carbon Source Inorganic (e.g., CO2) Organic carbon sources

simultaneously

Low cell density. High

Main
Disadvantages

capital and operational
expenses. Variable

environmental conditions.

Risk of contamination.
High ground surface
occupation.

High cost of substrate.
Low valuable metabolite
contents. Skilled labour
is required. Risk of
contamination.

High cost of substrate.

High contamination risk.

Variable environmental
conditions.

Main Advantages

Cheap (free) energy and
carbon sources (sunlight
and COz). High valuable
metabolite accumulation.

Higher biomass
productivity. Independent
of environmental
conditions. Strict control
of cultivation conditions.

Intermediate biomass
productivity. High
valuable metabolite

accumulation.
Low ground surface.

1.1.2.1. Photoautotrophic cultivation.

Photoautotrophic cultivation is the most utilized cultivation method and occurs when microalgae
use light, such as sunlight, as the energy source and inorganic carbon (e.g., CO2) as the carbon source.
The major advantage of this type of cultivation is the consumption of CO:2 from the atmosphere, which
makes this process more environmentally sustainable. Additionally, when grown in the presence of light,
biocompounds such as pigments and protein content are significantly enhanced, which further increases
biomass’ commercial interest.?22 Compared to other types of cultivation, photoautotrophic cultivation is
more prone to contamination because the cultures are generally more exposed to the environment.
Furthermore, photoautotrophic cultivation is generally characterised by low biomass concentrations due
to poor light delivery, mutual shading of cells in dense cultures and overall slower growth of algal
biomass, resulting in a long scale-up process.?%:2324 Regarding the costs, photoautotrophic cultivation is

associated with the usage of large volumes of freshwater (unless wastewaters are used instead) and



high energetic costs mainly derived from mixing, aerating and downstream processing of the low-density

cultures. 2526
1.1.2.2. Heterotrophic cultivation.

Heterotrophic cultivation of microalgae consists in using organic carbon, such as glucose, as
energy and carbon source. This type of cultivation doesn’t require light, an advantage as it avoids
dependency on weather conditions and problems associated with limited light, which hinder high cell
density in large-scale photobioreactors.2%24 Additionally, heterotrophic cultivation is carried out inside a
fermenter, where it is possible to maintain axenic and controlled conditions. On the other hand,
heterotrophic cultivation requires an organic carbon source, which increases the susceptibility to
contamination, and that must be mitigated by performing any process carefully and aseptically by skilled
workforce.?%22 Moreover, a significant portion of the costs derives from the carbon source. Using
inexpensive alternative carbon sources, such as glycerol or waste products with fermentable
saccharides, that don’t significantly impair microalgae productivity, can decrease the costs of
heterotrophic cultivation. Combined with the higher growth rate, productivity and cell density,
heterotrophic cultivation can become more economically sustainable than autotrophic cultivation.
However, this is still a topic of discussion among the scientific community.?2:25:27-29 Smetana et al. (2017)
pointed out that heterotrophic cultivation of Chlorella vulgaris is less environmentally impacting than its
autotrophic cultivation, mainly due to the low microalgae concentration and high volumes of water that
are obtained in autotrophic cultures.?® Additionally, heterotrophic cultures have overall much higher
productivity and require less land, water and electricity, which lowers the costs per weight of biomass
produced.?® These authors suggest that the most environmentally sustainable microalgae cultivation
method is growing microalgae heterotrophically, using an alternative carbon source, such as food waste,

and photovoltaic systems to provide the required energy.2®

The present work was developed in heterotrophy with Scenedesmus rubescens, one of the few

species that can grow heterotrophically, enabling it to reach high biomass productivity.
1.1.2.3. Mixotrophic cultivation.

Mixotrophic cultivation comprises the use of both inorganic and organic carbon simultaneously.
This means that microalgae grow under both photoautotrophic and heterotrophic metabolisms.2° Due to
this metabolic flexibility, mixotrophic cultures are associated with higher growth rates and cell
concentrations than autotrophic cultures.??224 The culture conditions that cause the change from
photoautotrophic to heterotrophic metabolism are not yet fully understood but it has been reported that
light accessibility and organic carbon concentration are important factors in determining the contribution
of autotrophy and heterotrophy during mixotrophic cultivation.® Another advantageous phenomenon in
mixotrophic cultures is CO2 recycling, since the CO:2 released by microalgae via respiration is reused in
the photoautotrophic metabolism.2%21 However, mixotrophic cultivation of microalgae comes with some
of the disadvantages mentioned: higher susceptibility to contamination and cost of the organic carbon

source. Compared to autotrophic cultures, mixotrophic cultivation has considerably higher biomass



productivities, lower light requirements due to metabolism shifting and consequently a lower cost per kg

produced.3!
1.2. Microalgae Production and Strain Improvement.
1.2.1. Challenges in Microalgae Production.

Different microalgae species have different compositions and pigmentation, so their application
in the biotechnology sector also differs. For example, a species with high saturated lipids contents would
be more indicated for biofuel production!3, while species rich in LC-PUFAs, like docosahexaenoic acid
(22:6) and eicosapentaenoic acid (20:5), would be more indicated for feed and food or pharmaceutical

products, due to their significant health benefits.>

Despite the benefits of microalgal biomass and its biocompounds, the cost of microalgae-
derived products still prevents many industries from making this desirable shift, since microalgae as
feedstock are not economically competitive in several sectors.53233 Capital and operational expenses,
such as the energetic costs associated with downstream processing and culture medium, make this
process economically unviable.3* Therefore, the selection of suitable microalgae species is of great
importance to assure the productivity and economic feasibility of the industrial process, as well as the

optimization of the whole process pipeline.

C. vulgaris is the most commercialized species in Europe, which is expected given its long
history of safe use and approval for human consumption by the European Food Safety Authority (EFSA)
(EU, 2017/2470)3%. Other species, such as Tetraselmis sp., Tisochrysis lutea, Isochrysis galbana,
Dunaliella salina, Phaeodactylum tricornutum, Porphyridium sp., and Scenedesmus sp. are also among
the top produced species in Europe.* Nonetheless, a very limited number of species is approved for

human consumption.®

Wild-type (WT) strains frequently don’t possess the required characteristics for industrial
production. In general, it is beneficial that microalgae species have a high growth rate and high tolerance
to environmental factors, such as varying temperatures and salinities. Other advantageous
characteristics are high tolerance to shear stress, such as those inside photobioreactors, and robustness
to outgrow to contaminants, which are commonly found in open ponds and that might lead to culture to
culture crashes.®® Finally, there should be an easiness of harvesting, downstream processing, and
manufacturing; and to meet the requirements for registration and approval by regulatory authorities

when intended for human nutrition.8

Additionally, the characteristics of microalgal biomass, such as smell, taste and colour, hinder
consumer’s and even animal’s acceptance.3"3 Chlorophyll grants unpleasant organoleptic properties
to microalgal biomass, described as a strong grassy taste, intense odour, dark-green colour, and
unappealing texture. 3 Furthermore, high chlorophyll contents lead to low photosynthetic efficiencies in
autotrophic cultures, resulting in lower biomass productivity.3® Cells at the surface of the culture will

absorb most of the light, creating a dark zone deeper into the culture. Because light doesn’t reach this



dark zone, cells have a lower photosynthetic rate, resulting in lower growth. This process of impaired

light penetration, leading to decreased photosynthetic efficiency, is termed self-shading.394°

Finally, given the increasing demand for non-animal origin products worldwide, microalgae are
considered an important alternative source of protein and lipids, particularly LC-PUFAs. However, the
challenges derived from the low productivity and cost-effectiveness of microalgae cultivation, along with
difficulties in harvesting and downstream processing, make the use of microalgae as an alternative
feedstock challenging.®841 Besides optimizing biomass productivities, it is important to maximize
compounds’ productivities by studying and optimizing metabolic fluxes, which can lead to more
interesting biochemical profiles, such as higher protein contents.

1.2.2. Scenedesmus rubescens.

Scenedesmus rubescens (Figure 2) is a green microalga, first described in 1965 by Dr. Pierre
Jean Louis Dangeard (P. J. L. Dangeard) under the name Halochlorella rubescens, which is now
regarded as a basionym of Scenedesmus rubescens after the work of Kessler et al. (1997)42.43.44
S. rubescens belongs to the Scenedesmus genus, the Scenedesmaceae family and the Sphaeropleales
order (previously Chlorococcales). This microalga is mostly found in freshwater bodies, such as lakes
and rivers. However, some studies have already demonstrated that it can grow in wastewater. 4547
S. rubescens cells are nonmotile, spherical with a slight ellipsoidal shape, and a diameter of 6-10 ym.4"-
49 Structurally, S. rubescens possesses a parietal chloroplast that contains one pyrenoid.*” The cell wall
of Scenedesmus is generally rigid and composed of three layers: an inner cellulosic layer delimiting
individual cells, a thin middle algaenan-based layer, and an outer pectin layer which joins the cells into
coenobium.®® Scenedesmus genus can build colonies of four to eight cells, as an anti-grazing response
which is desirable for cell sedimentation.>® Reproduction is asexual, usually through autospores

released by breakage of lateral cell walls.49:52
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Figure 2. Heterotrophic culture of Scenedesmus rubescens. Scale Bar: 20 ym.

Regarding the nutritional content, Scenedesmus spp. are a rich source of bioactive compounds.
The general macronutrient content of S. rubescens is represented in Table 2, where it is seen that
carbohydrates represent the main biomass macronutrient, followed by protein and lipids.53

Scenedesmus spp. are also found to contain all essential amino acids and vitamins B, C, and E.5*



Table 2. Proximate composition of Scenedesmus rubescens. (Data retrieved from Espirito Santo, 2020)%3

Macronutrient Content (% Dry Cell Weight)
Proteins 15-33
Lipids 7-21
Carbohydrates 53 - 63
Ash 2-3

As for their applications, Scenedesmus species are considered promising for biofuel production
and wastewater treatment, since they have a high growth rate, high lipid content, and exhibit resistance
to elevated CO2 and ammonium concentrations as well as an adequate fatty acid profile.47.51.55.56
Additionally, S. rubescens' capacity to grow heterotrophically can also be exploited.5” Moreover, their
rich composition in bioactive compounds, such as vitamins and essential amino acids, is interesting to
apply in food supplements, feed and the pharmaceutical industry.545859 Up until now, no Scenedesmus

species has been approved for human consumption.®

The objective of this work was to successfully improve the pigmentation and protein contents of
S. rubescens by resorting to a well-established strain improvement method. This strategy aimed to
develop improved strains that can be used in several biotechnological applications, such as sustainable

feedstock alternatives.
1.2.3. Strain Improvement Methods.

Given all the challenges in the microalgae industry, besides choosing a suitable species for a
specific purpose, improving WT strains is imperative to make microalgae cultivation an economically
sustainable process. For this purpose, several genome-modifying techniques have been applied, such
as random mutagenesis, adaptive laboratory evolution (ALE) and insertional and site-directed

mutagenesis.

Random mutagenesis can be described as “the exposure or treatment of biological material to
a mutagen, i.e., a physical or chemical agent that raises the frequency of mutation above the
spontaneous rate” (Kodym and Afza, 2003)%°. This methodology is well-established for microalgae strain
improvement due to its robustness, accessibility and low cost (Figure 3).36:61 Additionally, this method
does not introduce any foreign genetic material into the cell, which is particularly useful if the biomass
is intended for food applications because the generated strains are not considered genetically modified
organisms (GMO).87:%2 Since the mutations induced by the mutagenic agents are random, little
information about the target organism’s genome or metabolism is necessary. However, this also means
that mutations can be lethal or partially incapacitating.® The intrinsic deoxyribonucleic acid (DNA) repair
mechanisms in microalgae’s genome are also challenging, as they might undo the mutations induced
by the mutagen, making the mutant phenotype often unstable and/or reversible.5® Due to these
challenges, it is important to establish a proper mutagenesis protocol by defining the optimal mutagen
dose and developing an effective selection method.®¢ The selection and screening step for mutants of
interest is the most impactful step of random mutagenesis. Still, the lack of efficient selection and

screening methodologies is the limiting step of this methodology.36:64.65
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Figure 3. Comparison of several aspects of three methods of strain improvement: random mutagenesis, adaptive
laboratory evolution and genetic engineering. Time—time required to perform the experiments and obtain results;
Costs—general costs of using these methods; Know-how—Ilevel of knowledge required to implement the
technology; Recovery—ease of selection and isolation of strains with the desired features; Biosafety—potential
biosafety concerns for consumers and environment over the strains obtained; Genotypes—ability to attain the
desired genotypes and phenotypes. (Retrieved from Trovéo et al. 2022)3¢

Adaptive laboratory evolution is the incubation of cell cultures with continuous selective
environmental stress over several generations. The adaptation of organisms to this selective pressure
leads to the acquisition and/or recombination of genetic traits that confer resistance to the applied stress
and that are inheritable through multiple generations.36:66 Similarly to random mutagenesis, ALE also
accelerates the process of natural evolution, as spontaneously generated mutants with non-specific
mutations are selected by controlling the environmental stress applied.®® This strain improvement
approach doesn’t require knowledge about the genome of the target organism and doesn’t introduce
exogenous genetic material into the cells, therefore, it is not considered a GMO-generating method
either.3® However, this method lacks efficiency, depends on the original strain, initial cell density, and
more significantly on the stress strategy; and requires a longstanding process with a large number of
generations.%” The process that leads to the isolation of an optimized strain is long, and the stability and
reversibility of ALE-selected strains are also challenging.® A strategy that has been proposed to
optimize ALE efficiency is the integration of random mutagenesis in the process and the utilization of

more efficient selection methods, such as flow cytometry.67

Insertional and site-directed mutagenesis are similar techniques based on the introduction of
DNA fragments into the target organism's genome, differing only in whether the DNA fragment is
introduced into a random location (insertional mutagenesis) or a specific site of the genome (site-
directed mutagenesis).f® Given the similarities, some of the disadvantages are also similar. Both
methods require a DNA transformation protocol, which is only available for a few microalgae species
(e.g. Chlamydomonas reinhardtii).®® Additionally, as foreign DNA is introduced into the target organism’s
genome, the selected mutant is considered a GMO, which implies that it is under more strict
regulations.®® Site-directed mutagenesis also requires knowledge of the target genome and the
definition of the target gene, which can be challenging given that some functions are not defined by a

single gene and modifications might have a pleiotropic effect on other genes.36:67.69 Additionally, genetic



engineering methodologies, such as Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR), Zinc Finger Nucleases (ZFN) or Transcription Activator-Like Effector Nucleases (TALENS),
although allowing a specific genome maodification, they require extensive expertise and come with
increased associated costs.%%70 Notwithstanding, the specific modification of genomes can be
advantageous for studying gene functions and identifying novel genes.®® Moreover, the mutants
generated and the inserted mutations might be more easily identified through the use of specific

selective markers and/or genetic or phenotypic tags.36.5°

Overall, random mutagenesis is the cheapest and fastest method, requires little information
about the genetic code and is a non-GMO generating method. Among the described methodologies
(Figure 3), it is considered a suitable approach to improve microalgal strains for nutritional applications,

with several successful reports (Table 5 — Appendix).3”
1.3. Random Mutagenesis.
1.3.1. Historical Perspective.

Mutation breeding has a long history of success in culture improvement, not only in microalgae
but also in plant cultivation. In the late 19" century, mutations as a source of plant variability were
identified by Hugo de Vries, while “rediscovering” Mendel’s laws of inheritance.” Since then, multiple
reports have emerged describing the application of this technology. In 1928, Lewis John Stadler applied
the mutagenic effect of X-rays in maize (Zea mays) and barley (Hordeum vulgare), setting a landmark
in the application of mutagenesis for the improvement of essential food crops.”2 Then, in 1934, a mutant
variety of the tobacco plant was the first commercialized mutagenesis-derived product.”>72 Despite this,
the systematic application of chemical mutagens to improve strains only started during the 1940s.72
Before the work of losif Abramovich Rapoport in 1993, where he described the effect of more than 50
chemical mutagens, crop improvement was mainly performed using physical mutagens.’273
Nevertheless, advances in the application of random mutagenesis to improve important food crops were
successful, as several barley varieties with improved traits such as chlorophyll profile, short stature,

stiffness of straw and dense ears were developed.”2

Besides plant mutagenesis, microalgae mutagenesis also has a history of success.
Microalgae’s pigmentation has been a subject of interest, dating back to the 1950s when pigment
biosynthesis was studied by resorting to X-ray mutagenesis.” A colourless Chlorella mutant was also
obtained in 1960 using radioactive isotopes.” Currently, chemical mutagenic agents, such as ethyl
methanesulfonate (EMS) and nitro-N-nitrosoguanidine (NTG), are more frequently used for microalgae
mutagenesis, representing more than 50% of the mutagenic agents.%® For example, Schiiler et al.
(2020)%7 were also able to obtain a colourless (or white) mutant of C. vulgaris by using EMS as the

mutagenic agent.

Within random mutagenesis, there are two categories: physical mutagenesis, where radiation
induces mutations through direct physical and indirect physicochemical effects (e.g., ultraviolet (UV),
gamma (y) rays); and chemical mutagenesis, where a chemical reaction randomly induces mutations in
a DNA molecule (e.g., EMS).™



Regarding microalgae mutagenesis, multiple reports describe its application on different species
using a wide range of mutagens. The results and objectives of these experiments can also vary greatly.
In Table 5 (Appendix), several studies are summarized, namely, regarding Scenedesmus spp., closely
related Desmodesmus spp. and C. vulgaris mutagenesis, where it is possible to observe the wide variety

of mutagenic agents used and results obtained.
1.3.2. Physical Mutagenic Agents.

Physical mutagenic agents comprise all nuclear radiations and sources of radioactivity;
therefore they can be divided into non-ionizing radiation (e.g., UV light) and ionizing radiations (e.g., X-
rays, y rays, ion beam). Given its high energy levels, ionizing radiation can penetrate cells and damage
DNA through two mechanisms: by direct physical impact, causing double-strand breaks, which results
in DNA fragmentation, or by indirect physicochemical effects, derived from the reactive species formed
during water radiolysis, such as hydroxyl radicals, free electrons, and hydrogen radicals.6376 Non-
ionizing radiation, although less energetic compared to ionizing radiation, still possesses tissue

penetrability capabilities and induces mutations directly by damaging DNA molecules. 6882

Amongst the wide variety of physical mutagens, UV radiation is the most frequently used for
microalgae mutagenesis.’® The drawback of most physical mutagenic agents is that they require
specialized equipment and personnel, which is an obstacle as it leads to increased expenses.”’
Likewise, UV mutagenesis arises as a better alternative since it is simpler, cheaper and easier to apply.
UV mutagenesis can be applied by exposing cells to standard UV lamps present in the sterile flow
chambers, a basic equipment of most laboratories. Moreover, it facilitates the isolation of mutants in
sterile conditions, which helps to avoid contaminations considerably. 7® However, mutants created with
UV mutagenesis have been shown to have unstable phenotypes due to the existence of several DNA
repair mechanisms that respond to UV-induced DNA damage, namely photoreactivation, excision and
recombinational repair. These mechanisms can be light-dependent, such as photoreactivation, or able
to repair DNA in the dark, such as excision. Given the possibility of DNA repair in the absence of light,
even UV mutagenized strains cultured in the dark can revert the mutations induced by the UV

radiation.”®80
1.3.3. Chemical Mutagenic Agents.

Compared to physical mutagens, chemical mutagenic agents are a much broader class of
mutagens with variable mechanisms of action. Chemical mutagens act directly upon DNA and can cause
errors in base pairing, deamination of purines, transcription and replication, transitions, transversions,
frameshift mutations, and eventually strand breaks.®* It has been generally considered that chemical
mutagens only introduce point mutations, whereas physical mutagenic agents cause more significant
lesions, such as chromosomal aberrations. However, it has been shown that chemical agents can also
cause chromosomal rearrangements. This suggests that frequency and type of mutation are more
directly correlated with dosage and rate of exposure rather than being a chemical or a physical

mutagen.’1.81
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Given their variability, chemical mutagens are classified according to their mechanism of action
and structure: intercalating agents, base analogues, non-alkylating agents or alkylating agents.64.
Among these, alkylating agents are the most widely used chemical mutagens.®¢ Alkylating agents act
by transferring an alkyl group to the H-bonded oxygen at N7 and N2 positions of guanine and adenine
base pairs, respectively, resulting in depurination and causing a mispair during DNA replication (Figure

4).54 Amongst alkylating agents, the most used are EMS and NTG.36:64.76.77

Figure 4. EMS structure and mechanism of mutagenic action. (Retrieved from Trovéo et al. 2022)36

Compared to physical mutagens, the applicability of chemical mutagens is easier as it doesn’t
require any specialized equipment, being accessible in a standard laboratory setting. It also produces
less chromosomal damage, resulting mainly in point mutations evenly distributed throughout the entire
genome. The point mutations created can lead to loss-of-function and gain-of-function mutations if they

originate a protein with modified activity or affinity.3571.77

Regarding the technical limitations of chemical mutagens, the toxic properties of the mutagens
raise significant health and safety concerns. Additionally, the high mutation rate can lead to several
rounds of sub-cultivation to confirm the desired mutation and remove undesirable ones.3>37

EMS (Figure 4) represents 43% of the mutagenic agents used for microalgae mutagenesis.3®
EMS is a monofunctional alkylator, which means it has a single alkyl group that most commonly causes
G/C to AT transitions.”” This agent has been applied in mutagenesis of different species, namely
Scenedesmus sp.82, Desmodesmus sp.83 and C. vulgaris® (Table 5 — Appendix). The target of EMS
mutagenesis varies, so that it has been used to improve tolerance to cellulosic ethanol wastewater
(CEW)®, lipid and biomass productivity®3, carotenoids content®*, photosynthetic efficiency3%84385,
oxidative stress tolerance®®, violaxanthin productivity® and to decrease chlorophyll content37:29, Due to
its extensive study and application in microalgae, EMS was chosen as the mutagenic agent to be used

in this work to generate mutants of S. rubescens.3¢
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1.3.4. Mutagen Dose and Mutant Selection.

As previously mentioned, the mutation frequency and type are a direct consequence of the
mutagen applied, its dosage and the rate of exposure.8” In general, the objective of a mutagenesis
procedure is to obtain a modest number of mutations in a trait of interest, without significantly disrupting

the genotypic integrity of the organism, which could result in loss of fitness. 76

To carry out a mutagenesis experiment, the optimal mutagen dose must be previously
established through the stipulation of a dose-response curve, which associates a specific mutagen
dosage with the respective survival rate of a specific strain.”® There are two main views on what the
ideal dose should be. Some authors defend that the optimal mutagenesis dose should be LDso, which
is the dose that kills half of the treated population.”®7” The authors that support this approach affirm that
the probability of unintended induced deleterious alleles is reduced with this dose. However, this
mutagen dose is mostly used in higher plants, such as rice. Most reports use a higher dose for
microalgae mutagenesis, leading to survival rates between 5-10 % (Table 5 - Appendix).3” This
approach increases the probability that the surviving mutants contain at least one stable mutation and

reduces the number of mutants to be screened.

Random mutagenesis generates an extensive, heterogeneous mutant library. However, only a
limited portion of them express the phenotype of interest.8 To isolate the desired mutants, a selection
and/or screening step needs to be implemented. Although often used interchangeably, selection and
screening are different concepts. Screening refers to the evaluation of every generated mutant for the
desired property. Selection refers to the application of a selective pressure to the population in which
the desired mutants have a survival advantage or a phenotypic change that distinguishes them from the
remaining.8%9 Given the high number of mutants and the complexity of qualifying/quantifying different
properties, this is the limiting step of a mutagenesis protocol and it is where the most significant

improvements can be made.5465

Identifying the phenotype of interest is the first step of the screening process and will directly
affect the chosen method. The phenotype of interest can be, for example, increased lipid or fatty acid
contents, higher carotenoid production or lower chlorophyll contents. Therefore, the screening/selection

method must be optimized for each of these examples.

Conventional screening methods for microalgae mutagenesis imply manually isolating mutants
and analysing the mutant culture for the desired feature, which is a laborious and slow process.8” To
increase the efficiency of mutant screening, high-throughput methods have been developed. Some high-
throughput methods for microalgae mutant screening include percoll density gradient centrifugation,

fluorescence-activated cell sorting (FACS) and microtiter plate (MTP)-based screening.

Percoll density gradient centrifugation can be used to screen for microalgae mutants with a high
lipid content, as this technique can separate mutant cells based on their relative densities. Mutants with
a high lipidic content will have a lower density and, therefore, will be on the top of the gradient, while
cells with a lower lipid content will remain at the bottom.%* FACS is a specialized technique coupled to

flow cytometry that can separate single cells according to their fluorescence. This fluorescence can be
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intra- or extracellular and can originate from a biological source of fluorescence, like chlorophyll, or a
synthetic one, such as Nile red or BODIPY505/515 (lipophilic dyes). This method is versatile as it can
separate cells using a wide range of molecules collecting only the cells that surpass a given fluorescence
threshold. Therefore, this method allows the identification and isolation of cells that are overproducing
or underproducing a specific target compound.®465 MTP-based screening is a cost-effective, moderate-
high throughput method that screens cells based on a screening indicator, such as pH or fluorescence.
The method relies on inoculating a 96-well plate, or similar, and assessing the concentration or the
variation on the target screening indicator. This technique is frequently applied to measure pH changes

throughout a colourimetric assay.°

On the contrary, mutant selection encompasses the utilization of metabolic inhibitors that
specifically target the biosynthetic pathways of the compounds of interest or the application of unspecific
environmental stressors that inhibit the growth of susceptible mutants.?® Mutants isolated in the
presence of these metabolic inhibitors have mutations that grant them resistance to the applied stress.

In contrast, mutants with undesired mutations are not able to grow in the presence of this inhibitor. %

To apply an effective selection approach, the system must be devised in a way that mutants
with the desired properties have a growth advantage.8® For example, to isolate mutants with a different
pigmentation profile, metabolic inhibitors that target the carotenoids or the chlorophylls biosynthetic
pathways are typically applied. Metabolic inhibitors such as norflurazon (NF), fluoridone, diphenylamine
and nicotine (Nic) are commonly used to target the carotenoids' biosynthetic pathway (Figure 5).
Likewise, acifluorfen, oxyfluorfen, gabaculine, levulinate and 2,2’-dipyridyl are metabolic inhibitors that
specifically target the chlorophylls biosynthetic pathway, and that could possibly be used for microalgae

mutant selection. (Figure 6).36:91-96
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Figure 5. Carotenoids biosynthetic pathways. In grey are the enzymes that catalyze each reaction. Inhibitors of

this pathway are highlighted in yellow boxes. Adapted from Ma et al. (2011).14°

Specifically, NF, fluoridone, and diphenylamine target the phytoene desaturase enzyme, which

converts phytoene into (-carotene, so when this reaction is inhibited, there is an accumulation of
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phytoene and a decrease in the production of carotenoids.®” On the other hand, Nic specifically inhibits

the lycopene B-cyclase enzyme, which catalyses the conversion of lycopene to a- and B-carotene.® In
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Figure 6. Chlorophylls biosynthetic pathway. In grey are the enzymes that catalyze each reaction. Inhibitors of this

pathway are highlighted in yellow boxes. Adapted from Tanaka et al. (2010), Tanaka et al. (2007), Brzezowsky et
al. (2015).150-152
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the case of oxyfluorfen and acifluorfen, they are diphenyl ethers that inhibit the oxidation of
protoporphyrinogen IX to protoporphyrin IX, by specifically targeting the protoporphyrinogen oxidase
enzyme.®%¢ Gabaculine inhibits glutamate 1-semialdehyde aminotransferase, which converts
glutamate 1l-semialdehyde to 5-aminolevulinic acid.®> As for levulinate, this compound inhibits the
conversion of 5-aminolevulinic acid to porphobilinogen by inhibiting 5-aminolevulinic acid dehydratase.®*

Finally, it has been suggested that 2,2’-dipyridyl inhibits Mg-chelatase.%293

In contrast to the examples shown above, environmental factors, such as the presence/absence
of light, temperature, pH or CO2, have also been used for microalgae mutant selection, aiming at
different targets, namely tolerance to higher temperatures or adaptation to higher concentrations of COz,

for example. 37:99,100

Another strategy that can be applied to increase the effectiveness of a screening strategy is the
combination of multiple screening and selection methods. For example, Yi et al. (2018) isolated
carotenoid hyperproducing strains by combining the selection of strains resistant to diphenylamine,

followed by an MTP-based screening for chlorophyll a and Nile red fluorescence.6!

In summary, there are multiple ways to select mutants with improved characteristics being the
results mainly dependent on the selective pressure that is applied. Nonetheless, there is still a need to
develop new selection methods, mainly to identify phenotypes that are not distinguishable to the naked

eye or through macroscopic properties, and to increase the efficiency of the selection process.

This work will focus on improving the organoleptic and nutritional characteristics of a
S. rubescens strain resorting to EMS mutagenesis. To the author’s knowledge, this is the first study
regarding random mutagenesis with S. rubescens and one of the first reports on the use of chemical
mutagenesis to mutate this genus. NF and Nic, inhibitors of the carotenoid’s biosynthetic pathway, and
InChlo?, an inhibitor of the chlorophyll’s biosynthetic pathway, combined with the absence of light, were
also used in this work to select S. rubescens mutants with improved chlorophyll and protein contents.
This is also the first study that applies a specific inhibitor of the chlorophyll biosynthesis pathway to

select microalgal mutants with different pigmentation and protein content.

2 InChlo will be used as a codified name for an inhibitor of the chlorophyll’s biosynthetic pathway
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2. Thesis Outline.

The main goal of this work was to generate novel S. rubescens mutants, through EMS random
mutagenesis, with improved organoleptic and biochemical characteristics, such as decreased
chlorophyll content and increased protein content. To achieve this objective, the experimental work was

divided into four sections:

I Dose-response study of the effect of EMS on the survival of S. rubescens. The objective of this
study was to determine the susceptibility of this microalga to EMS and subsequently determine

the concentrations of this mutagen to be used for random mutagenesis trials.

I. Metabolic inhibitors tests determined the effect of Nic, NF and InChlo on the growth of
S. rubescens. These tests determined the concentration of each metabolic inhibitor that
completely inhibits growth as well as the concentration right before that, which are the

concentrations that should be tested for mutant selection.

Il Mutagenesis and mutant selection, in which mutants were generated using the concentrations
of EMS previously determined and colonies with different characteristics were selected, using

the metabolic inhibitors previously tested.

V. Finally, mutants were characterized concerning heterotrophic growth, chlorophyll, carotenoids,

and protein contents.
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3. Material and Methods.

All the experiments herein described were carried out at Alimicroalgae Natural Products S.A.,
between the 3 of March 2022 and the 30t of September 2022.

3.1. Inoculum and Culture Medium.

Scenedesmus rubescens axenic culture (0037SA) was obtained from Allmicroalgae Natural
Products S.A. culture collection. Cultures were grown in the proprietary GM1 medium, containing
glucose as carbon source, ammonium sulphate and urea as nitrogen sources, and supplemented with
trace elements.

Culture manipulation was always conducted under sterile conditions, guaranteed by a laminar
flow chamber (BioAir Top Safe® 1.5, Pero, Italy). Cultures were inoculated with a working volume of
50 mL, in 250-mL baffled Erlenmeyer flasks, previously sterilized by autoclaving at 121 °C for
40 minutes. Cells were grown heterotrophically in an orbital shaker (ArgoLab® shaker SKI 4, Carpi, Italy)
at 28 + 0.1 °C, under constant shaking (200 rpm) in the dark.

3.2. Growth Assessment and Sampling.

Cultures were sampled and analysed daily by measuring optical density (OD) at 600 nm (ODseoo),
using a UV-Vis spectrophotometer (Genesys 10S UV-Vis®;, Thermo Fisher Scientific, Massachusetts,
EUA). The culture was also analysed by optical microscopy (Axio Scope A1®, Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). The number of cells was determined using a Neubauer chamber
(Hirschmann, Eberstadt, Germany) by direct observation under bright field microscopy. Images were
acquired with a digital camera (Axiocam 503 color®, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) assembled on the microscope.

Dry cell weight (DCW) was determined by filtering microalgal suspension using pre-weighed
0.7 ym glass microfibre filters (VWR International, Pennsylvania, USA) and washed with demineralized
water to remove medium salts and cellular debris. Finally, the samples were dried at 120 °C and
weighed using a moisture analyser (MA 50.R Moisture Analyzer, Radwag®, Radom, Poland).

The DCW was calculated by the difference between the weight of the filter with dried biomass
(m¢) and the filter weight (mi), divided by the volume of sample (V) (Equation 1). A correlation between
OD and DCW was established (Figure 25 - Appendix).

1

The growth rate (u) was obtained by Equation 2, whereas biomass productivity (P) was
determined using Equation 3, where ti and t: represent the time when the exponential phase begins and
ends, respectively, and DCW; and DCW: represent DCW at the beginning and end of the exponential
growth phase, respectively.

_ In (0D600f/0D600i)

U= @& -t 2)
_ (DCW; — DCWy)
P=——0 )
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3.3. EMS Dose-Response Curve.

To establish the dose-response curve of ethyl methanesulfonate (EMS; Sigma-Aldrich, St.
Louis, USA) the S. rubescens’ culture was exposed to different concentrations of this chemical mutagen.
Wild-type (WT) inoculum in the early exponential phase (1.54x108 cells mL1) was concentrated 10-fold
in GM1 medium diluted with sterile distilled water (1:2), by centrifuging the culture for 3 min at 3000 g,
followed by supernatant discard and resuspension of the pellet. The concentrated culture was then
treated with 100, 200, 300, 400, 500 and 600 mM of EMS and set under constant agitation (100 rpm),
at 28 °C, for 1 h in the dark. The EMS reaction was stopped by adding sodium thiosulfate (5 % w/w), a
neutralizing agent. Samples were then centrifuged for 1 min at 3000 g and the pellet was resuspended
in the same volume of a solution of NaCl 0.9 %. The washing process with saline solution was repeated
three times before resuspending the cultures again in GM1 medium, diluted with sterile distilled water
(1:2). The mutagenized cells were incubated for 24 h in the dark at 28 °C. After this incubation time,
cultures were serially diluted and plated in triplicates onto Plate Count Agar (PCA; HiMedia Laboratories
Pvt. Ltd., Mumbai, India) and incubated in the dark at 28 °C for 15-21 days. After this period, the colonies

on each plate were counted to calculate the survival rate.
3.4. Metabolic Inhibitors Tests.

To select mutants with different pigmentation upon mutagenesis, metabolic inhibitors of either
the carotenoids or chlorophylls biosynthetic pathways were applied, whose concentrations need to be
determined previously.

To determine the optimal concentrations of each inhibitor, a culture in early-exponential phase
was concentrated 10-fold in GM1 medium diluted with sterile distilled water (1:2), by centrifuging the
culture for 3 min at 3000 g, followed by resuspension of the pellet. The concentrated culture was then
spread in 6-well plates with PCA supplemented with different concentrations of each metabolic inhibitor,
except for the control, which was PCA without metabolic inhibitors (plain-PCA). All the conditions were
tested in triplicates.

Three different metabolic inhibitors were tested, norflurazon (NF; Sigma-Aldrich, St. Louis, USA)
and nicotine (Nic; Tokyo Chemical Industry Co., Ltd, Tokyo, Japan), both inhibitors of carotenoid
biosynthesis, and InChlo (Honeywell, Charlotte, USA), an inhibitor of chlorophyll biosynthesis. NF stock
solution at 5.26 mM was prepared using acetone as a solvent and was filter-sterilized with 0.22 um
Branchia polytetrafluoroethylene (PTFE) filters (Labbox Labware, Barcelona, Spain). InChlo stock
solution at 500 mg L* was prepared using methanol as a solvent, filter-sterilized with 0.22 ym Branchia
polytetrafluoroethylene (PTFE) filters (Labbox Labware, SL, Barcelona, Spain). Nic was directly used at
6.23 M and filter-sterilized with 0.22 ym Branchia polyethersulfone (PES) filters (Labbox Labware, SL,
Barcelona, Spain). Six concentrations of NF were tested: 5, 10, 15, 20, 25, and 30 yM, Nic was tested
at 1, 2, 3, 4, 5 and 6 mM and InChlo was tested at 25, 50, 100, 150, 200, 300, 400, 500, 600 and
700 pg L.

Cultures were incubated in the dark at 28 °C for 14 days, after which the growth in each well
was observed and compared to the control. Since this visualization is difficult to rate, a sample was

taken from each condition and streaked onto plain-PCA. After 3-5 days, the growth on these plates was
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again visually analysed to determine the optimal concentration range of each inhibitor, which should be

between the concentrations that allow minimal growth and no growth.
3.5. Random Mutagenesis and Mutant Selection.

The random mutagenesis protocol is similar to the establishment of the dose-response curve,
differing on the concentrations of EMS to which the S. rubescens culture was previously exposed. For
mutagenesis, only 150, 200 and 250 mM of EMS were used, according to the dose-response curve
previously established, which correspond to a survival rate of 33.3 %, 8.9 % and 6.8 %, respectively.
Mutagenized cultures were also serially diluted for the same EMS concentrations to verify if the cell
counting was in accordance with the dose-response curve, as a control of the experiment. Furthermore,
as a secondary control, non-mutagenized cells were also plated directly in plates with inhibitors to

observe their inhibition/growth.

In order to identify mutants with different pigmentation upon mutagenesis, a selection step was
applied by resorting to the metabolic inhibitors mentioned. The mutagenized cells were plated in PCA
containing 20 or 30 uM of NF, 3 or 4 mM of Nic, or containing 100, 200 or 300 ug L of InChlo. Plates
were then incubated in the dark, at 28 °C, for 28 days. Colonies containing a different colour were picked
and spread on PCA with and/or without metabolic inhibitors and re-streaked every week for ten

generations to confirm phenotype stability.
3.6. Experimental Trials in Erlenmeyer Flasks.

After selecting and isolating the most promising mutants, their growth performance was
characterized and compared in a lab-scale assay. All the experiments were performed in triplicate.

After selection and assessing mutants’ stability in solid medium, mutants were transferred to
liquid GM1 medium and grown at 28 °C, 200 rpm, with PIPES buffer, at pH 6.5 at 60 mM. The addition
of buffer to the medium is important to avoid pH variability that might bias the results. The growth assay
was conducted in 250-mL Erlenmeyer flasks, with a final working volume of 52 mL. Water evaporation
throughout the assay was compensated according to the weight loss between different time points. The
pH was measured by placing a drop of the culture on Metria universal pH test paper strips (Labbox
Labware, SL, Barcelona, Spain). At the end of the assay, samples were centrifuged at 2000 g (VWR®
Micro Star 12 microcentrifuge; Pennsylvania, USA) for 2 minutes, and the supernatant was retrieved to
measure glucose. Glucose concentration was measured with Freestyle Precision Neo glucose kit

(Abbott, Chicago, USA) and, if necessary, dilutions were performed with NaCl 0.9 % (w/v), accordingly.
3.7. Chlorophylls and Carotenoids Content.

To determine the chlorophylls and total carotenoid content of each mutant, pigment extraction
and quantification was performed according to the Ritchie (2008)'°* method.

For each sample, a volume corresponding to 10 mg of biomass was centrifuged for 10 min, at
2547 g (Hermle® Z 300 centrifuge, Wehingen, Germany) in glass tubes, and the supernatant was
discarded to remove the aqueous phase. Sequential zirconia bead milling was performed in acetone to

extract the chlorophylls and carotenoids. For that, a mass of zirconia beads of approximately 2.85 g was
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added to each sample, along with 6 mL of acetone. Samples were then agitated in a vortex for 15 min,
followed by centrifugation for 10 min, at 2547 g. The supernatant of the samples was collected and kept
in the dark until the absorbance was measured. The extraction step was repeated until the pellet became
colourless to guarantee that all the pigments were extracted from the biomass. Quantification of
chlorophylls and total carotenoids was performed by measuring the absorption spectrum of the
supernatant (380 to 700 nm). Chlorophyll a, b and a+b were quantified by applying Equations 4, 5 and
6, as described by Ritchie (2008)1°1. Carotenoid total content was quantified with the Excel Add-In Solver

on Windows 13 using an in-house developed approach.102

Chla = _0.3319Ab5630 - 1.74’85Ab5647 + 11'9442Ab5664 - 1.4306Ab5691 (4’)
Chlb = _1.2825Ab5630 + 19.8839Ab5647 - 4’.8860Ab5664 - 2.3416Ab5691 (5)
Chly,, = Chl, + Chl, 6)

3.8. Determination of Protein Content.

Protein content was estimated by performing an elemental analysis (Vario EL®, Elementar
Analyser System; GmbH, Hanau, Germany) according to the manufacturer’s instructions and by

multiplying the nitrogen content by a factor of 6.25.103
3.9. Statistical Analysis.

One-way ANOVA followed by Tukey HSD post-hoc multiple comparisons test, at a probability
level of 0.05, was performed using GraphPad Prism version 8.0.1 for Windows, (GraphPad Software,
San Diego, USA, www.graphpad.com). For each test, the mean and standard deviation were determined
among biological triplicates. Graphical representation of the results was performed using GraphPad
Prism version 8.0.1 for Windows.
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4. Results and Discussion.
4.1. Dose-Response Study.

In general, the objective of a mutagenesis procedure is to obtain a modest number of mutations
in a trait of interest, without significantly disrupting the genotypic integrity of the organism, which could
result in loss of fitness.” Given this, the first objective of this work was to establish the survival rate of
S. rubescens to different EMS concentrations. Different concentrations of the mutagen were tested,
ranging from 100 to 600 mM. The effect of EMS on the survival rate of this species is represented by
the dose-response curve in Figure 7.
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Figure 7. Survival rate of Scenedesmus rubescens exposed to different EMS concentrations.

In Figure 1, it is possible to observe that at 100 mM of EMS the survival rate was 58 %, at
200 mM was 9 %, at 300 mM was 6 % and at 400 mM was 0.1 %, while for the remaining concentrations,
the survival rate was 0 %.

In a previous report, Zhang et al. (2018) determined the susceptibility of Scenedesmus sp. to
EMS.82 The authors incubated a Scenedesmus sp. (FACHB-489) culture with 200 mM EMS for 1 h, and
directly plated on solid BG11 medium. Plating was followed by an incubation in the dark for 24 h and
subsequent incubation under 46 umol photons m=2 s1, at 25 °C, for 2 weeks. It was reported a survival
rate of 46 %, 5-fold higher than the 9 % obtained with S. rubescens exposed to 200 mM of EMS in the
present work. The difference in the results might be related to several reasons, such as the species
used, cells’ concentration, growth stage and culture medium.8” Zhang et al. (2018) utilized a cell
concentration that is 14 times higher than the one used in this work, 2.20x107 cells mL* versus
1.54x108 cells mL1, which is one of the justifications for the significant differences in the susceptibility
to EMS. The presence or absence of light is also widely recognized as a significant factor since it might
increase cells’ susceptibility to the mutagenic agent and/or induce light-dependent DNA-repair

mechanisms.8%87 No more reports were found regarding the use of EMS to mutagenize
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Scenedesmus spp. In addition, this is the first report concerning the application of EMS to mutagenize

S. rubescens.

Since there are no more reports on the use of EMS on Scenedesmus, it is worth taking a look
at C. vulgaris, a closely related example. For C. vulgaris, there are several reports using a wide range
of EMS concentrations, that obtained different susceptibilities to EMS, such as 240 mM corresponding
to <1 % survival rate, 300 mM corresponding to 5-10 % survival rate or 160 mM, almost half the
concentration, corresponding to the same 5-10 % survival rate. 37:3%84 As previously mentioned, these
differences can be associated with different mutagenesis protocols.8” Schiler et al. (2020) applied a
similar protocol to the one used in this work, to obtain C. vulgaris mutants with EMS, but instead using
a cell concentration of 3.20x10° cells mL1.37 In that study, C. vulgaris exhibited a 10 % survival rate
under 300 mM of EMS. These results indicate that this S. rubescens strain might have an increased
susceptibility to EMS, compared to that C. vulgaris strain. However, it is important to consider that a
different cell concentration of C. vulgaris was used, of 3.20x108 cells mL1, which is 2-fold higher than

the cell concentration used in this work.

The results obtained from the dose-response study were necessary to establish the conditions
for random mutagenesis experiments. The survival rate should be between 5-10 %%, for this reason,
the optimal EMS concentrations to test on mutagenesis trials with S. rubescens were in the range of

200-300 mM in the conditions mentioned above.
4.2. Metabolic inhibitors Tests.

Random mutagenesis generates a large number of mutants with a wide range of phenotypes.
To isolate the mutants with the desired phenotype, selection using metabolic inhibitors can be applied
as a selective pressure, where only the mutants with increased resistance to this pressure can thrive.88
For this purpose, the effect that different metabolic inhibitors have on the growth of S. rubescens was
also studied. Three different inhibitors were tested at different concentrations, NF and Nic, inhibitors of
carotenoid biosynthesis, and InChlo, an inhibitor of the chlorophyll biosynthetic pathway. In summary,
the concentrated culture was plated with the respective inhibitor concentrations to analyse if the culture
was able to grow or if that inhibitor concentration killed all the viable cells. The optimal inhibitor
concentration to use for mutant selection should be between the concentrations that allow minimal
growth and no growth, to assure that the surviving colonies acquire a suitable mutation that grants them

resistance to these chemicals and a stable phenotype.3685 The results are displayed in Figure 8-10.

In the presence of Nic, the culture acquired a more yellowish colour (Figure 8, left), visible in
every Nic concentration tested, when compared to the control. In addition, when each condition was
streaked onto plain-PCA (Figure 8, right) it was possible to observe Nic’s effect on the culture growth.
S. rubescens was able to grow at 1, 2 and 3 mM of Nic. However, this growth was increasingly inhibited
with an increase of Nic to 4 and 5 mM. At a Nic concentration of 6 mM the culture was no longer able to
grow. Hereupon, the concentrations of Nic to be tested should be from 3 to 6 mM. In the literature, no

report was found on the study of Nic as an inhibitor of Scenedesmus growth, nor as a selection strategy
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for Scenedesmus spp. mutants. However, this inhibitor has been used for other microalgal species, to

select mutants with improved carotenoid production after mutagenesis. 98104105
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Figure 8. Nicotine (Nic) test. A Scenedesmus rubescens culture in exponential growth phase was first plated
in PCA with nicotine (left), which after 14 days was streaked onto plain-PCA (right). Nicotine concentration
is represented in mM.

Cordero et al. (2011) sought to isolate a high-lutein producing Chlorella sorokiniana by resorting
to NTG random mutagenesis and selection of mutants resistant to inhibitors of the carotenogenic
pathway, Nic and NF.%8 In their work, the minimum Nic concentration at which the growth of WT
C. sorokiniana was inhibited was 0.4 mM. Similarly, Chen et al. (2017) also isolated high-lutein
producing C. sorokiniana mutants, generated by NTG random mutagenesis, by resorting to 0.4 mM of
Nic.19 In another work, Chen et al. (2003), used 0.2 mM of Nic to isolate Haematococcus pluvialis
mutants with increased astaxanthin production after EMS or UV mutagenesis.1% The values found in
the literature for mutant selection using Nic are significantly lower than here observed for S. rubescens,
whose culture was able to grow up until 3 mM. The lower susceptibility observed for S. rubescens might
be due to the difference in species stress resistance or in the different protocols used to determine
resistance to Nic.

The yellow colour that is observed with increasing Nic concentrations might be due to an
alteration in the pigmentation profile. Previous reports studying the effect of Nic have described not only
an accumulation of acyclic carotenoids such as lycopene but also a decrease in chlorophyll
content.106.197 Nic is a known inhibitor of lycopene B-cyclase and prevents carotenoids cyclization (Figure
5). By hindering carotenoid cyclization, total carotenoid content decreases, more specifically a-carotene,
B-carotene and lutein content.’%® The decrease in chlorophyll content might be related to lutein
deficiency, which is essential for the assembly of active photosystem Il units, leading to abnormal
chloroplast formation.106
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In the presence of NF (Figure 9), the colour of the culture changed from dark green to light
green. From 5 to 30 uM of NF, it is clear that the culture was progressively inhibited. However, with
increasing concentrations, up until 70 uM, the culture seemed to recover the ability to grow. When these
cultures were streaked in the absence of NF, the culture maintained its ability to grow, regardless of the
concentration of NF tested. Notwithstanding, it is possible to see a colour change in the cultures
previously plated in 50, 60, and 70 uM of NF, indicating that cells are affected by this inhibitor at these

concentrations. To the author’'s knowledge, NF has not been tested in Scenedesmus either.
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Figure 9. Norflurazon (NF) test. A Scenedesmus rubescens culture in exponential growth phase was first
plated in PCA with norflurazon (left), which after 14 days was streaked onto plain-PCA (right). Norflurazon
concentrations are represented in pM.

Other reports studying NF have described that this metabolic inhibitor effectively hinders the
growth of C. sorokiniana at 4 uM® and the growth of C. vulgaris at 10 uM.3? Given this, it would be
expected that the concentrations tested would lead to inhibition of this microalgae’s growth. Still, it
always depends on other factors besides species, such as cell concentration, growth stage, and

presence of light, among other protocol-related factors. 4

Itis possible that the culture might have survived either by using the inhibitor itself as a substrate,
as it has been seen in other studies for Nic, where at low concentrations, it stimulated growth.1%” Another
explanation for these results is apoptosis, where the cells that were more susceptible to NF underwent
programmed cell death, which provided the necessary nutrients for other cells to remain healthy. These
phenomena hindered the analysis of the results, since it was difficult to determine the range between
survival and death and the optimal concentrations to test in mutant selection. However, additional
studies would have to be done to confirm these hypotheses. Additionally, these results showed that
S. rubescens is resistant to NF concentrations up to 70 uM. Despite being much higher than the values
found in the literature, the NF concentrations tested were still below the threshold that kills S. rubescens

cells, so higher concentrations could be tested. Nevertheless, since the culture acquired a different
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yellowish colour, and also based on other reported C. vulgaris results obtained with the same protocol,
20-30 uM of NF were tested.

Regarding the lighter green colour that the cultures acquired in the presence of this inhibitor,
reports have shown that NF can alter the pigment profile by inhibiting carotenoids biosynthesis (Figure
5). In a study performed by Leén et al. (2005), the incubation of a Dunaliella bardawil culture with NF
led to an accumulation of phytoene and a proportional decrease in B-carotene. The authors also
observed an increase in zeaxanthin, derived from a decrease in violaxanthin, along with the same
chlorophyll contents.1%8 Similarly, Xu and Harvey (2021) have also observed an increase in total

carotenoids content and accumulation of phytoene in a D. salina culture treated with NF.10°

As NF and Nic act on the carotenoid’s biosynthetic pathway, they have been used to isolate
randomly generated mutants with increased carotenoids production, such as accumulation of phytoene,
lutein and astaxanthin, and decreased chlorophyll content.37.98.104105 These inhibitors have also been
utilized to isolate mutants with increased eicosapentaenoic acid content, and whose accumulation is not
directly related to the inhibition of the carotenoids biosynthetic pathway.!1® However, carotenoid and
lipid production have been reported to be simultaneously enhanced in stress conditions, such as high
light and nitrogen deficiency, which could be related to their antioxidant activity and indicate a link

between the two metabolisms.111

Finally, when testing InChlo (Figure 10), the culture acquired a brownish colour, which was
enhanced with increasing inhibitor concentrations. Additionally, when cultures were streaked to
plain-PCA, it was possible to see that concentrations higher than 300 ug L* completely inhibited culture
growth. Furthermore, the cultures that were plated in InChlo concentrations higher than 100 pg L?
maintained the colours acquired in the presence of the herbicide. Likewise, concentrations between

100-300 pg Lt were selected as the range to test in mutant selection.

As the use of inhibitors of the chlorophyll biosynthetic pathway in microalgae mutagenesis and
selection is a novel approach developed in this work, no reports of microalgae resistance to this inhibitor
on solid media were found. Nevertheless, Geoffroy et al. (2002) studied the effect of oxyfluorfen on an
autotrophic liquid culture of S. obliquus.®! Their study determined that the inhibitory concentrations (IC)
of the growth of S. obliquus after a 24 h treatment were 1C10 3 ug L, ICso 15 g L2, 1Co0 22 g L1.91
Although not directly comparable due to significant differences in testing conditions, these values are
much lower than the 300 pg L of InChlo that were found to inhibit culture growth completely. The
difference in the concentrations might be related to the species tested and the incubation with light,
which increases photodynamic stress and non-enzymatic lipid peroxidation, promoted by protoporphyrin
IX (Figure 6), a photosensitizing compound.*'? Cheng et al. (2015) also studied the toxicity of a different
inhibitor of the chlorophyll biosynthetic pathway, acifluorfen, on the autotrophic growth of a liquid culture
of S. obliquus.'*® The authors determined that the effective concentration of acifluorfen, resulting in a
50 % reduction in population growth relative to the control (after 96h) is 340.5 ug L1. Similarly to the

previous comparison, as the testing conditions were different, it is not possible to make conclusions
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directly from this report. However, the value reported by Cheng et al. (2015)13 is closer to the value

seen to inhibit S. rubescens growth in this work.

.
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Figure 10. InChlo test. A Scenedesmus rubescens culture in exponential growth phase was first plated in
PCA with InChlo (left), which after 14 days was streaked onto plain-PCA (right). InChlo concentrations are
represented in pg L.

The brown colour that was observed on the cultures incubated with InChlo might be related to
a decrease in chlorophyll concentration, given the inhibition of the enzyme protoporphyrinogen oxidase
of the chlorophyll biosynthetic pathway (Figure 6), which might explain the prominent brown/orange

colour.113.114
4.3. Mutagenesis, Selection and Isolation of Mutants.

As previously mentioned, mutant selection represents the limiting step of a mutagenesis study.
Due to the number of mutants generated and the complexity of identifying different phenotypes, multiple
approaches have been developed to isolate the mutants of interest. In this work, three strategies were
used with the objective of isolating S. rubescens mutants with improved protein content and
pigmentation. The first strategy was isolating mutants obtained in the dose-response study by visual
appearance (size and colour), without the use of metabolic inhibitors. After this, the second and third
strategies consisted in isolating mutants through random mutagenesis, by plating the mutagenized
cultures directly in PCA containing the metabolic inhibitor. After isolating the mutant colonies in
metabolic inhibitors, the colonies were re-streaked in either plain-PCA, or PCA containing metabolic
inhibitors for at least 10 generations.

The first approach used in this work was the isolation of mutants generated in the dose-response

study. Although metabolic inhibitors increase the probability of isolating mutants with the intended
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characteristics, mutants with alterations in their pigmentation can appear spontaneously after treatment
with EMS. Besides pigmentation, this study also aimed to isolate mutants with improved growth
performances, which have been associated with faster, bigger and darker colonies.5 Figure 11 displays
3 mutants that were isolated from the dose-response study. Mutant 200a was generated using 200 mM
of EMS from a large colony that arose before the remaining colonies on the plate. Mutants 300b and
300d were generated using 300 mM of EMS. Mutant 300b’s colony had an orange colour, while mutant

300d was selected because it was a large colony.

th
1’St Generation 10 Generation

200a - 200a
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Figure 11. Diagram of the isolation of Scenedesmus rubescens mutants from the dose-response study, in
the absence of metabolic inhibitors. 200a, 300b and 300d are the nomenclatures given to the mutants, where
the number, 200 or 300, represent the concentration EMS that was used to generate them.

Mutant colonies were picked and re-streaked in plain-PCA for at least 10 generations to evaluate
phenotype stability. In the 15t generation, it is possible to see that mutant 300b maintained its altered
pigmentation. However, this phenotype was only stable for 4 generations, and by the 10" generation, it
had a green colour similar to the WT. Phenotypic instability is a phenomenon that is common in
microalgae mutagenesis, but that is improved by the use of effective selection methods, which in this
case were absent.36:116 Despite the green colour, the three mutants were selected for further studies, as
they could have increased growth performance or protein content. These results show that this approach

did not successfully result in the isolation of mutants with altered colours.

Two rounds of random mutagenesis were applied to isolate mutants with different colours, and
the metabolic inhibitors previously tested were used as selection tools. Both the dose-response study
and the metabolic inhibitors tests were essential for establishing the conditions to be used during
mutagenesis and selection steps. However, before choosing the conditions to perform mutagenesis, it
was important to consider that the combined detrimental effect of the metabolic inhibitors, together with
the mutagenic agent, might be too harsh, even for colonies with mutations that grant them resistance to
each of these stressors. Given this, it was important to work with a range of concentrations near and
below the limit to account for the increased stress. A summary of the conditions tested is shown in Table
3. A representation of some of the plates obtained after mutagenesis, which contain the colonies that

grew on metabolic inhibitors, is represented in Figure 12 and 13.
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Figure 12 shows that the WT non-treated culture was viable (Control) and that multiple

differently coloured mutant colonies appeared on the plates with inhibitors.

Table 3. Summary of the conditions for mutagenesis. Mutagenesis was performed with ethyl methanesulfonate
(EMS). Mutant selection was performed in nicotine (Nic), norflurazon (NF), and InChlo.

EMS (mM) Nic (mM) NF (uM) InChlo (pg/L)
15t Round
150 3 20 100
200 4 30 200
2"4 Round
200 3 20 200
250 4 30 300

Ni 3 mM Ni 4 mM
EMS 150 mM EMS 150 mM EMS 200 mM

o

InChlo 100 pg/L InChlo 100 pg/L InChlo 200 pg/L InChlo 200 pg/L
EMS 150 mM EMS 200 mM EMS 150 mM EMS 200 mM

NF 20 uM NF 30 uM NF 30 pM
EMS 200 mM EMS 150 mM EMS 200 mM

Figure 12. Plates of Scenedesmus rubescens cultures derived from the 15t round of mutagenesis. Control
represents a non-mutagenized culture without any metabolic inhibitor. The remaining conditions represent an EMS
mutagenized culture, which was plated in the presence of the corresponding metabolic inhibitor.
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Ni 3 mM Ni 3 mM Ni 4 mM Ni 4 mM

EMS 200 mM EMS 250 mM EMS 200 mM EMS 250 mM
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InChlo 200 InChlo 200 InChlo 300 InChlo 300
EMS 200 mM EMS 250 mM EMS 200 mM EMS 250 mM
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NF 20 uM NF 20 uM NF 30 pM NF 30 pM
EMS 200 mM EMS 250 mM EMS 200 mM EMS 250 mM

Figure 13. Plates of Scenedesmus rubescens cultures derived from the 2" round of mutagenesis. Control
represents a non-mutagenized culture without any metabolic inhibitor. The remaining conditions represent an EMS
mutagenized culture, which was plated in the presence of the corresponding metabolic inhibitor.

Although not represented herein, other controls were performed, such as plating non-
mutagenized culture in plates with the metabolic inhibitors and plating dilutions of the mutagenized
culture in plain-PCA. These controls all performed according to what was seen in the dose-response

study and the metabolic inhibitors’ tests.

In the 1%t round of mutagenesis, plates with Nic 3 mM showed a high number of colonies
(uncountable) with many different colours, ranging from white to yellow, orange and red. The plates with
Nic 4 mM also exhibited colonies with many different colours, as seen in the Nic 3 mM plates, but there
were much fewer. Additionally, the colonies observed in the Nic 4 mM plates took considerably longer
to appear than in the Nic 3 mM. Using a higher Nic concentration will result in a higher selective pressure,

which can result in the isolation of more stable mutants.

The plate with InChlo 100 ug L displayed few colonies with yellow, brown, orange and green

colours. Similar to what was observed in the Nic plates, increasing the concentration of InChlo to
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200 ug L decreased the number of colonies, and they took longer to appear in the plates. However,
the colonies appeared clumped together, probably due to an inefficient spreading technique, which

complicated colony isolation.

The NF plates displayed uncountable small green and white colonies. The number of colonies
in these conditions was too high, which hampered the isolation of single colonies with stable mutations.
Taking into account these results, in the 2" round of mutagenesis, the mutagen concentration was
increased, as it would reduce the number of colonies generated. However, it is possible to observe in
Figure 13 that the NF plates maintained a high number of resemblant colonies, which indicated that
selection using NF was not as effective as with the other inhibitors. The colonies from the NF plates
were streaked onto plain-PCA and they were not able to grow. Additionally, the isolated mutants were
also observed under the microscope (Figure 14), where it was seen that the cells were dead, as they
didn’t possess any cellular content. This result again reflects the difficulty in tuning the optimal NF
concentration to work with. Contrary to what was expected by the results attained in the inhibitors
assays, which pointed out an insufficient NF concentration, it seems that the combination of NF and
EMS concentrations was too harsh since the colonies that appeared on the NF plates were not able to
grow after streaking in plain-PCA. Thus, for the same EMS concentrations, it could be interesting to test
lower concentrations of NF. Additionally, these results highlight the importance of metabolic inhibitor
tests. Furthermore, from analysing the results of Nic and InChlo plates, it seems that the concentration
of metabolic inhibitor had a higher impact on the number of colonies than the mutagen concentration
since the number of colonies and their viability was similar on the two mutagenesis rounds. Thus, the

identification of the optimal metabolic inhibitor concentration for mutant selection is a critical step.

Figure 14. Phase contrast microscopy with a pH1 filter, of a mutagenized Scenedesmus rubescens culture
isolated from an NF 30 uM plate. Scale bar: 20 pm.

From the Nic and InChlo plates of 1t round of mutagenesis, colonies with different colours were
picked from the several plates and streaked onto plain-PCA. Additionally, the mutants were re-streaked
for at least 10 generations to evaluate phenotype stability. As the interest of this work was mainly
isolating mutants with altered pigmentation and stable phenotypes, the mutants that changed colour

and/or turned green after plating in the absence of metabolic inhibitors were discarded.
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With this methodology, it was possible to isolate three different mutants: W1 (avocado-green),
W2 (army-green) and Y1 (brown-green) (Figure 15). Mutants W1 and W2 were obtained using 200 mM
of EMS and selected using 3 mM of Nic. Similarly, Y1 was generated using 200 mM of EMS, but instead
selected with 100 pg L of InChlo.

Figure 15. Wild-type and W1, W2 and Y1 mutants of Scenedesmus rubescens.

Instead of streaking the mutant colonies directly onto plain-PCA, streaking them onto plates
containing the same concentration of metabolic inhibitors was also tested with colonies from the 2
round of mutagenesis (Figure 16). By streaking colonies in the respective metabolic inhibitor
concentration, colonies’ selective pressure and subsequent phenotype of the colonies were maintained,
allowing the isolation of mutants with different colours. After 10 generations, the mutants were then
streaked onto plain-PCA to verify if their phenotypes were stable in the absence of the metabolic
inhibitor.

INChlo50 &

\ /
\ /
\ 17

E—

Figure 16. ('I;op) Isolated Scenedesmus rubescens mutant colonies after being streaked for 10 generations in PCA
containing the metabolic inhibitors from which they were isolated. Nicotine (Nic) concentrations are in mM. InChlo
concentrations are in pyg L. (Bottom) Mutant colonies isolated with metabolic inhibitors after one generation in
plain-PCA.
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By resorting to this approach, it was possible to obtain mutants with yellow, orange and white
colours in the Nic plates. Additionally, since their responses to the same stress are different (different
pigmentation profiles), it suggests that mutagenesis led to the introduction of mutations in the genome
and that different genes were affected. However, when these mutants were plated in the absence of
Nic, all of them, except for three, reverted their phenotype to green, which means that some mutations
were not stable. Mutant W5, a white mutant on solid medium, was isolated and grown into a liquid culture

(Figure 17), where it acquired a mint-green colour.

Figure 17. Isolation and scale-up of W5 mutant of Scenedesmus rubescens.

In the case of the InChlo mutants, they were picked from InChlo 100 ug L plates and initially
streaked in the same concentration. However, after a few generations, the colonies were growing very
slowly, so the concentration of InChlo was decreased to 50 ug L, after which the mutants started to
grow again and kept their original colour. Although the mutants have increased resistance to InChlo, it
still hinders their growth at high concentrations. After 10 generations, when these mutants were plated
onto plain-PCA, they were able to maintain their orange colours. Afterwards, they were placed into liquid

medium (Figure 18), where they weren’t able to maintain the colour exhibited in the plates.

Figure 18. Isolation and scale-up of Scenedesmus rubescens mutants isolated from InChlo plates.

These colour alterations might have occurred for different reasons. Firstly, the mutation(s) could
be unstable and, under altered conditions, the phenotype changed. Changing from a solid to a liquid
medium comes with several alterations, namely much higher nutrient abundance, oxygenation and
agitation, which might trigger phenotypic shifts and reversion of a mutation that remained stable in a
solid medium.*'” On the other hand, nutrient availability has been reported as an impactful factor on the

pigmentation of cultures of S. rubescens, which shifted from green to orange under N and P depletion.>3
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Thus, these mutants might have been able to keep their phenotype if the culture medium was optimized

towards maintaining an orange colour.53

Overall, the results obtained with this isolation strategy showed that streaking the mutant
colonies for 10 generations in the presence of the respective metabolic inhibitors allowed the
maintenance of the selective pressure so that the mutants maintained their phenotype. Nonetheless,
this approach was time-consuming and can also be misleading because the phenotypes may not be
stable in the absence of the metabolic inhibitor, which takes some time to ensure (at least 10
generations). To improve this methodology, mutant colonies could eventually be streaked in the
presence of the metabolic inhibitor for 5 generations, and the remaining 5 generations in plain-PCA, for

example.

Through the multiple selection protocols used, 7 mutants were isolated for further studies: an
avocado-green mutant, W1, an army-green, W2, a brown-green, Y1, a mint-green, W5, and 3 green
mutants, 200a, 300b and 300d (Figure 19). All the mutants were generated using 200 mM of EMS. In
addition, W1, W2 and W5 were isolated from Nic 3 mM, and Y1 was isolated from InChlo 100 ug L. A
summary of the applied selection strategies and the mutants isolated using each one of them is shown

in Figure 20.

Figure 19. (Left) Wild-type and W1, W2, Y1 and W5 mutant strains of Scenedesmus rubescens. (Right) Mutants
200a, 300b and 300d of Scenedesmus rubescens.

This work marks the first successful application of EMS mutagenesis on Scenedesmus spp.
Previously, only Zhang et al. (2018) reported the application and comparison of UV and EMS
mutagenesis on Scenedesmus sp.82 The results showed that the UV mutant had increased protein and
lipid yield, along with increased tolerance to CEW. However, during the selection process, where the
mutant cells were plated on undiluted CEW, no EMS mutants were obtained, leading the authors to
suggest that UV mutagenesis is more suitable for generating Scenedesmus sp. mutants. No other report

describing the application of EMS mutagenesis on the Scenedesmus genus was found.
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Figure 20. Schematic representation of the selection strategies applied in this work, depicting the
several steps applied and summarizing the characteristics of the Scenedesmus rubescens mutants
isolated.

Nevertheless, there are other reports on Scenedesmus spp. mutagenesis for other
biotechnological applications, using different mutagenic agents and selection methods. S. dimorphus

mutants with faster growth rates, higher lipid production, and increased triacylglycerol content were

34



isolated by using gamma radiation as a mutagenic agent and Nile red fluorescence for screening.118
Screening for larger colonies of Scenedesmus sp. UV-C-generated mutants has also enabled the
isolation of mutants with increased lipid production.® A combination of laser irradiation and UV radiation
has also been applied in S. obliquus for the generation of mutants with increased biomass and lipid
yields, and higher tolerance to wastewater, making the obtained mutants great candidates for the

production of biodiesel in parallel with wastewater treatment.12°

Further studies on this topic could explore high-throughput methods to isolate chlorophyll-
deficient mutants more efficiently. Technigues such as FACS can quantify fluorescent molecules, such
as chlorophyll a, and therefore be applied to isolate more efficiently randomly generated mutants with
lower chlorophyll content. Additionally, combined with the use of metabolic inhibitors, the success of

random mutagenesis applications could be improved.64.65
4.4, Mutants’ Characterization.

After isolation, all the mutant and the WT were characterized regarding their growth

performance, chlorophyll, carotenoids and protein content.
4.4.1. Growth Performance.

Mutants’ heterotrophic growth was characterized in lab-scale Erlenmeyer flasks’ trials, regarding
their growth rate, biomass productivity and maximum DCW. The mutant strains were transferred to liquid
GM1 medium, and cultures’ conditions and growth were monitored daily. The results can be observed
in Figure 21.

The growth curves depicted in Figure 21 and the values in Table 4 show that the WT strain
reached the highest DCWnmax, 9.92 g L, followed by Y1 and W1, which both achieved a significantly
lower DCWhmax of 8.60 g L%, and W2, with 7.24 g L1. The lowest DCWmax were achieved by mutants
300b, W5, 300d and 200a, with 7.30g L1, 6.85,g L1, 7.15 g L1, and 6.38 g L1, respectively. Similar to
mutants 300b and 300d, the WT strain achieved the highest global productivity, 2.22 g L day?, 2.20 g
L1 day?! and 2.13 g L day!, respectively. Mutant 200a achieved global productivity of 1.88 g L-! day,
while W1 and Y1 attained 1.66 g L* day, followed by W2 and W5, which reached 1.38 g L! day! and
1.25 g L1 day, all significantly inferior when compared to the WT. Finally, the WT strain also displayed
the highest growth rate of 1.17 day?. However, contrary to what was observed with the global
productivity, W2 has the second highest growth rate (1.09 day-?), similar to 300d which reached a growth
rate of 1.07 day. Followed by 200a with 1.06 day* and Y1 with 1.05 day, besides having different
values, which don'’t have significant differences between them. The mutant W1 reached a growth rate
of 1.02 day!, followed by mutant 300b, which achieved a growth rate of 1.00 day-*. Among the studied

strains, W5 reached the lowest growth rate of 0.82 day!.

When comparing the growth of the mutant strains to the WT, although they are all quite close,
none of them achieved an improved growth performance. This can be due to a lack of optimization of
growth conditions, as the culture medium, temperature and agitation were all previously optimised for

the WT strain. If the conditions were optimised for each mutant, their growth could possibly reach similar
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Figure 21. Growth assay. Wild-type and mutant strains were heterotrophically grown in 52-mL Erlenmeyer flasks,
in GM1 medium supplemented with PIPES pH 6.5 buffer 60mM at 28 °C and 200 rpm. (Top) Growth curve of the
studied strains representing the DCW value, obtained by converting the ODeoo values to DCW using an in-house
developed calibration curve. (Bottom) Growth curve of the studied strains representing the neperian logarithm of
ODsoo against time. Data is represented as mean + SD, for n=3.

Table 4. Summary of the results of the growth assay. Highest cell concentration (DCWmax), global productivity (P)
and growth rate () of the wild-type and mutant strains. Data is represented as mean * SD, for n=3. Different letters

indicate significant differences (p < 0.05) between strains and treatments.

Highest cell concentration

Productivity

Growth rate

gL (g L™ day™) (day™)
WT 9.93 + 0.322 2.13+0.082 1.17 +0.032
w1 8.60 + 0.04° 1.66 + 0.01° 1.02 + 0.01be
W2 7.24 +0.17¢ 1.38 £ 0.04¢ 1.09 £ 0.01°¢
Y1 8.60 + 0.43° 1.66 + 0.10° 1.05 + 0.02°
W5 6.85 + 0.07¢ 1.25 +0.01¢ 0.82 + 0.01¢
200a 6.38 £0.08¢ 1.88 + 0.03° 1.06 + 0.01bc
300b 7.30 +0.08¢ 2.22 +0.032 1.00 £ 0.01¢
300d 7.15 +0.51¢d 2.20£0.202 1.07 £ 0.02¢

or higher values than WT. Nevertheless, amongst the isolated mutants, 300d had the better growth

performance, with the highest productivity and growth rate. Additionally, as random mutagenesis is often

used as a tool to improve microalgae growth, many reports describe screening and selection methods
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specifically applied for isolating mutants with increased growth rates and productivity (Table 5 -
Appendix). However, when screening for other features, such as improved lipid productivity, other cell
functions, such as growth, can be affected, leading to decreased growth rate, despite the improved lipid
productivity.1?* Therefore, different pigment profiles might come with inferior biomass productivity and

growth rate.

The heterotrophic growth of Scenedesmus spp. has been studied previously with reported
values significantly lower than the data obtained in this study. Ren et al. (2013) studied the effect of
carbon and nitrogen sources and initial pH on Scenedesmus sp., where at 10 g L* of glucose, in 250-mL
Erlenmeyer flasks with a working volume of 150 mL, the highest cell concentration achieved was
3.47 g L1, along with a specific growth rate of 0.82 dayl. These authors also observed an increase in
the DCWnmax to 4.12 g L when using 30 g L of glucose instead of 10 g L1.122 In another study,
heterotrophic cultivation of S. obliquus, in 500-mL Erlenmeyer flasks with a 250-mL working volume,
resulted in a DCWmax between 3.90 g L-* and 4.40 g L1.123 These results are in accordance with a more
recent report of heterotrophic cultivation of S. obliquus, using 10 g L of glucose in 1-L Erlenmeyer flask,
which resulted in productivity of 0.46 g L1 day! and a maximum biomass concentration of 4.00 g L1.124
Although comparable, these studies were all performed with different species and in different conditions,
such as different glucose concentrations, culture media and reactors. Other reports studying microalgae
heterotrophic cultivation in resemblant conditions to those reported in this work obtained similar results.
Schiuler et al. (2020) obtained DCWmax between 4.00 to 7.00 g L for green, yellow and white C. vulgaris
mutants, when growing this microalga in 250-mL Erlenmeyer flasks, with a working volume of 50 mL, at
30 °C.%7 Espirito Santo (2020) achieved even higher values for S. rubescens, reaching a DCWmax of
11.50 g L1, a growth rate of 1.13 day! and a productivity of 1.94 g L day?, using the same culture
medium, temperature and reactor as in the present study.>® Hereupon, the values reported for the WT
and the mutants tested were higher than most of the values found in the literature for other
Scenedesmus spp. and even other C. vulgaris mutants, which reinforces the potential of these species
for industrial production. However, special attention must be given to the growth conditions to compare

different reports.
4.4.2. Chlorophylls and Carotenoid Content.

Macroscopically, the cultures displayed different colours compared to the WT. As displayed in
Figure 22, the WT culture displayed a dark-green colour, W1 had a very light green colour, described
as avocado-green, W2 exhibited an army-green colour, Y1 had a yellowish-green colour that can be
described as brown-green, and W5 had a mint-green colour. However, mutants 200a, 300b and 300d
had a green colour, similar to the WT. The different colourations were evidenced by different

pigmentation profiles, namely in the chlorophyll and carotenoid content of each mutant.

Chlorophyll was extracted and its content was quantified according to Ritchie (2008). The results
(Figure 22) pointed out that the chlorophyll a+b content of the W1 strain was significantly reduced,
corresponding to only 7 % of the WT chlorophyll a+b content. On the other hand, W2 and Y1, despite

having a green colour, their chlorophyll a+b was also significantly reduced, accounting only for 40 %
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and 45 % of the chlorophyll a+b content of the WT strain, respectively. The W5 had the lowest
chlorophyll a+b content, with less than 3 % of the chlorophyll a+b content of the WT strain. Mutant 200a,
isolated without the use of metabolic inhibitors, had a similar chlorophyll a+b content to the WT.
Furthermore, mutants 300b and 300d, displayed the highest chlorophyll a+b contents, with a 49 % and
18 % increase, respectively. These results demonstrated that the use of metabolic inhibitors targeting
the chlorophylls and the carotenoids biosynthetic pathways as a selection strategy was effective, as the
mutants isolated with these approaches had significantly decreased chlorophyll a+b contents. On the
other hand, mutants selected without using these inhibitors all had a similar or higher chlorophyll a+b
contents, despite initially having a yellow colour (Figure 11).
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Figure 22. (Top) Macroscopic view of the cultures in 250-mLbaffled Erlenmeyer flasks at the end of the growth
assay and dry weight filters with the corresponding cultures. (Bottom) Chlorophyll a, chlorophyll b and chlorophyll
a+b content of Scenedesmus rubescens wildtype and mutans. Data is represented as mean + SD, for n=3. Different
letters indicate significant differences (p < 0.05) between strains, within each group.

Other random mutagenesis reports have been able to obtain microalgae with altered chlorophyll
contents. However, within the Scenesdesmus genus, only two reports were found that have been able

to isolate mutants with a modified chlorophyll profile. Xi et al. (2021) isolated a S. obliquus mutant with
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increased chlorophyll a content, resorting to 12C5* ion beam mutagenesis, aiming at isolating strains with
increased photosynthetic efficiency and lipid content.1?2> On the other hand, Corcoran et al. (2018)
isolated chlorophyll-deficient Desmodesmus armatus mutants, by applying UV mutagenesis and
selection with fluazinam, a fungicide that inhibits energy production in fungal cells, intending to obtain
mutant strains more resistant to this fungicide.?¢ Reports of other closely related species, such as
C. vulgaris, with reduced chlorophyll contents, were also found in the literature. Dall’Osto et al. (2019)
have isolated chlorophyll-deficient C. vulgaris by screening EMS-generated mutants for colonies with a
pale green colour and selection with red bengal, a photosensitizer which generates 102 when exposed
to white light.8> Schiler et al. (2020)37 sought to isolate chlorophyll-deficient mutants, while Guardini et
al. (2021)% intended to isolate mutants with improved photoprotection and lower optical density. Both
authors reported the isolation of C. vulgaris mutants with reduced chlorophyll content by resorting to
EMS mutagenesis and selection with NF. These reports are in agreement with the results of this work,
whereby using inhibitors of the carotenoids biosynthetic pathway enabled the isolation of mutants with

decreased chlorophyll content.

Decreased chlorophyll contents have been associated with a decrease in light-harvesting
proteins and a reduced functional antenna size of photosystem I, which results in increased
photosynthetic efficiency and biomass productivity in photoautotrophic cultures.?%85 The pale green
phenotype obtained in this work could be associated with mutations that affect several different
processes, such as translation of light-harvesting complexes27128 protein import into the chloroplast!2,
light-harvesting complexes insertion in the thylakoids!®, and chlorophyll2%131 or carotenoid!s32
biosynthesis. Nevertheless, additional genetic analysis would have to be performed to confirm the cause

of the decrease in chlorophyll content.

Besides increasing photosynthetic efficiency, it is also interesting to obtain low chlorophyll
content to restrain microalgae’s biomass unpleasant organoleptic chlorophyll-derived properties,
described as a strong grassy taste, intense odour, dark-green colour, and unappealing texture.3’
Therefore, the described mutants are promising strains for several biotechnological applications, namely
cosmetics and nutritional applications, such as animal nutrition. Moreover, the high growth rates and

biomass productivities and robustness, grant them suitability for industrial production.

Total carotenoid content was also spectrophotometrically determined (Figure 23), where it was
observed that WT, Y1 and 200a had statistically similar contents, 8.3 mg g** DCW, 6.0 mg g** DCW and
8.0 mg g! DCW, respectively. The remaining chlorophyll-deficient mutants displayed significantly
decreased carotenoid content, compared to the WT. The W2 mutant had a 46 % decrease in total
carotenoid content, which is smaller than the decrease in its chlorophyll content compared to WT. The
W1 and W5 have the lowest total carotenoid contents, 0.9 mg g! DCW and 0.1 mg g! DCW,
respectively. The mutants with increased chlorophyll content, 300b and 300d, also had increased
carotenoid content, with 9.9 mg g* DCW and 10.3 mg g** DCW.

Decreased chlorophyll content, accompanied by a decrease in total carotenoid content has been
previously seen in other random mutagenesis reports. With the objective of isolating chlorophyll-

deficient mutants, Schiler et al. (2020)3” generated C. vulgaris mutants with EMS and resorted to NF to

39



isolate mutants with decreased chlorophyll and carotenoid contents. The authors noted that despite a
decrease in overall carotenoids content, the isolated mutant strains had accumulated phytoene, which
is the pigment accumulated in the presence of NF, the selective pressure used in their work.1%8 Similarly,
as the selective pressure used in this work was Nic, acyclic carotenoids might have accumulated,
despite the decrease in total carotenoid content.1% Another EMS random mutagenesis report of
C. vulgaris, aiming to obtain mutants with a truncated light-harvesting chlorophyll antenna, screened for
light green colonies and isolated a chlorophyll-deficient mutant with a carotenoid content reduced to
75.3 %, compared to the WT.3° In another report, the use of NF and Nic as a selection method for NTG-
generated C. sorokiniana mutants resulted in the isolation of lutein hyper-producing strains.®® To confirm
if there was an accumulation of specific carotenoids, despite the overall decrease in total carotenoid
content, other carotenoid quantification methods, such as high-performance liquid chromatography

(HPLC), would have to be used to quantify and identify the carotenoids profile of each mutant. 7
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Figure 23. Total carotenoids content of Scenedesmus rubescens wildtype and mutants. Data is represented as
mean * SD, for n=3. Different letters indicate significant differences (p < 0.05) between strains.

An increase in chlorophyll a content followed by an increase in total carotenoid content has also
been previously reported by Xi et al. (2021)125, The authors applied 12C%* ion beam random mutagenesis
with the objective of increasing the lipid productivity of S. obliquus, and isolated mutants based on their
photosynthetic efficiency. This increment in chlorophyll a and carotenoid content was associated with
an increased expression of genes involved in photosynthesis, such as cytochrome b6, cytochrome b6/f
and cytochrome c6, and upregulation of the lycopene epsilon-cyclase gene, which is related to
carotenoids biosynthesis (Figure 5).125 A similar transcriptomic analysis would have to be performed to
confirm if overexpression of genes involved in photosynthesis-related processes and carotenoid

metabolism is also occurring in the mutants 300b and 300b.
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4.4.3. Protein Content.

Besides improved pigmentation, one of the other objectives of this work was to obtain mutants
with increased protein content. Then, the protein content was determined through elemental analysis.
The results are shown in Figure 24.
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Figure 24. Total protein content of Scenedesmus rubescens wildtype and mutants. Data is represented as mean +
SD, for n=3. Different letters indicate significant differences (p < 0.05) between strains.

The results show that WT, W2 and W5 had similar protein contents, corresponding to 25.0 %,
27.7 % and 25.7 % of DCW, respectively, without significant differences. From the isolated mutants,
only W1 and Y1 displayed decreased protein contents of 21.0 % and 19.1 %, respectively. The mutants
with an increased chlorophyll content also had an increased protein content, namely mutant 200a with
a 55.7 % protein content, 300b with 61.0 % and 300d with 59.8 %, which is more than twice of protein
content of the WT.

Chlorophyll and protein content have been previously linked together, as chlorophyll-deficient
mutants have been reported to have a truncated light-harvesting antenna size of the photosystem.13°
These findings are in accordance with other random mutagenesis reports, which have isolated
C.vulgaris mutants with decreased protein and chlorophyll contents.3985 Similar results have been
obtained for Desmodesmus sp., through atmospheric and room-temperature plasma (ARTP)
mutagenesis, which generated mutants with lower chlorophyll and protein contents.'®® Given these
reports, the lower protein contents of W1 and Y1 mutants might be related to a truncated light-harvesting
antenna. Similarly, the higher protein content of the mutants with an increased chlorophyll content might
be related to larger light-harvesting antenna sizes. Contrarily to these reports, Schiiler et al. (2020)3”
isolated chlorophyll-deficient C. vulgaris mutants with increased protein contents, suggesting that the
correlation between protein and chlorophyll contents is the opposite. Higher protein content, combined

with decreased chlorophyll content, has been previously associated with higher expression of thylakoid
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membrane proteins.13* As the correlation between chlorophyll and protein content is not clear, future
studies could employ a proteomic analysis to understand how the protein content varied in the mutants,

and what proteins become over- and under expressed with different chlorophyll contents.

The chlorophyll-deficient mutant W2, which has improved growth compared to W5, seems to be
the better strain for nutritional and cosmetic applications, given its protein content, similar to WT, with
the advantage of a significantly reduced chlorophyll content that turns the biomass more appealing.
Additionally, previous reports have shown that S. rubescens can reach protein contents of up to 60 %
of the biomass, which means that the mutants’ protein content could possibly be further increased.135
Furthermore, mutant 300d has potential for use as a protein alternative, given that its protein content

was significantly higher than the WT, and was the mutant with the best growth performance.
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5. Conclusions and Future Perspectives.

This work described the first study of the application of random mutagenesis to develop novel
S. rubescens mutants, as well as the first report to successfully use EMS to mutate this genus. The
approach described in this work sought to improve this species’ organoleptic features, namely by
decreasing chlorophyll and enhancing protein contents. Nic and NF, inhibitors of the carotenoid’s
biosynthetic pathway, InChlo, an inhibitor of the chlorophyll’s biosynthetic pathway, and absence of light,
were used as selective pressures to isolate mutants with the desired characteristics. This work also
described the first application of an inhibitor of the chlorophyll’s biosynthetic pathway as a selection

method in random mutagenesis with microalgae.

Firstly, 3 mutants with increased chlorophyll content, 200a, 300b and 300d, were isolated
without the use of metabolic inhibitors. This increment in chlorophyll content was parallel to an increase
in protein content to more than double of the WT, which was not observed in the chlorophyll-deficient

mutants.

The use of metabolic inhibitors as a selection method allowed the isolation of 4 mutants with
decreased chlorophyll contents, W1, W2, Y1 and W5. These mutants were selected using Nic, except
for Y1, which was selected with InChlo. Likewise, Nic and InChlo were suitable inhibitors for selecting
and isolating chlorophyll-deficient mutants. No mutants were isolated with NF, which indicates that its
application should be further optimized to use this inhibitor as an effective selection tool. Chlorophyll-
deficient mutants W2 and W5 maintained their protein content, which makes their nutritional profiles

more interesting for nutritional applications.

Overall, by using this approach, two groups of S. rubescens mutants with different
characteristics were isolated: a chlorophyll-deficient group of mutants, which were isolated using
metabolic inhibitors that target the chlorophylls or the carotenoids biosynthetic pathway, with protein
contents similar to the WT (around 25.0 %); and a protein-hyperproducing group of mutants with higher
chlorophyll contents, which were selected by colony size, colour and growth, directly after the dose-

response study, without the use of metabolic inhibitors.

Among all the isolated mutants, W2 displayed the highest potential to be used in cosmetic and
nutritional applications, due to decreased chlorophyll content (9.2 mg g! DCW) maintained protein
content (27.7 %) and growth rate (1.09 day!). On the other hand, due to the high protein (59.8 %) and
chlorophyll (27.2 mg g* DCW) content, and high biomass productivity (2.20 g L* day*) and growth rate
(1.07 dayt), mutant 300d displayed the highest potential to be used as an alternative protein source.

Further application of genomics, transcriptomics and proteomics approaches to understand
what caused the phenotypic changes could lead to the development of new selection platforms, which
are currently the bottleneck of random mutagenesis studies. Furthermore, new selection tools should
be tested, developed and optimized, particularly high-throughput technologies, such as FACS.
Regarding the methodology applied, several conditions could be tested to optimize the mutagenesis
protocol and improve the outputs of this technology, namely by testing different incubation times with

EMS or even submitting the cells to other selective pressure, as other inhibitors and/or other
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physicochemical conditions. The use of NF as a selection method should also be optimized by repeating
the assays that were performed and/or testing mutant selection with lower NF concentrations. Further
studies should test phenotype stability and growth performance during autotrophic growth, given that
autotrophic growth has been associated with higher protein content. Carotenoid identification and
quantification should also be performed to identify if there was an accumulation of carotenoids of
interest, despite the overall decrease in carotenoid content. The proximate composition of the main
macronutrients should also be defined. It could also be interesting to analyse and characterize some
organoleptic features of the mutants, such as texture, flavour and smell. Additionally, growth conditions,
namely culture medium and growth parameters (such as dissolved oxygen, agitation, pH, temperature,
etc) could also be optimized for each mutant to further improve their growth performance and
biochemical composition. Furthermore, these mutants should also be scaled-up to fermenters to validate
the results and optimize the whole process at larger scales. Finally, it would also be interesting to study
other applications for the mutant’s biomass, such as their use in cosmetics, nutritional applications and
agriculture (biostimulant and biopesticide).

44



6. References.

1. Vale MA, Ferreira A, Pires JCM, Gongalves AL. CO, capture using microalgae. In: Advances in
Carbon Capture. Elsevier; 2020:381-405. doi:10.1016/b978-0-12-819657-1.00017-7

2. Camacho F, Macedo A, Malcata F. Potential industrial applications and commercialization of
microalgae in the functional food and feed industries: A short review. Mar Drugs. 2019;17(6).
do0i:10.3390/md17060312

3. Mata TM, Martins AA, Caetano NS. Microalgae for biodiesel production and other
applications: A review. Renewable and Sustainable Energy Reviews. 2010;14(1):217-232.
doi:10.1016/j.rser.2009.07.020

4, Araljo R, Vazquez Calderdn F, Sdnchez Lépez J, et al. Current status of the algae production
industry in Europe: An emerging Sector of the blue bioeconomy. Front Mar Sci. 2021;7.
doi:10.3389/fmars.2020.626389

5. Kusmayadi A, Leong YK, Yen HW, Huang CY, Chang JS. Microalgae as sustainable food and feed
sources for animals and humans — Biotechnological and environmental aspects. Chemosphere.
2021;271. doi:10.1016/j.chemosphere.2021.129800

6. Gonzdlez-Gonzélez LM, de-Bashan LE. Toward the enhancement of microalgal metabolite
production through microalgae—bacteria consortia. Biology (Basel). 2021;10(4).
do0i:10.3390/biology10040282

7. Aggarwal M, Remya N. The state-of-the-art production of biofuel from microalgae with
simultaneous wastewater treatment: influence of process variables on biofuel yield and
production cost. Bioenergy Res. 2022;15(1):62-76. doi:10.1007/s12155-021-10277-1

8. Li H, Chen S, Liao K, Lu Q, Zhou W. Microalgae biotechnology as a promising pathway to
ecofriendly aquaculture: A state-of-the-art review. Journal of Chemical Technology &
Biotechnology. 2021;96(4):837-852. d0i:10.1002/jctb.6624

9. Mendes M, Navalho S, Ferreira A, et al. Algae as food in Europe: An overview of species
diversity and their application. Foods. 2022;11(13). doi:10.3390/foods11131871

10.  Smith P, Clark H, Dong H, et al. Agriculture, forestry and other land use (AFOLU). In: Climate
Change 2014: Mitigation of Climate Change. IPCC Working Group lll Contribution to AR5.
Cambridge University Press; 2014:811-922.

11. Xu X, Sharma P, Shu S, et al. Global greenhouse gas emissions from animal-based foods are
twice those of plant-based foods. Nat Food. 2021;2(9):724-732. doi:10.1038/s43016-021-
00358-x

12. Greenpeace European Unit. False Sense of Security.; 2020. Accessed October 15, 2022.
https://www.greenpeace.org/eu-unit/issues/nature-food/45161/false-sense-of-security/

13. Hossain N, Mahlia TMI, Saidur R. Latest development in microalgae-biofuel production with
nano-additives. Biotechnol Biofuels. 2019;12(1). doi:10.1186/s13068-019-1465-0

14. Caporgno MP, Mathys A. Trends in microalgae incorporation into innovative food products
with potential health benefits. Front Nutr. 2018;5. doi:10.3389/fnut.2018.00058

45



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Novoveska L, Ross ME, Stanley MS, Pradelles R, Wasiolek V, Sassi JF. Microalgal carotenoids: A
review of production, current markets, regulations, and future direction. Mar Drugs.
2019;17(11). doi:10.3390/md17110640

Gong M, Bassi A. Carotenoids from microalgae: A review of recent developments. Biotechnol
Adv. 2016;34(8):1396-1412. doi:10.1016/j.biotechadv.2016.10.005

Pechinskii S v, Kuregyan AG. The impact of carotenoids on immunity. Pharm Chem J.
2014;47(10):509-513. d0i:10.1007/s11094-014-0992-z

Li Y, Chen M. Novel chlorophylls and new directions in photosynthesis research. Functional
Plant Biology. 2015;42(6). doi:10.1071/FP14350

Li Y, Lu F, Wang X, Hu X, Liao X, Zhang Y. Biological transformation of chlorophyll-rich spinach
(Spinacia oleracea L.) extracts under in vitro gastrointestinal digestion and colonic
fermentation. Food Research International. 2021;139. doi:10.1016/j.foodres.2020.109941

Chen CY, Yeh KL, Aisyah R, Lee DJ, Chang JS. Cultivation, photobioreactor design and
harvesting of microalgae for biodiesel production: A critical review. Bioresour Technol.
2011;102(1):71-81. doi:10.1016/j.biortech.2010.06.159

Chojnacka K, Marquez-Rocha FJ. Kinetic and Stoichiometric Relationships of the Energy and
Carbon Metabolism in the Culture of Microalgae. Biotechnology(Faisalabad). 2003;3(1):21-34.
doi:10.3923/biotech.2004.21.34

Zhan J, Rong J, Wang Q. Mixotrophic cultivation, a preferable microalgae cultivation mode for
biomass/bioenergy production, and bioremediation, advances and prospect. Int J Hydrogen
Energy. 2017;42(12):8505-8517. doi:10.1016/j.ijhydene.2016.12.021

Barros A, Pereira H, Campos J, Marques A, Varela J, Silva J. Heterotrophy as a tool to
overcome the long and costly autotrophic scale-up process for large scale production of
microalgae. Sci Rep. 2019;9(1). doi:10.1038/s41598-019-50206-z

Adesanya VO, Davey MP, Scott SA, Smith AG. Kinetic modelling of growth and storage
molecule production in microalgae under mixotrophic and autotrophic conditions. Bioresour
Technol. 2014;157:293-304. doi:10.1016/j.biortech.2014.01.032

Ruiz J, Wijffels RH, Dominguez M, Barbosa MJ. Heterotrophic vs autotrophic production of
microalgae: Bringing some light into the everlasting cost controversy. Algal Res. 2022;64.
doi:10.1016/j.algal.2022.102698

Ruiz J, Olivieri G, de Vree J, et al. Towards industrial products from microalgae. Energy Environ
Sci. 2016;9(10):3036-3043. doi:10.1039/C6EE01493C

Lowrey J, Armenta RE, Brooks MS. Nutrient and media recycling in heterotrophic microalgae
cultures. Appl Microbiol Biotechnol. 2016;100(3):1061-1075. doi:10.1007/s00253-015-7138-4

Smetana S, Sandmann M, Rohn S, Pleissner D, Heinz V. Autotrophic and heterotrophic
microalgae and cyanobacteria cultivation for food and feed: life cycle assessment. Bioresour
Technol. 2017;245:162-170. doi:10.1016/j.biortech.2017.08.113

Perez-Garcia O, Escalante FME, de-Bashan LE, Bashan Y. Heterotrophic cultures of microalgae:
Metabolism and potential products. Water Res. 2011;45(1):11-36.
doi:10.1016/j.watres.2010.08.037

46



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Park JE, Zhang S, Han TH, Hwang SJ. The contribution ratio of autotrophic and heterotrophic
metabolism during a mixotrophic culture of Chlorella sorokiniana. Int J Environ Res Public
Health. 2021;18(3). doi:10.3390/ijerph18031353

Pereira |, Rangel A, Chagas B, et al. Microalgae growth under mixotrophic condition using
agro-industrial waste: A review. In: Rangel A, ed. Biotechnological Applications of Biomass.
IntechOpen; 2021. doi:10.5772/intechopen.93964

Bussa M, Eisen A, Zollfrank C, Rdder H. Life cycle assessment of microalgae products: State of
the art and their potential for the production of polylactid acid. J Clean Prod. 2019;213:1299-
1312. d0i:10.1016/j.jclepro.2018.12.048

Show KY, Yan Y, Zong C, Guo N, Chang JS, Lee DJ. State of the art and challenges of
biohydrogen from microalgae. Bioresour Technol. 2019;289.
doi:10.1016/].biortech.2019.121747

Richardson JW, Johnson MD, Zhang X, Zemke P, Chen W, Hu Q. A financial assessment of two
alternative cultivation systems and their contributions to algae biofuel economic viability.
Algal Res. 2014;4:96-104. doi:10.1016/j.algal.2013.12.003

Spencer-Lopes MM, Forster BP, Jankuloski L. Manual on Mutation Breeding. Third Edition.
FAO and IAEA; 2018. Accessed December 28, 2021.
http://www.fao.org/3/19285EN/i9285en.pdf

Trovao M, Schiiler LM, Machado A, et al. Random mutagenesis as a promising tool for
microalgal strain improvement towards industrial production. Mar Drugs. 2022;20(7).
doi:10.3390/md20070440

Schiiler L, Greque de Morais E, Trovdo M, et al. Isolation and characterization of novel
Chlorella vulgaris mutants with low chlorophyll and improved protein contents for food
applications. Front Bioeng Biotechnol. 2020;8. doi:10.3389/fbioe.2020.00469

Amorim ML, Soares J, Coimbra JS dos R, Leite M de O, Albino LFT, Martins MA. Microalgae
proteins: production, separation, isolation, quantification, and application in food and feed.
Crit Rev Food Sci Nutr. 2021;61(12):1976-2002. doi:10.1080/10408398.2020.1768046

Shin WS, Lee B, Jeong B ryool, Chang YK, Kwon JH. Truncated light-harvesting chlorophyll
antenna size in Chlorella vulgaris improves biomass productivity. J App! Phycol.
2016;28(6):3193-3202. doi:10.1007/s10811-016-0874-8

Patil S, Prakash G, Lali AM. Reduced chlorophyll antenna mutants of Chlorella saccharophila
for higher photosynthetic efficiency and biomass productivity under high light intensities. J
Appl Phycol. 2020;32(3):1559-1567. doi:10.1007/s10811-020-02081-9

Wang Y, Tibbetts S, McGinn P. Microalgae as sources of high-quality protein for human food
and protein supplements. Foods. 2021;10(12). doi:10.3390/foods10123002

Kessler E, Schafer M, Himmer C, Kloboucek A, Huss VAR. Physiological, biochemical, and
molecular characters for the taxonomy of the subgenera of Scenedesmus (Chlorococcales,
Chlorophyta). Botanica Acta. 1997;110(3):244-250. doi:10.1111/j.1438-8677.1997.tb00636.x

Guiry MD. AlgaeBase. World-wide electronic publication, National University of Ireland,
Galway. Accessed October 27, 2021. http://www.algaebase.org

47



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Darienko T, Rad-Menéndez C, Campbell CN, Préschold T. Molecular phylogeny of unicellular
marine coccoid green algae revealed new insights into the systematics of the Ulvophyceae
(Chlorophyta). Microorganisms. 2021;9(8). doi:10.3390/microorganisms9081586

Utomo JC, Kim YM, Cho HU, Park JM. Evaluation of Scenedesmus rubescens for lipid
production from swine wastewater blended with municipal wastewater. Energies (Basel).
2020;13(18). doi:10.3390/en13184895

Aravantinou AF, Andreou F, Manariotis ID. Long-term toxicity of ZnO nanoparticles to
Scenedesmus rubescens cultivated in different media. Sci Rep. 2017;7(1). doi:10.1038/s41598-
017-13517-7

Jo SW, Hong JW, Do JM, et al. Nitrogen deficiency-dependent abiotic stress enhances
carotenoid production in indigenous green microalga Scenedesmus rubescens KNUA042, for
use as a potential resource of high value products. Sustainability. 2020;12(13).
doi:10.3390/su12135445

Kumar L, Roy A, Saxena G, Kundu K, Bharadvaja N. Isolation, identification and biomass
productivity analysis of microalga Scenedesmus rubescens from DTU Lake. J Algal Biomass
Util. 2017;8(3):56-67.

Akgiil F, Tiney Kizilkaya i, Akgiil R, Erdugan H. Morphological and molecular characterization
of Scenedesmus-like species from ergene river basin (Thrace, Turkey). Turk J Fish Aquat Sci.
2017;17(3):609-618. doi:10.4194/1303-2712-v17_3_17

Kroger M, Klemm M, Nelles M. Hydrothermal disintegration and extraction of different
microalgae species. Energies (Basel). 2018;11(2). doi:10.3390/en11020450

Soares J, Kriiger Loterio R, Rosa RM, et al. Scenedesmus sp. cultivation using commercial-grade
ammonium sources. Ann Microbiol. 2018;68(1):35-45. d0i:10.1007/s13213-017-1315-x

Dunker S, Wilhelm C. Cell wall structure of coccoid green algae as an important trade-off
between biotic interference mechanisms and multidimensional cell growth. Front Microbiol.
2018;9(APR). d0i:10.3389/fmicb.2018.00719

Espirito Santo GMS. Scenedesmus rubescens production strategies for added value biomass.
Master Thesis in Biotechnology, Instituto Superior Técnico, Universidade de Lisboa. Published
online December 2020.

Ishaq A, Peralta HM, Basri H. Bioactive compounds from green microalga — Scenedesmus and
its potential applications: A brief review. Pertanika J Trop Agric Sci. 2016;39(1):1-15.

Kumar N, Banerjee C, Jagadevan S. ldentification, characterization, and lipid profiling of
microalgae Scenedesmus sp. NC1, isolated from coal mine effluent with potential for biofuel
production. Biotechnology Reports. 2021;30. doi:10.1016/j.btre.2021.e00621

Kandasamy S, Narayanan M, He Z, et al. Current strategies and prospects in algae for
remediation and biofuels: An overview. Biocatal Agric Biotechnol. 2021;35.
do0i:10.1016/j.bcab.2021.102045

Hakalin NLS, Paz AP, Aranda DAG, Moraes LMP. Enhancement of cell growth and lipid content
of a freshwater microalga Scenedesmus sp. by optimizing nitrogen, phosphorus and vitamin
concentrations for biodiesel production. Nat Sci (Irvine). 2014;06(12):1044-1054.
doi:10.4236/ns.2014.612095

48



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Afify AEMMR, el Baroty GS, el Baz FK, Abd El Baky HH, Murad SA. Scenedesmus obliquus:
Antioxidant and antiviral activity of proteins hydrolyzed by three enzymes. Journal of Genetic
Engineering and Biotechnology. 2018;16(2):399-408. doi:10.1016/j.jgeb.2018.01.002

Patnaik R, Singh NK, Bagchi SK, Rao PS, Mallick N. Utilization of Scenedesmus obliquus protein
as a replacement of the commercially available fish meal under an algal refinery approach.
Front Microbiol. 2019;10. doi:10.3389/fmicb.2019.02114

Kodym A, Afza R. Physical and Chemical Mutagenesis. In: Grotewold E, ed. Plant Functional
Genomics. Humana Press; 2003:189-204. doi:10.1385/1-59259-413-1:189

YiZ, SuY, Xu M, et al. Chemical mutagenesis and fluorescence-based high-throughput
screening for enhanced accumulation of carotenoids in a model marine diatom
Phaeodactylum tricornutum. Mar Drugs. 2018;16(8). doi:10.3390/md16080272

Zimny T, Sowa S, Tyczewska A, Twardowski T. Certain new plant breeding techniques and
their marketability in the context of EU GMO legislation — recent developments. N Biotechnol.
2019;51:49-56. doi:10.1016/j.nbt.2019.02.003

Manova V, Gruszka D. DNA damage and repair in plants — from models to crops. Front Plant
Sci. 2015;6. doi:10.3389/fpls.2015.00885

Arora N, Yen HW, Philippidis GP. Harnessing the power of mutagenesis and adaptive
laboratory evolution for high lipid production by oleaginous microalgae and yeasts.
Sustainability. 2020;12(12). doi:10.3390/s5u12125125

YuQ, Li Y, Wu B, Hu W, He M, Hu G. Novel mutagenesis and screening technologies for food
microorganisms: advances and prospects. Appl Microbiol Biotechnol. 2020;104(4):1517-1531.
doi:10.1007/s00253-019-10341-z

Zhang B, Wu J, Meng F. Adaptive laboratory evolution of microalgae: A review of the
regulation of growth, stress resistance, metabolic processes, and biodegradation of
pollutants. Front Microbiol. 2021;12. doi:10.3389/fmicb.2021.737248

Zhao Q, Huang H. Adaptive evolution improves algal strains for environmental remediation.
Trends Biotechnol. 2021;39(2):112-115. doi:10.1016/j.tibtech.2020.08.009

Pereira H, Schulze PSC, Schiiler LM, Santos T, Barreira L, Varela J. Fluorescence activated cell-
sorting principles and applications in microalgal biotechnology. Algal Res. 2018;30:113-120.
doi:10.1016/j.algal.2017.12.013

Kumar G, Shekh A, Jakhu S, Sharma Y, Kapoor R, Sharma TR. Bioengineering of microalgae:
Recent advances, perspectives, and regulatory challenges for industrial application. Front
Bioeng Biotechnol. 2020;8. doi:10.3389/fbioe.2020.00914

Fayyaz M, Chew KW, Show PL, Ling TC, Ng IS, Chang JS. Genetic engineering of microalgae for
enhanced biorefinery capabilities. Biotechnol Adv. 2020;43.
doi:10.1016/j.biotechadv.2020.107554

Oladosu Y, Rafii MY, Abdullah N, et al. Principle and application of plant mutagenesis in crop
improvement: A review. Biotechnology & Biotechnological Equipment. 2016;30(1):1-16.
doi:10.1080/13102818.2015.1087333

49



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mullins E, Bresson J, Dalmay T, et al. In vivo and in vitro random mutagenesis techniques in
plants. EFSA Journal. 2021;19(11). doi:10.2903/j.efsa.2021.6611

Eiges NS. The historical role of losif Abramovich Rapoport in genetics. Further studies using
chemical mutagenesis. Russ J Genet Appl Res. 2013;3(4):316-324.
do0i:10.1134/52079059713040047

Claes H. Analyse der biochemischen synthesekette fiir carotinoide mit hilfe von Chlorella-
mutanten. Zeitschrift fiir Naturforschung B. 1954;9(7):461-469. doi:10.1515/znb-1954-0705

Schmid GH, Schwarze P. Blue light enhanced respiration in a colorless Chlorella mutant. Hoppe
Seylers Z Physiol Chem. 1969;350(2):1513-1520. doi:10.1515/bchm?2.1969.350.2.1513

Mba C. Induced mutations unleash the potentials of plant genetic resources for food and
agriculture. Agronomy. 2013;3(1):200-231. doi:10.3390/agronomy3010200

Viana VE, Pegoraro C, Busanello C, Costa de Oliveira A. Mutagenesis in rice: The basis for
breeding a new super plant. Front Plant Sci. 2019;10. doi:10.3389/pls.2019.01326

Liu S, Zhao Y, Liu L, et al. Improving cell growth and lipid accumulation in green microalgae
Chlorella sp. via UV irradiation. Appl Biochem Biotechnol. 2015;175(7):3507-3518.
do0i:10.1007/s12010-015-1521-6

Rastogi RP, Richa, Kumar A, Tyagi MB, Sinha RP. Molecular mechanisms of ultraviolet
radiation-induced DNA damage and repair. Iwai S, ed. J Nucleic Acids. Published online
2010:1-32. doi:10.4061/2010/592980

Rastogi RP, Madamwar D, Nakamoto H, Incharoensakdi A. Resilience and self-regulation
processes of microalgae under UV radiation stress. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews. 2020;43. doi:10.1016/j.jphotochemrev.2019.100322

Begum T, Dasgupta T. A comparison of the effects of physical and chemical mutagens in
sesame (Sesamum indicum L.). Genet Mol Biol. 2010;33(4):761-766. do0i:10.1590/51415-
47572010005000090

Zhang Q, Chang C, Bai J, Fang S, Zhuang X, Yuan Z. Mutants of Scenedesmus sp. for purifying
highly concentrated cellulosic ethanol wastewater and producing biomass simultaneously. J
Appl Phycol. 2018;30(2):969-978. doi:10.1007/s10811-017-1311-3

Zhang Y, He M, Zou S, et al. Breeding of high biomass and lipid producing Desmodesmus sp. by
ethylmethane sulfonate-induced mutation. Bioresour Technol. 2016;207:268-275.
doi:10.1016/j.biortech.2016.01.120

Guardini Z, Dall’Osto L, Barera S, et al. High carotenoid mutants of Chlorella vulgaris show
enhanced biomass yield under high irradiance. Plants. 2021;10(5).
doi:10.3390/plants10050911

Dall’Osto L, Cazzaniga S, Guardini Z, et al. Combined resistance to oxidative stress and
reduced antenna size enhance light-to-biomass conversion efficiency in Chlorella vulgaris
cultures. Biotechnol Biofuels. 2019;12(1). doi:10.1186/s13068-019-1566-9

Kim J, Kim M, Lee S, Jin E. Development of a Chlorella vulgaris mutant by chemical
mutagenesis as a producer for natural violaxanthin. Algal Res. 2020;46.
doi:10.1016/j.algal.2020.101790

50



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Bleisch R, Freitag L, Ihadjadene Y, et al. Strain development in microalgal biotechnology—
Random mutagenesis techniques. Life. 2022;12(7). doi:10.3390/life12070961

Arora N, Philippidis GP. Microalgae strain improvement strategies: Random mutagenesis and
adaptive laboratory evolution. Trends Plant Sci. 2021;26(11):1199-1200.
doi:10.1016/j.tplants.2021.06.005

Acevedo-Rocha CG, Agudo R, Reetz MT. Directed evolution of stereoselective enzymes based
on genetic selection as opposed to screening systems. J Biotechnol. 2014;191:3-10.
doi:10.1016/].jbiotec.2014.04.009

Reetz MT. Selection versus screening in directed evolution. In: Directed Evolution of Selective
Enzymes. Wiley-VCH Verlag GmbH & Co. KGaA; 2016:27-57. doi:10.1002/9783527655465.ch2

Geoffroy L, Teisseire H, Couderchet M, Vernet G. Effect of oxyfluorfen and diuron alone and in
mixture on antioxidative enzymes of Scenedesmus obliquus. Pestic Biochem Physiol.
2002;72(3):178-185. doi:10.1016/50048-3575(02)00009-3

Walker CJ, Weinstein JD. Further characterization of the magnesium chelatase in isolated
developing cucumber chloroplasts. Plant Physiol. 1991;95(4):1189-1196.
d0i:10.1104/pp.95.4.1189

Masuda T, Takabe K, Ohta H, Shioi Y, Takamiya K i. Enzymatic activities for the synthesis of
chlorophyll in pigment-deficient variegated leaves of Euonymus japonicus. Plant Cell Physiol.
1996;37(4):481-487. doi:10.1093/oxfordjournals.pcp.a028970

Shepherd HS, Ledoigt G, Howell SH. Regulation of light-harvesting chlorophyll-binding protein
(LHCP) mRNA accumulation during the cell cycle in Chlamydomonas reinhardi. Cell.
1983;32(1):99-107. doi:10.1016/0092-8674(83)90500-7

Houghton JD, Turner L, Brown SB. The effect of gabaculine on tetrapyrrole biosynthesis and
heterotrophic growth in Cyanidium caldarium. Biochemical Journal. 1988;254(3):907-910.
doi:10.1042/bj2540907

Lermontova I, Grimm B. Overexpression of plastidic protoporphyrinogen IX oxidase leads to
resistance to the diphenyl-ether herbicide acifluorfen. Plant Physiol. 2000;122(1):75-84.
doi:10.1104/pp.122.1.75

Tiwari B, Kharwar S, Tiwari DN. Pesticides and Rice Agriculture. In: Cyanobacteria. Elsevier;
2019:303-325. doi:10.1016/B978-0-12-814667-5.00015-5

Cordero BF, Obraztsova I, Couso |, Leon R, Vargas MA, Rodriguez H. Enhancement of lutein
production in Chlorella sorokiniana (Chorophyta) by improvement of culture conditions and
random mutagenesis. Mar Drugs. 2011;9(9):1607-1624. doi:10.3390/md9091607

Chou HH, Su HY, Song XD, et al. Isolation and characterization of Chlorella sp. mutants with
enhanced thermo- and CO; tolerances for CO; sequestration and utilization of flue gases.
Biotechnol Biofuels. 2019;12(1). doi:10.1186/s13068-019-1590-9

Kuo CM, Lin TH, Yang YC, et al. Ability of an alkali-tolerant mutant strain of the microalga
Chlorella sp. AT1 to capture carbon dioxide for increasing carbon dioxide utilization efficiency.
Bioresour Technol. 2017;244:243-251. doi:10.1016/j.biortech.2017.07.096

51



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Ritchie RJ. Universal chlorophyll equations for estimating chlorophylls a, b, ¢, and d and total
chlorophylls in natural assemblages of photosynthetic organisms using acetone, methanol, or
ethanol solvents. Photosynthetica. 2008;46(1):115-126. doi:10.1007/s11099-008-0019-7

Correia N, Pereira H, Silva JT, et al. Isolation, identification and biotechnological applications
of a novel, robust, free-living Chlorococcum (Oophila) amblystomatis strain isolated from a
local pond. Applied Sciences. 2020;10(9). doi:10.3390/app10093040

Krul ES. Calculation of nitrogen-to-protein conversion factors: A review with a focus on soy
protein. JAm Oil Chem Soc. 2019;96(4):339-364. doi:10.1002/aocs.12196

Chen, Li D, Lu W, Xing J, Hui B, Han Y. Screening and characterization of astaxanthin-
hyperproducing mutants of Haematococcus pluvialis. Biotechnol Lett. 2003;25(7):527-529.
doi:10.1023/A:1022877703008

Chen JH, Chen CY, Chang JS. Lutein production with wild-type and mutant strains of Chlorella
sorokiniana MB-1 under mixotrophic growth. J Taiwan Inst Chem Eng. 2017;79:66-73.
doi:10.1016/j.jtice.2017.04.022

Ishikawa E, Abe H. Lycopene accumulation and cyclic carotenoid deficiency in heterotrophic
Chlorella treated with nicotine. J Ind Microbiol Biotechnol. 2004;31(12):585-589.
doi:10.1007/s10295-004-0179-9

Fazeli MR, Tofighi H, Madadkar-Sobhani A, et al. Nicotine inhibition of lycopene cyclase
enhances accumulation of carotenoid intermediates by Dunaliella salina CCAP 19/18. Eur J
Phycol. 2009;44(2):215-220. doi:10.1080/09670260802578526

Ledn R, Vila M, Herndnz D, Vilchez C. Production of phytoene by herbicide-treated microalgae
Dunaliella bardawil in two-phase systems. Biotechnol Bioeng. 2005;92(6):695-701.
doi:10.1002/bit.20660

Xu 'Y, Harvey PJ. Mitosis inhibitors induce massive accumulation of phytoene in the microalga
Dunaliella salina. Mar Drugs. 2021;19(11). doi:10.3390/md19110595

Schiiler LM, Bombo G, Duarte P, et al. Carotenoid biosynthetic gene expression, pigment and
n-3 fatty acid contents in carotenoid-rich Tetraselmis striata CTP4 strains under heat stress
combined with high light. Bioresour Technol. 2021;337. doi:10.1016/j.biortech.2021.125385

Chen L, Zhang L, Liu T. Concurrent production of carotenoids and lipid by a filamentous
microalga Trentepohlia arborum. Bioresour Technol. 2016;214:567-573.
doi:10.1016/].biortech.2016.05.017

Park JH, Tran LH, Jung S. Perturbations in the photosynthetic pigment status result in
photooxidation-induced crosstalk between carotenoid and porphyrin biosynthetic pathways.
Front Plant Sci. 2017;8. d0i:10.3389/fpls.2017.01992

Cheng C, Huang L, Ma R, Zhou Z, Diao J. Enantioselective toxicity of lactofen and its
metabolites in Scenedesmus obliquus. Algal Res. 2015;10:72-79.
doi:10.1016/j.algal.2015.04.013

Sandmann G, Boger P. Comparison of the bleaching activity of norflurazon and oxyfluorfen.
Weed Sci. 1983;31(3):338-341. http://www.jstor.org/stable/4043717

52



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Carino JDG, Vital PG. Characterization of isolated UV-C-irradiated mutants of microalga
Chlorella vulgaris for future biofuel application. Environ Dev Sustain. Published online January
4,2022. doi:10.1007/5s10668-021-02091-8

Garrido-Cardenas JA, Manzano-Agugliaro F, Acien-Fernandez FG, Molina-Grima E. Microalgae
research worldwide. Algal Res. 2018;35:50-60. doi:10.1016/j.algal.2018.08.005

Caplin SM, Steward FC. A technique for the controlled growth of excised plant tissue in liquid
media under aseptic conditions. Nature. 1949;163(4154):920-921. doi:10.1038/163920a0

Choi Jil, Yoon M, Joe M, et al. Development of microalga Scenedesmus dimorphus mutant
with higher lipid content by radiation breeding. Bioprocess Biosyst Eng. 2014;37(12):2437-
2444, doi:10.1007/s00449-014-1220-7

Sivaramakrishnan R, Incharoensakdi A. Enhancement of lipid production in Scenedesmus sp.
by UV mutagenesis and hydrogen peroxide treatment. Bioresour Technol. 2017;235:366-370.
doi:10.1016/j.biortech.2017.03.102

Zhou X, Jin W, Han S fang, et al. The mutation of Scenedesmus obliquus grown in municipal
wastewater by laser combined with ultraviolet. Korean Journal of Chemical Engineering.
2019;36(6):880-885. doi:10.1007/s11814-019-0273-3

Anthony J, Rangamaran VR, Gopal D, et al. Ultraviolet and 5'Fluorodeoxyuridine induced
random mutagenesis in Chlorella vulgaris and its impact on fatty acid profile: A new insight on
lipid-metabolizing genes and structural characterization of related proteins. Marine
Biotechnology. 2015;17(1):66-80. doi:10.1007/s10126-014-9597-5

Ren HY, Liu BF, Ma C, Zhao L, Ren NQ. A new lipid-rich microalga Scenedesmus sp. strain R-16
isolated using Nile red staining: effects of carbon and nitrogen sources and initial pH on the
biomass and lipid production. Biotechnol Biofuels. 2013;6(1). doi:10.1186/1754-6834-6-143

EL-Sheekh MM, Bedaiwy MY, Osman ME, Ismail MM. Mixotrophic and heterotrophic growth
of some microalgae using extract of fungal-treated wheat bran. International Journal Of
Recycling of Organic Waste in Agriculture. 2012;1(1). doi:10.1186/2251-7715-1-12

Shen XF, Gao LJ, Zhou SB, et al. High fatty acid productivity from Scenedesmus obliquus in
heterotrophic cultivation with glucose and soybean processing wastewater via nitrogen and
phosphorus regulation. Science of The Total Environment. 2020;708.
doi:10.1016/j.scitotenv.2019.134596

Xi Y, Yin L, Chi Z you, Luo G. Characterization and RNA-seq transcriptomic analysis of a
Scenedesmus obliquus mutant with enhanced photosynthesis efficiency and lipid productivity.
Sci Rep. 2021;11(1). doi:10.1038/s41598-021-88954-6

Corcoran AA, Saunders MA, Hanley AP, et al. Iterative screening of an evolutionary
engineered Desmodesmus generates robust field strains with pesticide tolerance. Algal Res.
2018;31:443-453. doi:10.1016/j.algal.2018.02.026

Cazzaniga S, Dall’'Osto L, Szaub J, et al. Domestication of the green alga Chlorella sorokiniana:
reduction of antenna size improves light-use efficiency in a photobioreactor. Biotechnol
Biofuels. 2014;7(1). doi:10.1186/s13068-014-0157-z

53



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Beckmann J, Lehr F, Finazzi G, et al. Improvement of light to biomass conversion by de-
regulation of light-harvesting protein translation in Chlamydomonas reinhardtii. J Biotechnol.
2009;142(1):70-77. doi:10.1016/j.jbiotec.2009.02.015

Formighieri C, Cazzaniga S, Kuras R, Bassi R. Biogenesis of photosynthetic complexes in the
chloroplast of Chlamydomonas reinhardtii requires ARSA1, a homolog of prokaryotic arsenite
transporter and eukaryotic TRC40 for guided entry of tail-anchored proteins. The Plant
Journal. 2013;73(5):850-861. doi:10.1111/tpj.12077

Polle JEW, Kanakagiri SD, Melis A. tlal, a DNA insertional transformant of the green alga
Chlamydomonas reinhardtii with a truncated light-harvesting chlorophyll antenna size. Planta.
2003;217(1):49-59. doi:10.1007/s00425-002-0968-1

Dall’Osto L, Piques M, Ronzani M, et al. The Arabidopsis nox mutant lacking carotene
hydroxylase activity reveals a critical role for xanthophylls in photosystem | biogenesis. Plant
Cell. 2013;25(2):591-608. doi:10.1105/tpc.112.108621

Tran PT, Sharifi MN, Poddar S, Dent RM, Niyogi KK. Intragenic enhancers and suppressors of
phytoene desaturase mutations in Chlamydomonas reinhardetii. Baxter |, ed. PLoS One.
2012;7(8). doi:10.1371/journal.pone.0042196

Sun X, Li P, Liu X, et al. Strategies for enhanced lipid production of Desmodesmus sp. mutated
by atmospheric and room temperature plasma with a new efficient screening method. J Clean
Prod. 2020;250. doi:10.1016/j.jclepro.2019.119509

GuJ,Zhou Z, Li Z, Chen Y, Wang Z, Zhang H. Rice (Oryza sativa L.) with reduced chlorophyll
content exhibit higher photosynthetic rate and efficiency, improved canopy light distribution,
and greater yields than normally pigmented plants. Field Crops Res. 2017;200:58-70.
doi:10.1016/j.fcr.2016.10.008

Kroger M, Klemm M, Nelles M. Extraction Behavior of Different Conditioned S. Rubescens.
Energies (Basel). 2019;12(7). doi:10.3390/en12071336

Qi F, Wu D, Mu R, Zhang S, Xu X. Characterization of a microalgal UV mutant for CO,
biofixation and biomass production. Tan KT, ed. Biomed Res Int. 2018;2018:1-8.
doi:10.1155/2018/4375170

Qu F, Jin W, Zhou X, et al. Nitrogen ion beam implantation for enhanced lipid accumulation of
Scenedesmus obliquus in municipal wastewater. Biomass Bioenergy. 2020;134.
doi:10.1016/j.biombioe.2020.105483

Vigeolas H, Duby F, Kaymak E, et al. Isolation and partial characterization of mutants with
elevated lipid content in Chlorella sorokiniana and Scenedesmus obliquus. J Biotechnol.
2012;162(1):3-12. doi:10.1016/j.jbiotec.2012.03.017

de Jaeger L, Verbeek RE, Draaisma RB, et al. Superior triacylglycerol (TAG) accumulation in
starchless mutants of Scenedesmus obliquus: (1) mutant generation and characterization.
Biotechnol Biofuels. 2014;7(1). doi:10.1186/1754-6834-7-69

Liu B, Ma C, Xiao R, Xing D, Ren H, Ren N. The screening of microalgae mutant strain
Scenedesmus sp. Z-4 with a rich lipid content obtained by ®°Co y-ray mutation. RSC Adv.
2015;5(64):52057-52061. doi:10.1039/C5RA07263H

54



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Smalley T, Fields FJ, Berndt AJE, Ostrand JT, Heredia V, Mayfield SP. Improving biomass and
lipid yields of Desmodesmus armatus and Chlorella vulgaris through mutagenesis and high-
throughput screening. Biomass Bioenergy. 2020;142. doi:10.1016/j.biombioe.2020.105755

Hu G, Fan Y, Zhang L, et al. Enhanced lipid productivity and photosynthesis efficiency in a
Desmodesmus sp. mutant induced by heavy carbon ions. Janssen PJ, ed. PLoS One. 2013;8(4).
doi:10.1371/journal.pone.0060700

Qi F, Pei H, Hu W, Mu R, Zhang S. Characterization of a microalgal mutant for CO; biofixation
and biofuel production. Energy Convers Manag. 2016;122:344-349,
doi:10.1016/j.enconman.2016.05.093

Xing W, Zhang R, Shao Q, et al. Effects of laser mutagenesis on microalgae production and
lipid accumulation in two economically important fresh Chlorella strains under heterotrophic
conditions. Agronomy. 2021;11(5). doi:10.3390/agronomy11050961

Choi TO, Kim KH, Kim GD, Choi TJ, Jeon YJ. The evaluation of UV-induced mutation of the
microalgae, Chlorella vulgaris in mass production systems. J Life Sci. 2017;27(10):1137-1144.
do0i:10.5352/J1LS.2017.27.10.1137

Sarayloo E, Tardu M, Unlu YS, et al. Understanding lipid metabolism in high-lipid-producing
Chlorella vulgaris mutants at the genome-wide level. Algal Res. 2017;28:244-252.
doi:10.1016/j.algal.2017.11.009

Sarayloo E, Simsek S, Unlu YS, Cevahir G, Erkey C, Kavakli IH. Enhancement of the lipid
productivity and fatty acid methyl ester profile of Chlorella vulgaris by two rounds of
mutagenesis. Bioresour Technol. 2018;250:764-769. doi:10.1016/j.biortech.2017.11.105

Deng X, Li Y, Fei X. Effects of selective medium on lipid accumulation of chlorellas and
screening of high lipid mutants through ultraviolet mutagenesis. Afr J Agric Res.
2011;6(16):3768-3774. doi:10.5897/AJAR10.810

Ma C, Ma B, He J, Hao Q, Lu X, Wang L. Regulation of carotenoid content in tomato by
silencing of lycopene B/s-cyclase genes. Plant Mol Biol Report. 2011;29(1):117-124.
doi:10.1007/s11105-010-0211-3

Tanaka R, Ito H, Tanaka A. Regulation and functions of the chlorophyll cycle. In: The
Chloroplast: Basics and Applications. Vol 31. ; 2010:55-78. d0i:10.1007/978-90-481-8531-3 4

Tanaka R, Tanaka A. Tetrapyrrole biosynthesis in higher plants. Annu Rev Plant Biol.
2007;58(1):321-346. doi:10.1146/annurev.arplant.57.032905.105448

Brzezowski P, Richter AS, Grimm B. Regulation and function of tetrapyrrole biosynthesis in
plants and algae. Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2015;1847(9):968-985.
doi:10.1016/j.bbabio.2015.05.007

55



7. Appendix.

15
Y = 0.5566*X + 1.416
R?>=0.8478
( J
u % o®
g 10 ° o.‘ s
9 o o ¢
o °
[ N )
(% S % °
() 5} ° o
° o
»’
0 | | |
0 5 10 15
ODgoonm

20

Figure 25. Calibration curve establishing a relationship between OD600nm and DCW for heterotrophically grown

wild-type Scenedesmus rubescens.

56



Table 5. Reports of physical and chemical mutagenesis with Scenedesmus spp., Desmodesmus spp. and Chlorella vulgaris.

Microalga

Improveme

Species Mutagen nt Target Selection/Screening Method Results Reference
Scenedesmus Lipid Visual screening for flask cultures exhibiting darker
di Co y (800 Gy) P - green colours and MTP-based screening for Nile red  -Higher growth rate and lipid accumulation. 18
imorphus productivity fluorescence.
MTP-based screening for photosynthesis efficient -Improved biomass and lipid yield.
Scenedesmus 12C%* lon Beam Lipid mutants (determined by chlorophyll fluorescence), -Increased growth rate. 3
obliquus (120 Gy) productivity and a second round of screening for lipid contents -Increased chlorophyll a and carotenoids content.
and photosynthetic efficiency. -Improved photosynthetic efficiency.
Scenedesmus Blomas_s_ MTP-based screening for higher growth rate and -Improved growth performance and light conversion efficiency. 136
3 UV (254 nm) productivity, . e . o ik
obliquus CO, fixation genetic stability under 15% (v/v) CO.. -High CO, tolerance and fixation efficiency.
2
N* ion beam Lipid -Enhanced lipid contents.
Scenedesmus (1.8x10° productivity, Screening for higher lipid content (ratio of relative -Increased tolerance to municipal wastewater. 137
obliquus ioﬁs/cm) wastewater Nile Red fluorescence intensity and ODggonm)- -Improved removal efficiency of Total Phosphorus, Total Nitrogen,
tolerance Ammonia-nitrogen and Chemical oxygen demand.
Scenedesmus ;ig]rlizgguncr:%r+ Lipid Screening for highest biomass productivity and -Higher dry weight, lipid content and biomass productivity in real 120
obliquus UV (254 nm) productivity growth rate in artificial wastewater. wastewater.
Scenedesmus Lipid MTP-based visual screening for dark green cultures -Higher TAG and lipid contents. 138
- UV (254 nm) , X X
obliquus productivity and Nile red fluorescence. -Elevated cell size.
-Decreased starch content.
Scenedesmus Starch . . N T o -Increase in TAG accumulation rate. 139
obliquus Wy s ) deficiency SBIBEHEN G TP B Sl vl 1eelie S, -No substantial decrease in biomass productivity.
-Increased total fatty acids and neutral lipid productivity.
-Improved tolerance to CEW.
Scenedesmus W s ) Tolerance to -Higher biomass, protein and lipid yields.
s UV (254 nm) + CEW Exposure to increasing concentrations of CEW. £2
P- EMS (200-300 -No growth.
mM)
Scenedesmus Lipid and Visual screening for colonies with bigger size,
s UV-C (254 nm) biomass followed by screening for lipid content and biomass -Increased lipid production. e
P productivity productivity.
Scenedesmus 8Coy (50 Gy) + Lipid Nile red fluorescence screening for highest lipid ilteluzy le OiE: o
@ . i -Darker green cells.
sp. Coy (100 Gy) productivity content and biomass content. ; h )
-Higher biomass accumulation.
Selection with ~100 ppm fluazinam, followed by ) . . .
MTP-based screening for improved growth rate in Olr;?;eisggggg)lstance to fluazinam (commercially known as
Desmodesmus Fluazinam the presence and absence of fluazinam. Additionally, 9 : .- 126
UV (254 nm) . . -Increased growth rate and productivity.
armatus tolerance screening for growth performance in Oswald-style

raceways and in 33 kL raceways, in the presence of
fluazinam and other herbicides.

-Decreased chlorophyll fluorescence.
-Increased quantum efficiency.
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Desmodesmus L!p'd and FACS of top 1% BODIPY505/515 fluorescence and -Increased biomass productivity. 141
UV (254 nm) biomass - ) ; .
armatus productivity MTP-based screening for Nile Red fluorescence. -Increased fatty acid production.
Preliminary screening based on high lipid
Desmodesmus Lipid productivity (high specific growth rate and high -Improved lipid productivity.
s ARTP productivity, relative lipid fluorescence), followed by a secondary -Low photosynthetic capacity. &S
P: growth rate screening for productivity (the product of specific -Decreased protein and carbohydrate levels.
growth rate and relative lipid fluorescence).
Preliminary screening for fast-growing colonies with ) - .
EMS (800 MM) | inid and high neutral lipid fluorescence (by Nile red staining). - mProved growth rate and enhanced lipid accumulation.
Desmodesmus . . . ) . -Stable biomass yield and lipid production. a3
biomass Additionally, screening for improved biomass and .
Sp- productivity lipid production (biomass yield, total lipid content and iz lusen U l sl I|p|(_15_ EONEES,
EMS (600 mM) biochemical stability). -Increased MUFAs and neutral lipids contents.
. . Preliminary screening by light microscopy. Re- . . . .
Desmodesmus 12C%* lon Beam Lipid ; ; X . -Higher photosynthetic efficiency and lipid contents.
) - iterative MTP-based screening for quantum yield T - g 222
sp. (60-120 Gy) productivity and Nile Red fluorescence. Higher lipid productivity.
Carotenoids -Reduced chlorophyll content and functional antenna size of PSiII.
. . I -Increased photosynthetic efficiency and biomass productivity
Chlorella content, Selection of colonies exhibiting a pale green colour AN - a4
. 2.2% EMS (w/v) . (under high light intensity).
vulgaris photosynthet  using 4 pM Norflurazon. | ; id d oh |
ic efficiency -Increase in carotenoids content and phototolerance.
-Reduced oil content.
-Yellow and white strains.
Chlorella Chlorophyll Selection of colonies exhibiting a lighter colour with -Decrease in chlorophyll contents, presence of lutein and phytoene 4,
f EMS (300 mM) - - A
vulgaris deficiency 10 pM Norflurazon. (when grown heterotrophically in the dark).
-Improved protein contents and organoleptic characteristics.
-High CO; tolerance, high CO; requirements and high genetic
Chlorella UV (254 nm) CO; MTP-based screening for better growth under 15% stability. 143
vulgaris tolerance (v/v) CO.. -Increased light conversion efficiency and carbohydrate content.
-Decreased lipid content.
Chlorella L!p'd i FACS with 1% BODIPY505/515 fluorescence and -Increased biomass productivity and specific growth rate. 141
f UV (254 nm) biomass - . ; .
vulgaris - MTP-based screening for Nile Red fluorescence. -Increased fatty acid production.
productivity
Selection with Streptomycin (200 pg/ml), . . . .
UV (254 nm A
Chiorella ( ) Lipid erythromycin (200 pg mL), atrazine (3 {iM), _u‘i;f:rsﬁp'ig t:fcﬁﬁa’;‘ttigﬁs's E SRR A1) EER S -
vulgaris FDU (0.25 and productivity photosystem-ll.mhl.bltor, and norflurazon (2 uM) and -Decline in the overall growth rate.
0.50 mMm) screening for high lipid content.
Chlorella LIela) 1:4E Selection of non-purple strains with iodine staining AMEEESEY EE| COMBETHELEN CIE ey [,
] g P i 3 o 115
vulgaris Ut=e (255 i) i blo_m_ass and visual screening for larger and greener colonies. Decreased.cz.all size and distorted cell shape.
productivity -Increased lipid and TAG content.
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Chlorella NTG (500 :(:eronz ?er:gture w-zipper pouch method (MTP- based screening for -Thermo-tolerant and high-CO, tolerant mutants. 9
vulgaris pg/mL) tolefance better growth at 40°C, 15% CO./air). -Increased photosynthetic activity.
Nd:YAG laser
(Lo8dnm)____ )i and
ChIore_IIa He-Ne laser biomass Screening for higher growth rate (Flask cultures). -Enhanced accumulation of biomass and lipids. 144
vulgaris (808 nm) A -Unstable phenotype.
: productivity
Semiconductor
laser (632.8 nm)
Lipid and . . . o . . - .
Chlorella . Visual screening for large colonies exhibiting a -Increased biomass yield and lipid contents (lab-scale conditions). 145
. UV-B (312 nm) biomass : = P "
vulgaris > darker colour. -Lower biomass and lipid productivities (large-scale conditions).
productivity
Visual screening for colonies exhibiting a pale areen -Increased specific growth rate and biomass productivity.
EMS Photosvnthe  colour 9 gapaeg -Reduced chlorophyll content and functional antenna size of PSiII.
i off Y ’ -Enhanced photosynthetic productivity.
Chlorella tlc_e iciency, 85
vulgaris oxidative -Increased specific growth rate and biomass productivity.
stress -Reduced chlorophyll content and functional antenna size of PSII.
EMS tolerance Selection with 12 uM Red Bengal. -Enhanced photosynthetic productivity.
-Similar growth (as WT) in limiting-light conditions.
-Higher resistance to photooxidative stress.
Chlorella UV (254 nm) Lipid MTP-based screening for Nile red fluorescence
vulaaris rF(;ductivit (elevated neutral lipid levels) and screening for -Increased lipid productivity and growth rate. 3
9 EMS (25 mM) P y higher lipid productivity (Flask cultures).
Chlorella UV (254 nm) + Lipid ggség;se?ofﬂieﬁg-nﬁ Egr l;l(l)l(ejzur;(ijvz‘tluo('rgzgﬁnce i -Higher lipid productivity. 147
vulgaris EMS (25 mM) productivity cultures)g 9 piap Y -FAME composition suitable for biodiesel production.
Photosynthe -Reduced chlorophyll content, light-harvesting proteins, and
Chlorella tic efficiency  Visual screening for colonies exhibiting a lighter functional antenna size of PSII. 39
. EMS (240 mM) TS
vulgaris (Chlorophyll  colour. -Increased photosynthetic activity, electron transport rate and
deficiency) biomass productivity (under high light condition).
Chlorella EMS (200 mM- Violaxanthin ~ Screening for low fluorescent colonies (low -Increased violaxanthin content. 86
vulgaris 400 mM) productivity xanthophylls-producing colonies). -Improvement of the growth rate (higher photosynthetic efficiency).
Chlorglla uv Lz - MTP-based screening for Nile red fluorescence. -Increased neutral lipid content and productivity. 148
vulgaris productivity

UV — Ultraviolet, CO2 — Carbon Dioxide, MTP — Microtiter plate, OD — optical density, TAG — Triacylglycerol, EMS — Ethyl metanesulfonate CEW — Cellulosic ethanol wastewater, FACS — Fluorescence-activated cell sorting, ARTP — Atmospheric and room-
temperature plasma, PUFA — Polyunsaturated fatty acids, MUFA — Monounsaturated fatty acids, PSIl — Photosystem Il, FDU — 5’Fluorodeoxyuridine monophosphate, Nd:YAG - a neodymium-doped yttrium aluminum garnet, He-Ne — helium-neon, WT — Wild-
type, FAME — Fatty acid methyl ester.
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