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1 Introduction

1.1 Bioenergy and biofuels

Bioenergy and biomass are sustainable forms of renewable energy available for
commercial use and have been well-utilized for transport as well as industry needs
(Stancin et al., 2020). According to International Energy Agency (IEA) in 2018,
bioenergy is the largest contributor to the world’s energy needs, accounting for 53% of
the total renewables (Kumar et al., 2020). Bioenergy includes biofuels like biodiesel or
bioethanol (used for transportation), biomass like wood chips or pellets (used as feed,
fodder, or to produce electricity and heat), and biogas like biomethane or biohydrogen
obtained from waste material (IEA, 2013) (Ho et al., 2014a). Biofuels have evolved
into four generations based on the feedstock (Figure 1.1). The first-generation biofuels
are derived from edible feedstocks and their prolonged use negatively impacts both the
economy and the environment (Ho et al., 2014a; Mat Aron et al., 2020; Datta et al.,
2019). Second-generation biofuels were born from non-edible feedstocks and their
energy efficiency is also high. However, the fuel extraction steps are energy-intensive
(Lee and Lavoie, 2013) which contributed to the emergence of third-generation
microalgal sources. The third-generation sources generate environment-friendly, high-

yielding biofuel with minimum land area needed for cultivation (Kumar et al., 2013).
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Figure 1.1. Four generations of biofuel as based on the feedstock used for biofuel
production.
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1.2 Microalgae as the prominent source of biofuel and nutraceuticals

Microalgal sources offer high lipid/oil content, increased oil yield, less use of land, and
hence the highest biodiesel productivity. Microalgae are capable of harnessing solar
energy as well as fixing atmospheric carbon dioxide. They possess a faster growth rate,
thus reducing the cost of cultivation (Udayan et al., 2022). Microalgae-based biodiesel
has properties like density, viscosity, flash point, heating point, and cold filter plugging
point similar to petroleum diesel and meets the standards of both the American Society
for Testing and Materials (ASTM) and the International Biodiesel Standard for
Vehicles (Alalwan et al., 2019). The net production per acre area of microalgal
bioethanol is almost 15 times higher than that obtained from corn and undergoes
minimum pre-treatment steps for final production. Microalgae-based bio-oil has a high
heating value, low density, and low viscosity compared with fossil-based oil produced
from wood and also has better quality (Alalwan et al., 2019). In addition to the
production of biodiesel, bioethanol, and bio-oil, microalgal biomass has wide
applications in wastewater treatment, the synthesis of carotenoids, agar, antioxidants,

and catalysts, in cosmetics, pharmaceutics, and therapeutics (D¢bowski et al., 2020).

Microalgae are unicellular micro-organisms broadly divided into four classes: (i)
Cyanobacteria (blue-green algae), (ii) Rhodophytes (red algae), (iii) Chlorophytes
(green algae), and (iv) Chromophytes (all other algae) (Mobin and Alam, 2017) (Figure
1.2). Spirulina, blue-green algae, also categorized as “Super Natural Food”, is rich in
proteins, vitamins, essential polyunsaturated fatty acids (PUFA), photosynthetic
pigments, and minerals. It serves as a commercial source of phycocyanin pigments
(Costa et al., 2019). Green microalgae include Dunaliella, Chlorella, Scenedesmus,
Chlamydomonas, etc. Chlorella is a rich source of several vitamins like Vit. E, B-
complex, provitamin A, and B-carotene and has over a billion US dollars in commercial
value. It is one of the most widely used commercial microalgae in biodiesel production
(Mobin and Alam, 2017). Scenedesmus is capable of producing lipid content varying
between 10 to 50 % of its dry weight and can be effective in wastewater treatment and
other bioremediation purposes (Msanne et al., 2020). In a vegetative cell of
photoautotrophically cultivated Chlamydomonas reinhardtii, carbohydrates constitute
a major portion of the cell's dry weight which is 52%, followed by 27% proteins, 19%
lipids, and only 2% chlorophyll (Li-Beisson et al., 2015).
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Table 1.1 highlights biofuel production and pharmaceutical and nutraceutical
applications of a few microalgal species.

Microalgae serves as a potent competitor to edible and non-edible crops for biofuel
generation. However, there are certain limitations. Even though the process is capable
of fixing the greenhouse gases from the atmosphere, reports claim that it releases more
greenhouse gas into the atmosphere than it fixes (Mat Aron et al., 2020). Also, the
amount of energy lost or used in the process is more than the energy produced, resulting
in net negative energy gain (Mat Aron et al., 2020). Other than water, the cultivation of
microalgae also depends on the availability of nutrients like nitrogen, sulfur, or
phosphorous (Datta et al., 2019). The fourth-generation biofuel was introduced to
increase the energy supply and decrease the cost of biofuel production. Here, the
feedstocks are genetically modified microalgae. These microorganisms are modified to
increase the intake of CO> for photosynthesis, creating an artificial carbon sink and
enhancing the production of biofuel. Many algal strains (eg. Chlamydomonas
reinhardtii, Phaeodactylum tricornutum, etc.) have been genetically modified to
increase the growth rate and adaptability to grow in poor nutrient environments. For
example, overexpressing malonyl-CoA acyl-carrier protein transacylase in
Nannochloropsis oceanica resulted in an increase in the neutral lipid content by 31%
(Chen et al., 2017b). Overexpression of ACS2 (acetyl-CoA synthetase gene) in
Chlamydomonas reinhardtii increases the lipid content by 2.4-folds under nitrogen
starvation (Rengel et al., 2018). Similar genetic engineering of C. reinhardtii with genes
involved in de novo lipid production pathways enhances the lipid content by 5-8 times
with an increase in the long-chain saturated and monounsaturated fatty acid content
(Wang et al., 2017). The fourth generation of biofuels also involves methods and
technologies like pyrolysis (in a temperature range between 400 to 600°C) and
gasification (Alalwan et al., 2019). However, the knowledge about fourth-generation
biofuel production is only limited as it started in the year 2006 and so is in the early
development stage (Datta et al., 2019).
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Figure 1.2. Microscopic images of microalgae involved in biofuel production.

A. Clonal trichomes of Spirulina subsalsa (Arthrospira sp.) (Whitton, 2012). B. Advancing
stages of Dunaliella salina under saline stress with increasing time of incubation, cells appear
swollen due to osmotic imbalance at the stationary phase of the growth cycle (C) as opposed to
the early logarithmic phase in (A) (Gallego-Cartagena et al., 2019). C and D. Cells of Chlorella
sp. and Scenedesmus sp. under optimum growth conditions (Source: Culture Collection of
Autotrophic Organisms). E. Oval-shaped cells of Chlamydomonas reinhardtii with two anterior
flagella (Source: UTEX, https://utex.org/products/utex-0089).
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Table 1.1. Biofuel production, pharmaceutical, and nutraceutical application of a few

microalgal species

Microalgal species Bioproduct Application References
Food additives,
Chlorella sp. Chlorophyll anti-oxidant (Khanra et al., 2018)
. . Carotenoid Anti-neoplastic
Dunaliella tertiolecta (Violaxanthin) activity (Tang et al., 2020)
. . Carotenoid (B- ..
Dunaliella salina Anti-oxidants (Xu etal., 2018)
carotene)
Haematococcus Carotenoid Anti-inflammatory
luvialis, Chlorell . i- i Kh I, 201
p uwa_ls, Chlorella (Astaxanthin) and ant! apoptotic  (Khoo et al., 2019)
vulgaris properties
Chlorell . . ..
or'e _a Carotenoid (Lutein) Anti-oxidant (Ma et al., 2020)
sorokiniana

Phaeodactylum
tricornutum,
Chlamydomonas
nivalis

Carotenoids
(Fucoxanthin and
Zeaxanthin)

Anti-cancer, anti-
diabetic

(Gong and Bassi,
2016)

Phycobiliproteins Pigments,
Spirulina platensis y 'p . cosmetics, pro- (Li et al., 2008)
carotenoids, biomass o
vitamins
. PUFA BI lotting,
Chlorella vulgaris, U . ood clotting (Levasseur et al.,
Nannochlaropsis sp (Eicosapentaenoic coronary heart 2020)
" acid, EPA) disease
- PUFA .
Crypthecodiuimu sp. . Anti-inflammatory,
Sci)wlipz ochvirium s P (Docosahexaeonic anti-cancer y (Long et al., 2018)
y P+ acid, DHA)
- . Fatty acid (y-linolenic  Nutritional .
Spirulina platensis acid, GLA) supplement (Sajilata et al., 2008)
- hokshi et al.,
Scenedesmus sp., Biodiesel, (Chokshi et a
.. . 2015; Pancha et al.,
Acutodesmus sp., Neutral lipid transportation, )
2015b; Bhattacharya
Chlorella sp. power plant

etal., 2016)
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1.3Factors influencing the biofuel production in microalgae

Altering the cultivation strategies impact the biofuel content. The presence of abiotic
stress element in the culture environment becomes an important governing factor in
biofuel production. Altogether, these elements further influence biofuel quality. The

factors involved in biofuel manipulation in microalgae are summarized in Figure 1.3.

Environmental factors

1.Nutrient limitation (N, S, P, K, Mg, Ca)
2.Light

3. Temperature

4.pH

5. Salinity

I

— Bioenergy and bioproducts
Cultivation strategy ee—
1. Batch 2.Biodiesel

2.Continuous 3.Bioethancl/biohydrogen _ 1. Autotroph
3.Fed-batch > 4.Bio-oil 2. Heterotrr)oghy
4. Semi-continuous 5.Biogas 3. Mixotrophy
5. Two-stage 6. Carotenoids
6.Gradient srategy H

Impacts

1.Bioremediation

2.Biodegradation

3.Carbon capture and climate cooling
4.Power generation

5. Transport

6.Food and agriculture

Figure 1.3. Factors governing biofuel production in microalgae and their impact on the
environment and society.
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1.3.1 Environmental factors

1.3.1.1  Nutrient manipulation

Depleting or limiting microalgal growth medium of essential nutrients like nitrogen,
phosphorous, sulfur, magnesium, and calcium causes a trade-off between the growth
and production of storage metabolites like carbohydrates and lipids (Ran et al., 2019).
N depletion has shown more adverse effects on growth and photosynthesis than N
limitation (Benavente-Valdés et al., 2016). N limitation in Nannochloropsis gaditana
has been revealed to increase carbohydrate and lipid production as compared to N
depletion (Heredia et al., 2021). To overcome the stressful effect of N depletion,
stepwise nitrogen depletion in Chlorella vulgaris has been shown to improve the
growth rate and the carotenoid content (Zhang et al., 2017). Under P limitation, the
triose phosphate-Pi exchange is hampered resulting in the excess of triose phosphate in
chloroplast which provides the substrate for starch production (Ran et al., 2019; Paliwal
et al., 2017). Compared to N limitation, P limitation has caused higher lipid
concentration in C. reinhardtii due to better photosynthetic efficiency and protein
content (Chen and Wang, 2021). Microalgae consortia have shown higher starch and
lipid content under N limitation and high protein content under phosphorous limitation
(Phalanisong et al., 2021). S depletion resulted in increased starch and lipid
accumulation, better than N or P depletion, as observed in Chlamydomonas reinhardtii
and Chlorella vulgaris (Cakmak et al., 2012; Ran et al., 2019).

1.3.1.2  Light

Altering light intensity, duration, photoperiod, and wavelength impacts photosynthesis
and microalgal growth. Low light intensity induces the formation of membrane polar
lipids, while high light intensity increases the production of neutral lipids like TAG
along with a concomitant decrease in PUFAs (Chen and Wang, 2021; Paliwal et al.,
2017). High light intensity results in photoinhibition and ROS production causing
photooxidative damage to biomolecules and cell death (Erickson et al., 2015). A
microalgal polyculture exposed to high light resulted in high lipid content, while low
light caused high biomass accumulation (lasimone et al., 2018). Photoperiod also
governs the PUFA content. In a study on C. vulgaris, 16:8 h light: dark induces more
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SFAs while 8:16h causes more PUFA accumulation (Khoeyi et al., 2012). The ideal

photoperiod varies among different microalgae (Smith and Gilmour, 2018).

1.3.1.3  Temperature

Temperature imposes a direct effect on membrane fluidity and the total lipid content of
microalgae. Low temperatures result in the accumulation of polar lipids like PUFAsS,
while higher temperatures induce neutral lipid formation (Paliwal et al., 2017). PUFAs
directly regulate the membrane fluidity and act as a cryoprotectant (Chen et al., 2017a).
For example, in Acutodesmus dimorphus, temperature stress at 35 °C results in
increased total lipid content to 22.7% and neutral lipid to 59% of total lipid content
(Chokshi et al., 2015). Prolonged exposure to low-temperature stress can result in
oxidative damage, chlorosis, and decreased growth rate, which eventually leads to cell
death (Valledor et al., 2013). Similarly, prolonged high-temperature stress affects
protein folding, membrane fluidity, metabolism, DNA replication, and repair,
ultimately resulting in cell death. In Chlamydomonas, the optimum temperature ranges
between 20-25 °C, and heat shock response is activated when shifted to at least 37 °C
and gets fatal beyond 42 °C (Schroda et al., 2015).

1.3.1.4  Salinity

Salinity stress imposes maximum lipid production compared to the other stress-
inducing factors. The increase in Na* and CI~ concentration in the culture medium
causes an osmotic imbalance across the cell membrane resulting in osmotic stress
(Benavente-Valdés et al., 2016). The osmoprotectants like glycerol and ROS molecules
help the cell overcome such stress. ROS production is known to activate autophagy-
induced lipid and carotenoid production (Perez-Perez et al., 2012). However, high salt
concentrations also result in compromised photosynthetic efficiency and cell death as
salinity stress hampers cell size and cell division. In freshwater Chlamydomonas sp., a
characteristic type of “palmelloid” formation is observed, where the cell wall thickens
and the clusters of two or more cells are surrounded by an exopolysaccharide layer
which provides them protection (Figure 1.4) (Shetty et al., 2019). Salt-tolerant species
like those surviving in seawater, for example, Chlamydomonas sp. JSC4 possesses the

machinery to overcome the negative effects of salt-induced osmotic shock and hence
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can offer increased lipid production at the cost of minimum compromise to growth (Ho
et al., 2014b).

1.3.1.5  Others

pH values can also alter lipid production in microalgae (Chen et al., 2017a). An alkaline
pH (>9) along with nitrogen limitation and salinity stress increases the TAG
accumulation in Scenedesmus sp (Gardner et al., 2011). Incrementing pH change in the
culture medium results in enhanced TAG accumulation than the constant pH stress, as
observed in a few Chlorellaceae strains (Skrupski et al., 2013). Brefeldin A treatment
increases the TAG accumulation in C. reinhardtii and C. vulgaris by inducing ER stress
(Kim et al., 2013). Sodium azide leads to growth retardation and inhibition of
photosynthesis and respiration resulting in a 60-80% increase in TAG content in
Chlorella desiccate (Rachutin Zalogin and Pick, 2014). The use of phytohormones like
auxin has been shown to enhance growth and lipid production in Scenedesmus sp. (Dao
etal., 2018).

"
7 = #9539 Light harvesting complex
Membrane transport proteins

D G @@ Osmoregulatory solute

#8 Lipid molecules

Figure 1.4. A model representing morphological changes in Chlamydomonas sp. under
saline stress.

A microalgal cell under no stress (A) undergoes a series of events (B-G) under saline stress
where membrane transport proteins are upregulated (B), osmoregulating solutes like glycerol
accumulates (C), light-harvesting complexes start to degrade (D), palmelloid is formed (E),
cells lose their flagella and motility (F), and finally, lipid accumulation is observed (G) (Shetty
et al., 2019) (See Appendix A6.1. for copyright information).

11



Chapter 1

1.3.2 Carbon source availability

Carbon forms another important element used by microalgae for biomass production.
The use of sunlight with atmospheric CO> as the carbon source forms the most widely
used cultivation method for the growth of microalgae in industries and research labs,
except for Crypthecodinium cohnii which is a strict heterotroph (Saha and Murray,
2018). Apart from the usual photoautotrophy mode, the majority of the microalgae can

also generate energy from heterotrophic and mixotrophic modes of cultivation.

1.3.2.1  Photoautotrophic cultivation

Phototrophy or autotrophy is the most common and the easiest method of cultivation of
microalgae. The ability to fix atmospheric carbon dioxide allows photoautotrophs to
contribute to easy greenhouse gas mitigation along with the efficient removal of N and
P from the atmosphere (Abdel-Raouf et al., 2012). A CO: level of 2% is the optimum
concentration to enhance biomass production in microalgae (Sajjadi et al., 2018). Low
COz levels (less than 2%) have been found to produce more unsaturated fatty acids
while 2-10% CO- causes reduced unsaturation content in the fatty acids of microalgae
(Cheng and He, 2014). Moreover, high CO- levels can disturb the pH of the medium.
In such a case, the addition of sodium bicarbonate in the medium acts as a buffer with
excellent solubility in water (Ran et al., 2019). Bicarbonate at 0.6 g/l was found to be
optimum in Scenedesmus sp. for lipid, carbohydrate, and biomass production (Pancha
et al., 2015a). Autotrophic cultivation also features the production of the maximum
carbohydrate content in microalgae (Puzanskiy et al., 2021). Autotrophy serves as the
control method for growth-related experiments. However, compared to heterotrophic
and mixotrophic cultivation, it produces low biomass concentrations, giving rise to poor
productivity (Patel et al., 2020). As a result, the research nowadays is focussed on
introducing biomass-elevating components to the autotrophic cultivation like, the

organic carbon sources (Lin and Wu, 2015).

1.3.2.2  Heterotrophic cultivation
Glucose is the most commonly used external energy source in microalgae (Perez-Garcia
et al., 2011) for its ability to yield higher energy than acetate or fructose (Boyle and

Morgan, 2009). Chlorella protothecoids when grown heterotrophically on glucose yield
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260% more lipids compared to autotrophic growth (Miao and Wu, 2006). Heterotrophic
growth is not limited to only glucose. The presence of acetate and glycerol as the carbon
source also improved the cell density and lipid productivity of Chlorella vulgaris
(Liang et al., 2009). The increase in lipid productivity is doubled in Chlorella
protothecoids in presence of glycerol (Chen and Walker, 2011). Moreover, the
production cost is decreased by ~80% as compared to glucose (Wang et al., 2016).
Chrypthecodinium cohnii, an obligatory heterotroph is capable of growing on wastes
with high COD demands and producing valuable products like DHA (Mendes et al.,
2007). Chlorella sp. and Scenedesmus sp. have been grown successfully on acid-rich
effluent and efficiently delivered biomass and lipids (Prathima Devi et al., 2012).
However, the presence of the organic carbon source increases the risk of culture
contamination and CO. emissions (da Silva et al., 2021).

1.3.2.3  Mixotrophic cultivation

Cyanobacteria and green algae like Chlorella vulgaris, Spirulina platensis,
Haematococcus pluvialis, and Euglena gracilis can efficiently grow in a mixotrophic
mode as compared to the other two modes (Perez-Garcia and Bashan, 2015). Here,
photosynthesis takes place by fixing the light in the light phase of the growth, and
aerobic respiration uses the organic carbon source in the dark phase of growth. (Wang
et al., 2014a). Mixotrophic cultivation causes an extended exponential phase, hence
higher biomass yield and increased lipid productivity. For example, the mixotrophic
regime with glucose in Nannochloropsis oculata and Chlorella sorokiniana show 2 to
4 times improved biomass over photoautotrophy (Wan et al., 2011). The use of organic
carbon sources like glucose, sucrose, xylose, and acetate in mixotrophic modes of
cultivation further increases lipid production in Chlorella vulgaris (Lin and Wu, 2015).
The lipid productivity is increased by ~10 times in Chlorella vulgaris in presence of
glucose (Liang et al., 2009). Mixotrophy also improves the bioproduct formation when
combined with bioremediation. C. vulgaris grown mixotrophically on orange peel
extracts yields ~3 times more biomass and ~4 times more lipids than glucose-containing
medium (Park et al., 2014). Mixotrophic C. vulgaris also produce maximum biomass
and lipids when grown on chicken wastes used as a nutrient source (Tan et al., 2021).

Mixotrophy reduces CO> emissions by ~60% in Chlorella protothecoids (Xiong et al.,

13
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2010). However, the risk of contamination still exists along with the chances of

photoinhibition at higher carbon concentrations (Patel et al., 2020).

1.3.3 Cultivation strategy

1.3.3.1  Batch cultivation

Here, a fixed amount of microalgal cells are inoculated into the fully enriched culture
medium in a reactor. The cells continue to divide only until the medium supplements
sustain, and hence follow a sigmoidal growth pattern (Ganesan et al., 2020). Although
the easiest operation strategy, it limits biomass production and hence lipid productivity,
as observed in Acutodesmus obliquus and Nannochloropsis sp. under lab-scale batch

nitrogen starvation (Remmers et al., 2017; Benvenuti et al., 2016).

1.3.3.2  Continuous flow cultivation

Here, a certain amount of nutrient-rich fresh medium is continuously introduced into
the reactor and the division of microalgal cells never tends to cease. The growth of
microalgal cells attains a steady state, where the birth rate is equivalent to the death
rate. Turbidostat and chemostat are two types of steady states. Turbidostat is attained
when the fresh medium is added after the cells have reached a certain limit, while
chemostat culture is accomplished when the fresh medium is introduced at a
predetermined state (Ganesan et al., 2020). The continuous flow strategy is seldom
practiced commercially since the ratio of medium feeding is a critical parameter to
control (Wang et al., 2014a). The continuous flow method is always better to increase
the bioenergy yield. Continuous culture of C. reinhardtii has been shown to produce
improved yields of biohydrogen than it does in batch mode (Das et al., 2015). In another
independent study, the selection of chemostat mode over batch mode resulted in better
yields of lipids and carbohydrates in Nannochloropsis gaditana under nitrogen
limitation (Heredia et al., 2021).

1.3.3.3  Fed-batch cultivation
Unlike the continuous mode of operation, in fed-batch culture, a small but fixed amount
of fresh nutrient-rich medium is intermittently added to the reactor. This kind of strategy
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does not restrict the substrate availability and results in a higher growth rate and lipid
productivity as compared to the batch culture (Wang et al., 2014a). Mixotrophic fed-
batch cultivation of C. reinhardtii amplified the cell density and production of
osmoregulatory molecules (Fields et al., 2018). In C. protothecoides, oxygen and
nitrogen limitations in fed-batch cultivation increased lipid productivity, and N-

limitation and temperature stress caused higher lutein content (Chen et al., 2017a).

1.3.3.4  Semi-continuous cultivation

This is a modified culture strategy where the fresh medium is first supplied altogether
to the culture and is allowed to grow for a fixed time, after which a certain volume of
culture is withdrawn at fixed time intervals and the volume is replenished by the fresh
nutrient-rich medium. This allows mature cells to continuously divide and they never
face substrate restriction. Semi-continuous mode offers better growth rates but lower
lipid productivity than batch culture (Benvenuti et al., 2016). Open pond cultivation of
cyanobacterium, Anabaena sp., in semi-continuous mode proved beneficial for biomass
production (Veerabadhran et al., 2021).

1.3.3.5  Two-stage cultivation

In the two-stage, a combination of two operation strategies is combined
(Liyanaarachchi et al., 2021). Often, there exists a vegetative stage where the cells are
allowed to flourish under optimum growth conditions, followed by stress where stress
factors like nutrient limitations or environmental changes induce biofuel production.
For instance, auxin addition in the first stage followed by salinity stress in the second
stage in Dunaliella tertiolecta caused a tremendous increase in the lipid content from
24% to 70% (Aziz et al., 2020). It also benefits carotenoid and chlorophyll production
(Liyanaarachchi et al., 2021). Two-stage cultivation of Chlorella vulgaris under salt
and light stress enhanced the carotenoid production along with biomass and lipid
content (Alietal., 2021). In another independent study, the mixotrophic stage followed
by the photoautotrophic stress imposed stage in C. vulgaris improved lipid productivity
(Wensel et al., 2022). Similarly, two-stage cultivation of Botryococcus braunii caused

a marked increase in biofuel production to one-stage (Thurakit et al., 2022).
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1.3.3.6  Gradient strategy of cultivation

Here, a stepwise increase of stress factors induces acclimation of the microalgae to
stress factors. As a result, biomass yield is improved more than that obtained in two-
stage. Step-wise addition of multiple stresses (salinity, light, and temperature) to
Scenedesmus sp. resulted in multiple tolerance and the highest lipid content
(Maneechote and Cheirsilp, 2021). Salinity gradient in salt-tolerant Chlamydomonas
sp. JSC4 has improved lipid productivity (Ho et al., 2014b) and also increased the lutein
content along with biomass yield (Xie et al., 2019). Similarly, the stepwise addition of
salt to the halophilic strain of Dunaliella salina culture markedly increased biomass and
lipid productivity (Abomohra et al., 2020). High light intensity causes damage to the
Aurantiochytrium sp, hence, sequentially applying a light gradient solves the problem
of cell damage and also improves the DHA and total oil yield (Yin et al., 2022).

Some of the recently used strategies to improve the yield of bioenergy are shown in
Table 1.2.
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Table 1.2. Recent advances to improve the bioenergy yield in microalgae

Yield/productivity of

Microalgal species bioproduct Cultivation strategy =~ References
Biomass productivity-
Dunaliella salina 0.191gL*td? . - (Abomohra et
KSA-HS022 Lipid productivity- Stepwise salinity stress al., 2020)
56.5mgLtd?
Cell density- 8.37 x 10’ Two-stage batch
+3.65 x 10°cells/mL  cultivation with
Chlorella Lipid productivity- acetate (Minyuk et al.,
zofingiensis 0.027 £0.002gLtd? supplementation and 2020)
Total carotenoids- 0.85 urea as the nitrogen
+0.03 % DW source
Chlorella Biomass productivity- ~ Two-stage
sorokiniana MB-1- 1.074+0.020gLtd? heterotrophic- (Chenetal.,
Lutein productivity- mixotrophic (TSHM)  2021)

M12

450+0.08mgL*d?

process resulted

Chlorella vulgaris

SFA content increased
by 27.3%

Two-stage strategy-
the first stage includes
wastewater and the
second stage includes
nitrogen and salt stress

(Mirizadeh et
al., 2020)

Scenedesmus
SDEC-8, Chlorella
sorokiniana SDEC-
18

Lipid productivity-
SDEC-8: 26.7 mg/L/d,
SDEC-18: 25.9 mg/L/d

Phytohormone
addition coupled with
nitrogen depletion

(Yuetal., 2018)

Heterotrophic

Chlorella Total lipid content- cultivation on furfural (Cheng et al.,

pyrenoidosa 18.53% DW 2022)
wastewater

Scenedesmus Lipid productivity- . (Heetal.,

obliguus 18.77+0.07 mg L2 ¢+ Fe20s nanoparticles 5,4,

Chlamydomonas 47-fold higher Ssﬁgetggggg'/?;%n (Baek et al.,

reinhardtii zeaxanthin productivity g 2018)

technology
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1.4 Metabolite synthesis pathways and their regulation in microalgae

Among all the metabolites synthesized by the microalgae, the important ones in biofuel
research are lipids, carbohydrates especially starch, and photosynthetic pigments i.e.
chlorophyll and carotenoids. Lipids are processed to produce biodiesel, downstream
processing of starch generates biohydrogen and bioethanol, carotenoids are used in
nutraceuticals, and along with chlorophyll they form an essential component of many
pharmaceuticals and pharmacological products (as discussed in Table 1.1). Hence, to
upgrade their production it becomes important to understand the biochemical pathways

involved in their synthesis and regulatory networks.

1.4.1 Starch metabolism

Carbohydrates are the energy reserves produced by photosynthesis and starch is the
primary energy sink in microalgae. In green microalgae, starch is synthesized in
chloroplast using ADP-glucose as the glucose donor, while in red algae and
dinoflagellates, starch is synthesized in cytosol using UDP-glucose as the donor (de
Carvalho Silvello et al., 2022; Ran et al., 2019). Green microalgae can synthesize starch
for up to 50% of its dry weight and the concentration changes upon manipulating

environmental conditions like nitrogen starvation (Levasseur et al., 2020).

The classic starch biosynthetic pathway in microalgae is demonstrated in Figure 1.5.
Starch is primarily synthesized around the pyrenoids in Chlamydomonas, however high
light intensities and increased CO- levels can cause the excess starch to accumulate in
the stroma. The biosynthesis in C. reinhardtii is limited by the catalytic conversion of
glucose to ADP-glucose by ADP-glucose pyrophosphorylase (AGPase) (Ball, 2002).
The AGPase is activated by 3-PGA (the first product of the Calvin-Benson cycle) and
allosterically inhibited by the inorganic phosphate molecules (Ball and Deschamps,
2009; Li et al., 2011). Starch accumulation under high phosphate levels is attributed to
the activity of the starch phosphorylase (SP) enzyme which catalyzes starch degradation
by reversibly converting o-1,4-glucan and inorganic phosphate (Pi) to glucose-1-
phosphate (Yao et al., 2018). Amylases are other starch-degrading enzymes that
regulate starch concentration (Busi et al., 2014). AGPase and SP share the same
substrate, glucose-1-phosphate, due to which they cannot work efficiently at the same

time (Ran et al., 2019). AGPase is further upregulated at the transcription level under
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nitrogen-depleting conditions (Blaby et al., 2013). The deletion of the gene encoding
AGPase (sta6) in C. reinhardtii induces oxidative stress and autophagic activities (Tran
et al., 2019a) and diverts the carbon pool towards lipid accumulation in presence of
external carbon sources like acetate (Goodenough et al., 2014).

When Chlamydomonas cells are grown in dark aerobic conditions containing acetate,
the conversion of acetate to acetyl-CoA followed by glucose synthesis takes place
through the gluconeogenesis pathway (Johnson and Alric, 2013). Under anoxic or ATP-
deficient conditions, starch gets hydrolyzed to yield glucose molecules by the process
called the “Pasteur effect”. Here, hexokinase (HK) and phosphofructokinase (PFK) are
inhibited and the equilibrium between fructose-1,6-bisphosphate and fructose-6-
phosphate shifts towards the bisphosphate and starch synthesis is compromised
(Johnson and Alric, 2013).
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Figure 1.5. Starch metabolism in microalgae

19



Chapter 1

1.4.2 Lipid metabolism

Triacylglycerols (TAGs) are harvested and processed downstream to obtain biodiesel.
The length of the carbon chain and unsaturation content of FA constituting TAGSs can
vary from one microalgal specie to another and also varies under different
environmental conditions (Calixto et al., 2018). Microalgae can synthesize neutral
lipids constituting up to 20-50% of the cell’s dry weight under an abiotic stress
environment (Chen and Wang, 2021). Other than biodiesel, polyunsaturated fatty acids
like DHA and EPA with pharmaceutical value can also be harvested from these storage
lipids (Levasseur et al., 2020).

1.42.1  TAG biosynthesis and lipid droplet formation

TAG biosynthesis consists of three basic steps: (1) FA biosynthesis, (2) formation of
glycerolipids, and (3) lipid droplet biogenesis. The steps involved in TAG biosynthesis
in microalgae are demonstrated in Figure 1.6. FA synthesis in green microalgae takes
place in the chloroplast, where the conversion of acetyl-CoA to malonyl-CoA catalyzed
by acetyl-CoA carboxylase (ACC) forms the rate-limiting step (Liu and Benning,
2013). Acetyl-CoA can be produced directly from acetate supplied externally. When
glucose or glycerol is available as the carbon source, glycerol-3-phosphate is produced
first which is later enzymatically converted to acetyl-CoA (Chen and Wang, 2021).
Glycerol-3-phosphate is the most important intermediate that can also be obtained after
the dehydrogenation of DHAP (product of Calvin cycle, Figure 1.5) by glycerol-3-
phosphate dehydrogenase (GPDH) (Li-Beisson et al., 2019). GPDH in Chlamydomonas
is upregulated under nitrogen starvation and has two associated activities. It can act as
reductases to form glycerol-3-phosphate back from DHAP or phosphatases that form
glycerol, depending on the environmental cue (Morales-Sanchez et al., 2017). Salt
stress in C. reinhardtii increases lipid production and it has been directly co-related to
the increased transcript levels of ACC (Atikij et al., 2019). Overexpressing gene for the
enzyme catalyzing the conversion of malonyl-CoA to malonyl-CoA ACP in
Nannochloropsis sp. increases the net lipid content by nearly 30% (Chen et al., 2017b).
Generally, C. reinhardtii produces FAs with C16 to C18 carbon length which can
further undergo elongation and desaturation to yield valuable FAs like A4 and A5
unsaturated PUFA (Li-Beisson et al., 2015).
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In Chlamydomonas, TAG is synthesized from DAG (diacylglycerols) in the
endoplasmic reticulum (ER) and the TAG molecules are transferred to cytosol in the
form of lipid droplets (Chen and Wang, 2021). The de novo synthesis of TAG can also
occur in the chloroplast (Fan et al., 2011). In Chlamydomonas, there are two families
of diacylglycerol acyltransferase; type one contains DGAT1, and type two contains 5
different DGTT (Liu and Benning, 2013). DGAT1 and DGTT1 are shown to be
upregulated under nutrient deprivation in Chlamydomonas (Boyle et al., 2012). TAG
synthesis may not always be de novo in C. reinhardtii where a lipase called plastid
galactoglycerolipid degradation 1 (PGD1) hydrolyzes the
monogalactosyldiacylglycerol (MGDG) molecules into free fatty acids forming a
carbon pool for TAG synthesis (Li et al., 2012).

In the final step, TAG molecules are packaged into a droplet-like structure known as
lipid droplets (LD). LDs consist of a neutral lipid core and a phospholipid monolayer
interrupted by the structural protein called major lipid droplet protein (MLDP) and
enzymes involved in lipid biosynthesis, lipid trafficking, lipid catabolism, and vesicle
trafficking (Goold et al., 2015). In C. reinhardtii cells, LDs are most commonly found
distributed in the cytoplasm and more than 80% of those are found associated with the
ER membrane. LD biogenesis initiates with oil lens formation (which occurs due to
the coalescence of the oil phase) and LD budding from ER (Walther et al., 2017). When
the TAG concentration is above the critical value, LD formation begins with the
recruitment of proteins like SEIPIN and LD-associated protein (LDAP) (Li-Beisson et
al., 2021). One of the main driving forces involved in LD biogenesis is liquid-liquid
phase separation (LLPS). Due to a large equilibrium chemical potential, other TAG
molecules spontaneously flow to the existing nascent LD molecule leading to LD
expansion (Zoni et al., 2020). LDs vary greatly in size and number from one microalga
species to another. For example, C. reinhardtii makes LDs of ~1.5um while Chlorella
sp. makes LDs of >3um (Goold et al., 2015). The size and number of LDs depend on
the environmental stress and the growth stage. The presence of MLDPs in the protein
coat regulated the size of LDs (Li-Beisson et al., 2021).
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Figure 1.6. TAG biosynthesis pathway in microalgae.

Solid arrows represent single reaction steps and dashed arrows represent multiple reaction steps.
GPDH, glycerol-3-phosphate dehydrogenase; ACC, acetyl-CoA carboxylase; ACP, acyl
carrier protein; DHAP, dihydroxyacetone phosphate; GPAT, acyl-CoA:glycerol-3-phosphate
acyltransferase; LPA, lysophosphatidic acid; LPAAT, acyl-CoA dependent acyl-CoA: LPA
acyltransferase; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; DAG,
diacylglycerol; DGAT, acyl-CoA: diacylglycerol acyltransferase; TAG, triacylglycerol;
MGDG, mono galactosyl diacylglycerol; DGDG, di galactosyl diacylglycerol; FA, fatty acid;
PtdEtn, phosphatidylethanolamine; PDAT, phospholipid: DAG acyltransferases.
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1422

Lipid droplet degradation initiates upon a specific environmental signal and is primarily

Lipid catabolism and lipid droplet disassembly

executed by a DNA-binding protein called CHT7 (Compromised in TAG Hydrolysis
7). The first step is protein coat remodeling (Figure 1.7). When the optimum conditions
are restored, LD hydrolysis is catered by MLDPs, and DTH1 (Delayed in TAG
Hydrolysis 1). DTH1 contains a phosphatidylethanolamine (PtdEtn)-binding domain
which induces a negative curvature in the LD membrane assisting in the membrane
fusion and maintaining the LD integrity (Li-Beisson et al., 2021). PtdEtn is also
responsible for activating the autophagy-related protein, ATG8. Disassociation of
ATG8 with PtdEtn, due to a decrease in PtdEtn content in the LD membrane, results in
ATG8 deactivation and hence lipid degradation (Lee et al., 2020). Once the protein coat
is remodeled, TAG is broken down into free FA with the help of lipases and releases
glycerol moiety in the process. LIP1 (a DAG lipase) and LIP4 (a TAG lipase) are
responsible for TAG breakdown in Chlamydomonas. In addition to lipase-mediated

lipid turnover, autophagy also plays a crucial role (Kong et al., 2018).

In the final step of lipid catabolism, fatty acid molecules are oxidized. FA oxidation can
occur in both peroxisomes and mitochondria in microalgae. Chlamydomonas
reinhardtii ensures physical contact between LDs and peroxisomes and FA breakdown
by the p-oxidation pathway (Hayashi et al., 2015). Studies show that FAs are
transported into peroxisomes by an ATP-binding cassette transporter (ABCD1) present
in the peroxisomal membrane (Li-Beisson et al., 2015). Broken FAs can be used either

for membrane lipid biosynthesis or to release carbon and energy for other cellular needs.
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Figure 1.7. Lipid catabolism and lipid droplet degradation in Chlamydomonas sp.

CHT7, Compromised in TAG Hydrolysis 7; ATGS8, autophagy-related protein 8; DTH1,
Delayed in TAG Hydrolysis 1; LIP1 and LIP4, Lipase 1 and 4, respectively; ACX2, Acyl-CoA
oxidase 2; MDH2, Malate Dehydrogenase 2 (Li-Beisson et al., 2021) (See Appendix A6.2. for
copyright information).
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1.4.3 Biosynthesis of photosynthetic pigments
Chlorophylls, carotenoids, and phycobilins are the main photosynthetic pigments in
microalgae. The first two are fat-soluble while the last one is water-soluble.

Chlorophylls are the most abundant photosynthetic pigment in microalgae. There are
five main types of chlorophylls (Chl); Chl a, b, ¢, d, and f. Their absorption maxima are
665 nm, 652 nm, 630 nm, 696 nm, and 707 nm, respectively. Chl a is the most abundant
form and an essential component of the reaction center in photosystems. Chl b is an
accessory pigment in green microalgae and the second most abundant pigment. Red
algae contain Chl d while Chl c is widely distributed in Chromophytes and diatoms.
Chl f has been recently reported in a few species of cyanobacteria (Carmo da Silva and
Lombardi, 2020). The total amount of chlorophyll synthesized by a microalgal cell
varies from 0.5-5% of dry cell weight as a function of the environmental condition and
from one species to another (Harun et al., 2010). High light intensity reduces the
chlorophyll content by 7 times in Chlorella sp (He et al., 2015). Low light intensity and
nitrogen starvation, on the other hand, increase the chlorophyll content in Scenedesmus
dimorphus (Ferreira et al., 2016). The change in a trophic condition also impacts
chlorophyll production. Mixotrophy causes a reduction in the amount of chlorophyll in
the exponential phase of C. reinhardtii but increases the production during the

stationary phase (Puzanskiy et al., 2021).

Carotenoids are light-harvesting pigments that play an essential role in combating
oxidative stress in microalgae (Pérez-Pérez et al., 2012). The type of carotenoid
synthesized varies from one microalga to another. For example, Dunaliella salina
contains majorly [B-carotene, Haematococcus pluvialis produces astaxanthin,
canthaxanthin, and lutein, Chlorella vulgaris synthesizes canthaxanthin and
astaxanthin, Scenedesmus almeriensis accumulates lutein and p-carotene,
Chlamydomonas reinhardtii produce p-carotene, violaxanthin, neoxanthin, lutein, and
loroxanthin (Levasseur et al., 2020). The production of a specific type of carotenoid is
also decided by environmental factors. For example, lutein productivity increases as the
light intensity increases and decreases under nitrogen deprivation in Chlorella
zofingiensis (Cordero et al., 2010). Astaxanthin is produced maximum at an optimum
growth temperature of 28°C in Haematococcus pluvialis (Wan et al., 2014). High light
intensity is also favorable for the production of B-carotene in Dunaliella salina (Ribeiro
etal., 2011).
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1.4.4 Role of carbon and nitrogen metabolism in regulating metabolite

production
In photosynthetic algae, the metabolic flow of carbon and nitrogen interconnects

carbohydrate, lipid, and protein metabolism (Figure 1.8).

1.4.41  The metabolic flow of carbon

TAG accumulation is mainly powered by either or all of these mechanisms: (1) de novo
TAG synthesis; (2) recycling of C> moieties from degraded membrane lipids into TAG,;
(3) increased carbon flux towards glucose-3-phosphate and acyl-CoA for FA synthesis

(carbon partitioning) (Jia et al., 2015).

The metabolic flow of carbon to lipid synthesis increases when microalgae are
cultivated in heterotrophic or mixotrophic conditions. In a heterotrophic culture of C.
protothecoids, compounds like starch, membrane lipids, proteins, and chlorophyll
which are rich in carbon and nitrogen undergo degradation to release carbon and energy
for lipid accumulation (Li et al., 2014). In nitrogen starvation, the carbon flux involved
in nitrogen assimilation and protein metabolism is redirected to the formation of storage
carbon compounds like starch and TAG. Starch and TAG are two important and
competing energy sinks in algal and plant cells (Tan et al., 2016). As shown in C.
reinhardtii, the carbon source is a key metabolic factor regulating carbon partitioning

between starch and lipids (Fan et al., 2012).

The carbon partitioning phenomenon is highly subjective to the nutrient availability in
the environment and varies among different microalgae. For example, Dunaliella
tertiolecta prefers to make starch as the storage compound because it is energetically
cheaper than TAG synthesis. C. reinhardtii and Chlorella vulgaris accumulate energy-
intensive TAG molecules (Tan et al., 2016). One of the key enzymes responsible for
the starch-to-lipid switch is triose phosphate isomerase (TPI). High levels of TPI
activity result in increased conversion of G3P to DHAP, finally leading to starch
synthesis, and low levels of TPI activity cause increased accumulation of G3P which is
fluxed into acetyl-CoA production and hence FA biosynthesis (Chang et al., 2016).
Starch degradation is achieved by amylases (o, B, and iso) and starch phosphorylase
(SP) (Ran et al., 2019). Manipulation of environmental factors like an increase in

salinity has been observed to induce starch-to-lipid switch by activating SP and
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amylases resulting in excessive TAG accumulation in C. reinhardtii (Ho et al., 2014b).
Similarly, excessive phosphorous in nitrogen-depleting conditions diverts the switch to

lipid production by activating AGPase activity in Chlorella sp. (Nayak et al., 2019).

1.4.4.2  The metabolic flow of nitrogen

Carbon and nitrogen metabolism are very closely interlinked inside the microalgal cell.
When microalgal cells are exposed to abiotic stress conditions, like nitrogen
deprivation, de novo protein synthesis is inhibited and protein degradation and turnover
begin to release free amino acids inside the cell which are later converted to lipids
(Figure 1.8) (Hildebrandt et al., 2015). The three important junction points of the C/N
cycle are guarded by enzymes pyruvate kinase (PK), citrate synthase (CS), and
glutamate decarboxylase (GAD), which catalyzes pyruvate metabolism, TCA cycle,
and amino acid metabolism, respectively (Chen and Wang, 2021) (Figure 1.8).
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Figure 1.8. Interconnection between metabolic pathways of photosynthesis, lipid
synthesis, protein metabolism, and starch metabolism in microalgae.

The ones highlighted in green color font represent the carbohydrate metabolism products,
purple represents lipid metabolism, brown represents protein metabolism, blue represents the
TCA cycle and black are the intermediates. CS, citrate synthase; GAD, glutamate
decarboxylase; PK, pyruvate kinase; TCA, tricarboxylic acid.
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1.4.5 Role of signaling pathways in lipid metabolism
Under abiotic stress conditions, different signaling pathways are known to regulate lipid

metabolism which is summarized below.

1.45.1  Ca® signaling pathway

Ca?" is a ubiquitous signal transduction messenger molecule that plays an important
role in relaying the changes in environmental conditions like changes in CO3, O, light,
nutrient concentration, or any other stress (Chen and Wang, 2021). The membrane-
bound and intracellular Ca?* sensor proteins in Chlorella sp. are known to regulate lipid

biosynthesis under nitrogen deprivation (Chen et al., 2015).

1.45.2  MAPK-signaling pathway

The key players of the MAPK (mitogen-activated protein kinase) pathway are JNK (c-
Jun N-terminal kinase), ERK (extracellular signal-regulated kinase), and p38 MAP
kinase (Chen and Wang, 2021). cAMP (cyclic adenosine monophosphate) is also
related to lipid production regulation in C. reinhardtii and C. vulgaris (Choi et al.,
2015). JNK and ERK, both are known to upregulate lipid biosynthesis under salinity
stress in Chlamydomonas reinhardtii (Yang et al., 2018).

1.45.3  ROS signaling pathway and autophagy

Reactive oxygen species (ROS) like superoxide anion, singlet oxygen, hydrogen
peroxide, and hydroxyl radical act as second messengers in the signal transduction
pathway, inducing lipid accumulation in microalgae (Chen and Wang, 2021). ROS
molecules link the effect of abiotic stress, lipid accumulation, and the process of

autophagy (Perez-Perez et al., 2012) (Figure 1.9).

Autophagy initiates the formation of a double-membrane vesicle called autophagosome
which then fuses with the lysosome for degradation and turnover of ROS-mediated
oxidized components of the cell. Autophagosome is formed by autophagy-related
proteins called ATG. ATG5, ATG12, and ATG16 together form a complex and mediate
the formation of the autophagosome along with ATG8-PtdEtn (Figure 1.10). Here,

ATGS8-PtdEtn is important for the fusion of the autophagosome with the lysosome.
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ATG4 is a cysteine protease that activates ATG8. Another protein called ATGL1 is a
kinase that is responsible for autophagy initiation. ATGL1 is further regulated by the
TOR (Target Of Rapamycin) kinase, which is an autophagy inhibitor (Perez-Perez et
al., 2012; Pérez-Pérez et al., 2017b).

TOR kinase forms a multiprotein complex called TOR complex 1 and 2 (TORCL1 and
TORC?2). TORC1 proteins, LST8 and KOG1/Raptor, play an essential role in regulating
autophagy in Chlamydomonas. TORC1 phosphorylates ATG13, a subunit of ATG1,
thereby deactivating it and inhibiting autophagy. TORC1 forms the target of rapamycin.
Other than lipid biosynthesis, TORCL is also known to control protein synthesis in
Chlamydomonas (Pérez-Pérez et al., 2017a). TOR signaling is involved in lipid
accumulation under nutrient deprivation, but the molecular details of the mechanism
remain to be identified. Carotenoid depletion also triggers ROS-induced lipid

accumulation in C. reinhardtii (Pérez-Pérez et al., 2012).
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Figure 1.9. ROS-mediated regulation of autophagy and lipid production in microalgae.

Red-colored blunt-end arrows indicate inhibition and green-colored arrows indicate activation
of the molecule.
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Figure 1.10. Autophagosome formation in Chlamydomonas

Adapted from (Pérez-Pérez et al., 2017a) (See Appendix A6.3. for copyright information).
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1.5 Techniques used to study the production of starch, chlorophyll,

carotenoids, and lipids

Various techniques are used to detect metabolite concentration and composition in
microalgae. The biochemical assays have been replaced by modern ways of estimations
which include biophysical, bioinformatics, and computational methods (Table 1.3).
The most conventional methods being used worldwide are spectrometric, integrated
with GC, TLC, LC, or HPLC, and spectrophotometric methods (UV-VIS). The new-
age techniques are NMR, FTIR/NIR, and Raman spectroscopy. Imaging methods like
staining lipids with Nile red dye/BODIPY, starch with iodine, and direct imaging of
pigments, micro-Raman spectroscopy have also become popular given the minimum
processing steps and high-resolution observations. With recent advances, microfluidic

systems have also paved the way to study metabolite production in microalgae.

1.5.1 UV-VIS Spectrophotometry

Using a UV-VIS spectrophotometer, cell density and photosynthetic pigments like
chlorophylls and carotenoids can be easily quantified. Microalgal cell density can be
measured at 680 nm or 750 nm. The pigments, being hydrophobic can be extracted in
organic solvents like ethanol, isopropanol, methanol, and acetone and are estimated at
their characteristic absorption maxima. Carotenoids are estimated at 470 nm of the
electromagnetic spectrum (Lichtenthaler et al., 2005). The starch content of microalgal
cells can also be quantified by extracting starch in Lugol's solution and estimating the
blue-colored starch-Lugol complex using a spectrophotometer (Black et al., 2013).
With time, assays have been developed to quantify free fatty acid content and even the
biodiesel content in the biodiesel/diesel blend (Azeman et al., 2015; Silva et al., 2015).
The UV-VIS spectrophotometer is a rapid, handy, and affordable technique to run
preliminary estimations. However, the preparation of the sample for spectrophotometric
estimation is a complex, multi-step, and laborious procedure. Moreover, the estimates

are an average result of only a fraction of the sample.
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Table 1.3. Conventional biochemical methods versus new-age biophysical techniques used for the analysis of biomolecules in microalgae

Conventional Metabolite Advantages/ Disadvantages Advanced Advantages/ Disadvantages References
methods detected biophysical methods
Gas /Liquid Fatty acids, Advantages: high sensitivity, Raman spectroscopy Advantages: non-invasive, in (Breuer et al.,
chromatography carbohydrates, applicable to a broad range of (micro-RS,  LTRS, vivo detection, applicable to 2013; Calixto et
coupled with a Mass  proteins thermally labile samples, detects SCRS, CARS, SERS, small volume cultures, al., 2018; Guidetti
spectrometer the fatty acid composition and Resonance RS) simultaneous multivariate Vendruscolo et
(GC-MS /LC-MS) biofuel quality analysis, detect the fatty acid al., 2019; Paul et
Disadvantages: restricted to low composition and biofuel quality  al., 2019; Huang
volatility samples, requires large Disadvantages: background etal., 2010;
culture volume, polar metabolites fluorescence in microalgae, Hounslow et al.,
need prior derivatization, lipids photodamage due to high- 2017; Nekvapil et
need to be extracted from biomass, energy lasers al., 2022)
calibration lipids needed
Carbohydrates Advantages: identifies free fatty Fourier transform Advantages: rapid, whole cell (Liu et al., 2020;
High- triacylglycerol acids and carotenoids, rapid, high infrared spectroscopy  analysis, non-destructive, small ~ Osterrothova et
fatty acids, amino  sensitivity (FTIR) volume sampling, simultaneous  al., 2019; Patras et
performance acids, carotenoids  Disadvantages: extensive sample determination al., 2018;
preparation steps, labor-intensive Disadvantages: the presence of NGUYEN etal.,
liquid procedure water affects the spectral 2017)
readings and extensive sample
chromatograp preparation steps
hy (HPLC)
UV-Visible Proteins, Advantages: simple to interpret Nuclear magnetic Advantages: non-invasive, (Bisht et al., 2021,
spectrophotometry carbohydrates, quantification of metabolites, resonance (NMR) — accurate, structural quantitative  Lichtenthaler et
chlorophyll, affordable and handy technique solid-state and liquid- determination, independent of al., 2005; Arnold

carotenoids

state, 2D-NMR

the size of the metabolite,
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Disadvantages: difficult
derivatization of the metabolite,
multiple sample processing steps,

interference from unwanted
absorbents present in the solution

whole-cell quantification, no
sample extraction required

Disadvantages: expensive,
spectrum analysis is difficult
and time-consuming.

et al., 2020;
Warnet et al.,

2015; Silva et al.,
2015)

Conventional
fluorescence
imaging and
spectroscopy

Lipids, starch,
chlorophyll

Advantages: in-cell detection,
imaging enables cellular
localization detection, direct
quantification of chlorophylls,
detect cellular level changes, real-
time monitoring

Disadvantages: lipid and starch
quantification require labeling,
reactive oxygen species quench
fluorescence, might need sample
dilution

Fluorescence
hyperspectral
imaging, fluorescence
lifetime microscopy,
fluorescence
polarization
anisotropy
microscopy,
fluorescence recovery
after photobleaching

Advantages: simultaneous
multi-organelle imaging and
real-time dynamics,
lipid/pigment composition as
well as quantity, micro-scale
mechanical properties, and
molecular organization in cells.
Disadvantages: requires
fluorescent labeling, advanced
instrumentation, and detectors.

(Wunder et al.,
2018; Dauvis et al.,
2014; Lian et al.,
2021; Karpf et al.,
2017; Guan et al.,
2022)

Atomic force
microscopy

Application of
compressive
stresses, the study
of microalgae
under mechanical
stress

Advantages: nano-scale resolution,
molecular interactions can be
studied, no labeling required,
allows nanomechanical
measurements, interactions of the

cell with the environment, cell wall

rigidity can be studied
Disadvantages: expensive, slow
scanning speed

Droplet microfluidics

Advantages: application for
high throughput optimization,
efficient single cell sorting, and
imaging, application of various
types of mechanical forces such
as shear, compressive,
oscillatory, and laminar flow.
Disadvantages: fabrication of
microfluidic chambers,
optimizations needed for
channel size and shape, and
good control of fluid flow.

(Liu et al., 2020;
Demir-Yilmaz et
al., 2021; Warren
et al.,, 2014; Kim
et al., 2017, 2018;
Sart etal., 2022)
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1.5.2 Fluorescence spectroscopy

Fluorescence is defined as the phenomenon where an excited singlet state of the
electron comes back to the ground state emitting photons with higher wavelength and
reduced energy compared to the incident photons. However, lipid molecules lack
inherent fluorescence properties and their detection needs labeling with a fluorophore
before determination. Intrinsic fluorophores include NAD(P)H, chlorophyll, aromatic
amino acids, vitamins, and cofactors. Some major concerns while working with
fluorescent molecules are, 1) an optimally dense solution for accurate fluorescence
capture, 2) to avoid substances like free radical oxygen species that can aid in quenching
the fluorescence, and 3) to eliminate photobleaching due to high-intensity laser that can
irreversibly transfer the fluorophores to a permanent dark state. Also, many
extrinsically labeled fluorophores have a short half-life and extinction coefficient and
degrade with time (Sé et al., 2022; Liu and Christopher Q. Lan, 2014).

Chlorophyll fluorescence in microalgae can be measured at red-far red wavelengths
falling in the range of 650-850 nm. It is an effective method to determine the
photosynthetic efficiency of microalgal cells which changes under abiotic stress or with
aging (Liu et al., 2020). For example, chlorophyll fluorescence has been used to study
the photosynthetic efficiency under phosphorous stress in C. vulgaris (Jiao et al., 2017).
Pulse Amplitude Modulated (PAM) fluorometry is often used to measure the
fluorescence kinetics of chlorophyll. Such an analysis in red algae has shown reduced
activity of the PSII reaction center in nitrogen deficiency (Zhao et al., 2017). The use
of NAD(P)H fluorescence enables measuring the biomass and the metabolic state of
the microalgal cells. It is excited at 340 nm wavelength and emits fluorescence at 460
nm (Sé et al., 2022).

For lipids, commonly used lipophilic fluorescent dyes are Nile Red and BODIPY. The
excitation-emission wavelengths vary for neutral lipids (shorter emission wavelength,
<590 nm) and total lipids (>590 nm) which also include polar lipids. Nile red has an
excitation wavelength of 488-525 nm and an emission of 570-600 nm. The most
commonly preferred solvents compatible with this range are DMSO, EDTA, and
glycerol. The NR uptake by the cell is also affected by the cell wall in microalgae. The
temperatures of 30- 40 °C can effectively cause diffusion through thick cell walls. The
interaction between NR dye and lipids can be further improved by using a low dye: cell
density ratio (Liu and Christopher Q. Lan, 2014; Hounslow et al., 2017; Patel et al.,
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2019). Fluorescence spectrometry is a high-throughput method to successfully reveal
the cellular lipid content (Lee et al., 2013b). Since NR measurement is relative, triolein
is often used as a standard to obtain absolute quantification (Bertozzini et al., 2011).
BODIPY is an alternate method of studying lipid concentration. It is more photostable
than NR and its fluorescence spectrum does not overlap with that of chlorophyll. It has
a high quantum yield, narrow emission spectrum (505-515 nm), higher sensitivity, and
better reproducibility. It can be dissolved easily in DMSO at concentrations 100 times
lesser than NR. However, pretreatment of the sample to allow full permeation of dye
molecules might hinder cell growth and can result in an ineffective method (Hounslow
etal., 2017; Patel et al., 2019).

1.5.3 Raman spectroscopy (RS)

RS is based on the principle of Raman scattering. When an incident monochromatic
light strikes the sample molecules, the light scattered with different frequencies forms
Raman scattered light. The incident beam of light polarizes the vibrational state of the
molecule resulting in an energy shift (represented as wavenumber, cm™), that is specific
to the vibrational modes and rotational modes of the analyte molecule. As a result, each
chemical bond produces a characteristic Raman spectrum, called a fingerprint.
However, there is always a strong Rayleigh scattering in the sample (scattering at the
same frequency) which interferes with the Raman signal at small wavenumbers and has
to be eliminated by a suitable Notch filter (Liu et al., 2020; Hounslow et al., 2017).

Raman spectroscopy can be used for both qualitative and quantitative analysis. The
height of the Raman peak formed in the spectrum represents the amount of the
functional group. However, absolute quantification requires calibration with a known
standard. RS has been extensively used to study the composition and concentration of
lipids, starch, chlorophyll, carotenoids, and proteins in microalgae grown under
different environmental conditions (Liu et al., 2020; Hounslow et al., 2017). Rapid in-
vivo quantification of lipids and carotenoids could be achieved using RS in Chlorella
vulgaris (Lee et al., 2013c). RS is also capable of differentiating between C-C single
bond and a double bond, thereby evaluating the degree of unsaturation of the fatty acid
molecules along with their chain length (Sharma et al., 2015). RS is a non-invasive and
rapid tool to identify different types of biomolecules present in the microalgal sample
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in a single screening. The ability of RS to quantify lipids has also been validated by
GC-MS (He et al., 2017b).

Raman scattered signals can be collected by an objective in a confocal geometry, called
micro-Raman spectroscopy or single-cell Raman spectroscopy (SCRS). SCRS has been
used to simultaneously quantify lipids, starch, and proteins in C. reinhardtii along with
deduction of unsaturation degree with an accuracy of ~99%, in nitrogen-replete and
nitrogen-deplete conditions (He et al., 2017b). SCRS has also been used in microalgal
species like Haematococcus pluvialis, where it was used to identify the type of
carotenoid synthesized in presence of excess CO> (Patel et al., 2019). Recently, with
the help of SCRS, “ramanome” was generated for 27 phylogenetically diverse
microalgal species, and some unidentified cells were functionally characterized and
identified with the help of Raman-activated sorting and sequencing (Baladehi et al.,
2021).

Several modifications to the traditional Raman spectroscopy have been made to
enhance the signal-to-noise ratio of the Raman signal. For example, single cell-LTRS
(optical tweezers Raman) has been used extensively to study microalgal lipids produced
by N-depleted microalgal culture (Wu et al., 2011). The coherent anti-stokes Raman
(CARS) microscopy was applied to study the unsaturation content of the fatty acid
molecules produced by oleaginous microalga Monoraphidium neglectum (Jaeger et al.,
2016). CRS, confocal Raman spectroscopy, was used for the qualitative estimation of
lipids and carotenoids in C. sorokiniana (Huang et al., 2010). With the help of surface-
enhanced Raman spectroscopy (SERS), quantitative estimation of carotenoid,
fucoxanthin was performed in a diatom, revealing several important aspects of diatom
growth (Nekvapil et al., 2022). The high resolution obtained in SERS is capable of
distinguishing the carotenoid and lipid Raman peak in single microalgal cells grown
under stress and invariably dictates the unsaturation content in their lipids (Ramya et
al., 2017).

Although advancements have manifested an accurate determination of metabolites in
microalgae, some limitations of the technique cannot be overlooked. While working
with photosynthetic organisms, it is important to negate the background fluorescence
of photosynthetic pigments (Huang et al., 2010). For example, the Raman peak of -
carotene can interfere with the lipid band. The other limitation in the case of microalgae
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is the use of the monochromatic laser of 532 nm with high energy to obtain clear Raman
peaks. However, it may cause photo-damage to the cells. In such a case, a laser of 785

nm can be used but with a compromised scattering (Hounslow et al., 2017).

1.5.4 Microscopy

Microscopy is a high-resolution, non-invasive, and rapid technique for biomolecular
identification in space and time. With a high-end confocal microscopic approach, it is
possible to study beyond the dominant behavior, size, and sub-cellular localization of
lipid droplets in microalgal cells. Time-course experiments can illustrate how these
properties change with advancing age and under the effect of abiotic stress. Live-cell
microscopic observation of LDs post-Nile red staining is a popular age-old method
being used since 1985 (Greenspan et al., 1985) and never fails to deliver quick
subcellular localization and quantification of LDs in stressed microalgal cells (Rugnini
et al., 2020). Recently, Oil red O (ORO) has emerged as a cheap and non-toxic
replacement for Nile red to stain LDs in microalgae (Marquez and Beccaria, 2020).
High-end microscopy like transmission electron microscopy (TEM) has made possible
the determination of lipid droplet size and their interactions with other cellular
structures, like autophagosomes (Tran et al., 2019b; Tarazona Delgado et al., 2021).
Atomic force microscopy helped to understand that the cell size and cell wall thickness
increase in the nitrogen-deprived cells of Chlorella sp. (Yap et al., 2016). The other
popular fluorescence imaging method is chlorophyll auto-fluorescence. Using Chl
fluorescence imaging, the single-cell photosynthetic activity could be determined in
microalgae (Trampe et al., 2011). In an advanced system based on the combination of
optics and microfluidics, the combination of fluorescence, Raman spectroscopy, and
microscopically-abled flow cytometry allows the determination of live cells, lipid
production, and the heterogeneity present in the microalgal cells (Zheng et al., 2021).
Microscopic-based single-cell study of lipid droplets and chlorophyll distribution is
also validated by fluorescence measurements from a spectrometer (Sandmann et al.,
2018).
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1.6 Single-cell analysis in microalgal biofuel production

Cell-to-cell differences always occur in a population and give rise to phenotypic
heterogeneity in cell growth, stress resistance, and metabolite production, even in an
isogenic population (Wang et al., 2014b). These variations in the cell phenotype are
crucial for the cells to adapt to stressful conditions. There is always a subpopulation of
cells that deviate from the total population to undergo adaptation. This subpopulation
can be captured only if studied at a single-cell level and over time (Lidstrom and
Konopka, 2010; Martins and Locke, 2015). The average phenotype obtained from bulk
assays fails to answer the hidden variations in the population characteristics (Altschuler
and Wu, 2010). Population distribution analysis can be performed using high-resolution
techniques like micro-Raman spectroscopy or confocal microscopy to study lipid
distribution and heterogeneities in the population (Lee et al., 2013a; He et al., 2017b;
Wang et al.,, 2014c). It is imperative to understand how population-level study
overlooks the single-cell level changes which are important to understand the effect of

any stress on a population (Figure 1.11).

Single-cell microscopy studies the lipid droplet size, density, distribution, chloroplast,
and chlorophyll degradation as an effect of N-starvation and reveals heterogeneity in
Acutodesmus obliquus (Sandmann et al., 2018). Microfluidics-based high throughput
screening also dictates the heterogeneity in the lipid production produced by the
microalgal cells of the same culture under nitrogen starvation conditions (Zheng et al.,
2022). With the help of a specialized device called “PhenoChip”, Behrendt and the
group carried out single-cell monitoring of microalgae for their photosynthetic
efficiency and thermal tolerance (Behrendt et al., 2020). This chip is expected to deliver
useful information on strain selection for efficient biofuel production. Single-cell
metabolomics using high-resolution mass spectrometry determines cellular physiology
and enables the characterization of the population into different groups based on their
stress tolerance (Baumeister et al., 2019). High-resolution based Raman flow cytometry
was used to quantify the starch and screen cells for higher content produced under
environmental anomalies with sensitivity higher than the commonly used Lugol’s
iodine method (Gala de Pablo et al., 2023). These methods described here are not only
non-invasive and label-free but also labor-intensive for efficient high-throughput
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screening procedures. These simultaneously uncover the heterogeneities associated

with metabolite production, especially under abiotic stress.
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Figure 1.11. The loop between population-level and single-cell-level studies.

Adapted from (Martins and Locke, 2015) (See Appendix A6.4. for copyright information)
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1.7 The model microalga- Chlamydomonas

Chlamydomonas is a motile unicellular green microalga with about 150 species. It is
oval-shaped and generally grows in freshwater, although some species are also found
in marine water and even in snow. It can be efficiently grown in both open ponds and
closed photo-bioreactors with flat plates, and tubular or vertical columns with
controlled CO2 flow (Missoum, 2019). A representative structural diagram of
Chlamydomonas reinhardtii is shown in Figure 1.12. The whole genome of C.
reinhardtii was sequenced in the year 2007 (Merchant et al., 2007). The proteomics and
transcriptomics approach in Chlamydomonas has made it easier to understand the
metabolic pathways responsible for bioenergy feedstock production and improve the
productivity for large-scale production (Aucoin et al., 2016). It serves as a model
organism for the application of a systems biology approach for efficient biofuel
generation (Rupprecht, 2009). It has also been established as an industrial
biotechnological host for metabolic engineering (Scaife et al., 2015). Using these
advanced approaches, the database for enzyme kinetics involved in biofuel production
has been generated to help in metabolic engineering in C. reinhardtii (Arend et al.,
2022). This makes the organism an ideal model for the fourth generation biofuel source.
Past few years, CRISPR-based technologies have become popularly used in this model
alga to enhance the productivity of valuable bio-products (Lee et al., 2023).

Chlamydomonas is also a model microalga to study the role of autophagy in lipid
production under stress and has led to the development of several autophagy monitoring
methods in microalgae (Pérez-Pérez et al., 2017a). The study so far has revealed many
essential aspects of the TOR-signaling network, the role of carotenoids in autophagy,
ER stress, oxidative stress, and autophagosome formation in lipid production (Davey et
al., 2014; Couso and Crespo, 2017; Couso et al., 2017; Perez-Martin et al., 2014; Tran
et al., 2019b). Recently, it has been tested with biodegradable nanoparticles to increase
lipid production via ROS-induced autophagic pathways (Lu et al., 2023). The study of
Chlamydomonas has unveiled critical information about lipid metabolism and
accumulation in the form of droplets, droplet assembly, and disassembly (Kong et al.,
2018; Li-Beisson et al., 2021, 2015). Detailed profiling in C. reinhardtii has revealed
the production of monounsaturated and polyunsaturated fatty acids (most desirable for
good biodiesel quality) under nutrient deprivation and mixotrophy (James et al., 2011;

Moon et al., 2013). It has also been extensively studied to produce biofuel by
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simultaneously sequestering carbon dioxide from the environment (Banerjee et al.,
2021). Several features of salt stress, like the key metabolic enzymes, the pathways
involved, and the biomarkers of salt stress have been well-characterized in C.
reinhardtii with implications in future biofuel research under such stress conditions in
other microalgae (Bazzani et al., 2021). The novel mechanism of step-wise addition of
salt was first conducted on Chlamydomonas sp. JSC4 and has been shown to produce
improved biomass and lipid content (Ho et al., 2014b). In another independent study,
the unique approach of fed-batch mixotrophic cultivation of C. reinhardtii has shown
increments in biomass density and productivity (Fields et al., 2018). The simplicity of
the Chlamydomonas genome and its cultivation has led to several important research in
the area of biofuel production (Missoum, 2019). These aspects of Chlamydomonas
research makes this organism an ideal model for innovative studies and establish

research findings for future improvements in biofuel industry.
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Figure 1.12. Diagrammatic representation of the structure of Chlamydomonas
reinhardtii and the Cryo-EM FIB of frozen cells.

A.The cross-sectional representation of the Chlamydomonas cell shows all the organelles, with
green-colored chloroplast occupying the maximum space of the cell. B. TEM high-defocus
montaged overview of the chloroplast lamella. Scale bar in 5 pm. C. The tomographic volume
represents the yellow box in B. Here, py is the pyrenoids surrounded by an “ss”, starch sheath
and “th”, thylakoids, “sg”, starch granule, and the “ce”, chloroplast envelope. Golgi stacks and
rough endoplasmic reticulum can be spotted at the upper right corner, along with both
cytoplasmic and chloroplast ribosomes. The tomogram was 2x binned. Unbinned pixel size:
9.6 A. Scale bar in 500 nm (Sasso et al., 2018; Engel et al., 2015).
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1.8 The foundation of the study

Among the several challenges faced in the current research on algal biofuel production,
the top-priority challenge is to conserve the microalgal biomass under biofuel-inducing
abiotic stress conditions and increase biofuel productivity. Scaling up the production
from the bench to pond cultivation, oil extraction, and downstream processing are some
other important challenges faced at the large-scale production level. To address the
challenges, this study adopts two main strategies: 1) study the effect of modifications
in the cultivation method on biomass and metabolite production, and 2) characterize the
heterogeneous production of these metabolites at the single-cell level responsible for
low yields of biomass under the given cultivation strategy.

Chlamydomonas reinhardtii CC-125 is used as a model to study the effect of two
different abiotic stress conditions, salt stress, and carbon availability. As a part of the
first strategy, single-stage, two-stage, and stepwise addition of stress factors are
employed and their impact on cell density, starch, lipids, chlorophyll, and carotenoids
is studied at the bulk level. It would be interesting to note if there is any preferential
production of metabolites varying as the function of the cultivation strategy.
Single-cell level studies are performed to address the underlying population-scale
heterogeneity in the metabolite production that exists in a single culture. Micro-Raman
spectroscopy and fluorescence microscopy are used as tools for high-resolution studies.
Using fluorescence microscopy, the impact of stress conditions on the cell size and
shape, lipid droplet size and distribution, and their subcellular localization are studied.
The possible mechanism involved in governing the size of the lipid droplets as a
function of time and stress is further explored. Micro-RS is used as a high-throughput
and rapid tool to uncover the metabolite details of the cell. It cuts down the tedious and
cumbersome procedures involved in biochemical analytical methods. It is optimized to
reveal details of lipid properties and pigment identification under stress.

Thus, working with these strategies altogether aims to minimize the ambiguity in
biofuel production which would directly affect biofuel productivity at the industrial

scale and also increase the cost-effectiveness of the process in the future.
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