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Abstract: Microalgae have received widespread interest owing to their potential in biofuel production.
However, economical microalgal biomass production is conditioned by enhancing the lipid
accumulation without decreasing growth rate or by increasing both simultaneously. While extensive
investigation has been performed on promoting the economic feasibility of microalgal-based biofuel
production that aims to increase the productivity of microalgae species, only a handful of them
deal with increasing lipid productivity (based on lipid contents and growth rate) in the feedstock
production process. The purpose of this review is to provide an overview of the recent advances
and novel approaches in promoting lipid productivity (depends on biomass and lipid contents) in
feedstock production from strain selection to after-harvesting stages. The current study comprises two
parts. In the first part, bilateral improving biomass/lipid production will be investigated in upstream
measures, including strain selection, genetic engineering, and cultivation stages. In the second part,
the enhancement of lipid productivity will be discussed in the downstream measure included in the
harvesting and after-harvesting stages. An integrated approach involving the strategies for increasing
lipid productivity in up- and down-stream measures can be a breakthrough approach that would
promote the commercialization of market-driven microalgae-derived biofuel production.

Keywords: biofuel; cultivation strategy; lipid productivity; phycoprospecting; nutrient starvation
harvesting; after harvesting; two-stage cultivation

1. Introduction

The age of inexpensive fossil fuels is ending. The rapid increase in the world’s population
and the rising demand for energy are global challenges that have presented themselves over the
past couple of centuries [1-3]. However, fossil fuels are not renewable, and their resources are
depleting day by day [4-6]. Among the potential energy sources, microalgae-derived biofuels are
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considered a comparable alternative for fossil fuels [5,7]. Microalgae is a potential feedstock for a
number of applications such as the production of animal feed, value-added products, and biofuels [8,9].
However, the possibility of an economically sustainable microalgae feedstock production process is
technology-driven, not commercially driven [10-12].

The main economic drawback cited in the literature is that algae species display two conflicting
features: high biomass production with low lipid accumulation, or high lipid accumulation with
low biomass production [13-15]. Under favorable growth conditions, the oil content of microalgae
species typically is between ~10 and 30% dry weights. Meanwhile, there are algae species that produce
higher lipid content (56% in Nannochloris sp., 80% in Schizochytrium sp.). However, the growth rate
of such oleaginous species is often slow [16,17]. Alternatively, algae species such as Scenedesmus
sp. and Chlorella sp. with a higher growth rate relatively possess lower lipid content [11,18]. It is
commonly known that, for obtaining the best economic scenario, an optimal balance between lipid
content and cell growth is required; because culturing either many cells with low lipid content or
few cells with high lipid content will not lead to economically sustainable microalgae-derived biofuel
production [13,17,19].

To overcome this obstacle, wide-ranging efforts are being made to improve biomass and lipid
production in upstream and downstream stages. The upstream measure involves screening appropriate
microalgae strain and further improvement of those ‘platform algal species’ by genetic manipulation
to develop new organisms with higher lipid productivity. Furthermore, it is well established that
the implementation of an efficient cultivation system that can deal with the contrast between lipid
and biomass production is important in enhancing lipid productivity. Establishing the strategies that
provide the best performance in the down-stream stage such as harvesting and after-harvesting stages
can also provide an additional approach for promoting the lipid productivity of algae strains [20].

Screening for local oleaginous microalgae “bio-prospecting” is the first step in the optimization
of the feedstock production process. One of the most important criteria for screening algae strains is
lipid productivity (based on lipid contents and growth rate) [21]. It is commonly known that selecting
the fast-growing oleaginous algal species would translate directly to an overall feedstock production
process [21]. In this regard, researchers have focused their efforts on the screening of microalgae strains
with higher biomass and lipid productivities. For instance, in a study, four oleaginous microalgae were
investigated for biofuel production. Two of them, Monoraphidium dybowskii Y2 and Chlorella sp. L1
were found to produce the highest lipid content (32.45, 35.06 mg L~! day~!) and biomass yield (106.61,
137.13 mg L~! day~!) when cultured in photobioreactor (PBR) [22]. In another screening program,
Pribyl et al. [23] evaluated the potential of 10 strains of Parachlorella and Chlorella for lipid and biomass
production; among them, the strains C. vulgaris CCALA 256, with a biomass density of 5.7 g L™,
and overall lipid content of 30% dry weight, was the most promising strain for biofuel production
when cultured in a PBR. Bioprospecting requires high throughput isolating procedures to screen
local microalgae strain for biofuel production. However, conventional approaches utilized for strain
selection mostly rely on complicated procedures that are labor intensive and time consuming [21,24].
In this regard, Kim et al. [25] studied the novel advances in the development of microfluidic systems
for microalgae biotechnology. Similarly, Challagulla et al. [26] reviewed the application of the nuclear
magnetic resonance spectroscopy, fluorescent lipid-soluble dyes, Raman spectroscopy, near-infrared
spectroscopy, and Fourier transform techniques for analyzing lipid contents in microalgae. It was
stated that some technologies such as spectroscopy, flow cytometry and microfluidic can be used alone
or in combination with other strategies for the screening of strains with a high growth rate and lipid
contents [26-29].

Genetic engineering has previously presented a promising approach for research in different
scientific areas [30-33]. Asis the case in other research fields, genetic engineering provides an alternative
approach to bypass the controversial relationships between lipid accumulation and cell growth [34].
A number of the molecular studies focus on lipid metabolism engineering by over-expression of the
enzymes involved in lipid synthesis or suppressing the competitive pathways for enhancing lipid
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content without comprising the growth rate. For instance, in an investigation, after inactivation of
the specific multiuse enzymes acyltransferase/lipase/phospholipase, a mutant strain of Thalassiosira
pseudonana showed 3.5 times more lipid content without decreasing growth rate [35]. In another study,
Nguyen et al. [36] reported that the suppression of the gene involved in fatty acid (FA) degradation of
Chlamydomonas mutant, Cre01.g 000300, could increase lipid content without impacting the growth
rate. Up to date, a number of review articles have been published on genetic engineering techniques
for promoting the lipid productivity of algae species. For instance, Park at al. [37] surveyed the strain
improving strategies such as genetic engineering, random mutagenesis, and metabolic engineering
pathways to promote lipid productivity of microalgae; and stated the combination of the appropriate
tools and right targets can improve algal species that would promote the commercialization of market-
microalgae-derived biofuel production. In similar investigations, Chen et al. [14] proposed that the
lipid production efficiency in microalgae can be increased by integrating stress tolerance manipulation
strategies with genetic engineering approaches.

It is commonly known that microalgae cultivation is the most important stage in microalgae
biofuel production because the quantity and quality of the produced feedstock will strongly depend
on this stage [19]. An ideal cultivation strategy would enable algae strains to grow rapidly with a
synchronized increase in lipid content. However, cultivation conditions for cell growth typically differ
from that required for lipid production. Generally, the microalgae species cultured under favorable
conditions produce large amounts of biomass but with lower lipid yield [9]. Thus, for increasing
lipid content in algae, additional approaches, such as applying different stresses during the biomass
production process have been proposed. But such stressful conditions often have a negative impact on
the microalgae growth rate, leading to a decrease in the desired product yield. Thus, obtaining the
best economic scenario will require an optimal balance of lipid content and cell growth [13,19]. In this
sense, the two-phase system has been proposed as a win-win strategy to overcome the trade-off effect
between biomass and lipid yield. In the two-step cultivation system, a nutrient-rich growth medium
is used in the first step to obtaining maximal biomass production. After an adequate concentration
of algal biomass is produced, the medium condition changes into a stress induction condition in
the second step. In an investigation, Xia et al. [38] developed a salinity-based two-phase cultivation
for Scenedesmus obtusus XJ-15. In the first phase, the biomass productivity was increased from 139.4
to 212.1 mg L1 day_l. In the second phase, lipid content was increased from 26.1% to 47.7%. In
another investigation, Yun et al. [39] proposed a two-phase system for N. oleoabundans HK-129. The
process resulted in a 40 and 60% increase in algal biomass and lipid content, respectively. Additionally,
a number of review articles have been done as part of an effort to study the efficiency of various
cultivation strategies in microalgae. One such investigation by Ho et al. [19] studied the efficiency of
various cultivation systems for increasing lipid productivity in microalgae and stated two-stage and
semi-continuous strategies can increase lipid content without impacting the growth rate. Nagappan
et al. [40] compared lipid and carbohydrate productivities of two-stage strategies with single-stage
systems. Aziz et al. [41] highlighted the potential of a two-stage culture strategy for simultaneous lipid
and biomass production and modified the pre-harvesting stage to promote the economic viability of
this strategy. In one of such studies, Bhatia et al. [42] discussed different types of wastewater and
summarized the recent approaches in algal cultivation and harvesting technologies from wastewater.
Table 1 shows a list including studies about increases in lipid and/or growth rate in microalgae, brief
findings of which are given presently.
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Table 1. Summary of literature about the enhancing lipid and/or biomass production in microalgae.

Upstream Approaches Downstream Approaches

Year References Genus and Species Strain Genetic After

Selection Approach Cultivation Harvesting Harvesting

2012 Ptibyl et al. [23] C. vulgaris v X X X X
2013 Borowitzk et al. [43] * v X v X X
2013 Xia et al. [38] S. obtusus X v X X
2013 Trentacoste et al. [35] T. pseudonana X v X X X
2014 Ho et al. [19] * X v v X X
2015 Singh et al. [44] * X v X X X
2016 Challagulla et al. [26] * v X X X X
2017 Chen et al. [14] * X v v X X
2017 Chu [45] * v v X X X
2017 Kim et al. [25] * v X X X X
2017 Chung et al. [46] * X v X X X
2018 Sharma et al. [34] * X v X X X
2018 Yun et al. [39] N. oleoabundans X X v X X
2018 Shin et al. [47] * v X v X X
2018 Sajadi et al. [16] * v X X X X
2019 Nagappan et al. [40] * X X v X X
2019 Piligaev et al. [48] * X X v X X
2019 Park et al. [37] * X v X X X
2019 Menegazzo et al. [49] * X X X v X
2020 Nguyen et al. [36] Chlamydomonas sp. X v X X X
2020 Poh et al. [50] Chlorella sp. X X X X v
2020 Aziz et al. [41] * X X v X X
2020 Bhatia et al. [42] * X X v v X

* The reference is a review article and a large variant of species and strains are studied. A tick mark (v') and cross
mark (X) indicates that the variable is and is not included in the study, respectively.

Among the considered approaches, establishing the strategies that provide the best performance in
the harvesting stage without having qualitative damages to microalgae biomass and/or lipid content is
also important in the successful implementation of the feedstock production process [51]. For instance,
Liu et al. [52] applied magnetite nanoparticles (nano-Fe30, coated) for the harvesting of C. pyrenoidosa
and S. obliquus strains, and reported that this harvesting method did not reduce the lipid content
in these species. Very few studies have been performed on harvesting and after-harvesting stages,
although these stages should be taken into consideration for improving lipid productivity in the
feedstock production process [50,51]. In one of such studies, Menegazzo et al. [49] reviewed the culture
conditions for various algae species and their influence on the separation of microalgae biomass,
lipid content, including biomass thickening methods, and methods of biomass depletion, the methods
of cellular disruption and lipid extraction.

The above literature review shows that most of the studies provide only a partial picture
of the bilateral increase in lipid productivity throughout the cultivation or genetic engineering
stages. Meanwhile, there are review articles that focused on more aspects of the biomass production
process. Studies such as that by Chu [45] present an overview of strain selection, genetic engineering,
and cultivation without depth information about different cultivation strategies. Chen et al. [14] focused
on recent advancements in the lipid enhancement process in the cultivation and genetic engineering
stages. However, these articles are not containing all relevant information about increasing lipid
productivity throughout the feedstock production process, and only scattered information is accessible
(Table 1). To the best of the authors’ knowledge, no current review paper contains the findings of
promoting lipid productivity in strain selection, genetic manipulation, cultivation, harvesting, and
after harvesting stages. The purpose of this review is to provide an overview of the recent advances
and novel approaches in promoting lipid productivity in the biofuel production process from strain
selection to after-harvesting stages.

The first section of the article offers a discussion about the importance of bilateral biomass and
lipid production in biofuel production and its potential in increasing microalgae economic feasibility
of microalgae-derived biofuel production. In the following section, a bilateral increase in biomass/lipid
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production is investigated in upstream measures, including strain selection and genetic engineering
stages. Finally, promoting lipid productivity will be discussed in the downstream measure included in
the harvesting, and after-harvesting stages (Figure 1).

Up-stream measures

Phycoprospecting

Y : ® O
) - s ©

C ./ .

Figure 1. Enhancing lipid productivity in the feedstock production process.

2. Bilateral Improvement in Biomass and Lipid Productivities

Microalgae are potential biofuel feedstock, owing to its rapid growth rate and ability to
produce value-added lipids [16]. The lipid content of microalgae can be increased when the
microalgae cells are subjected to stressful conditions such as culturing under a nutrient limitation
or environmental stress [17]. However, such stresses often negatively affect algal growth, leading
to decreased lipid productivity [47,53,54]. In an investigation, the effect of stressful conditions on
biomass and lipid production of Chaetoceros muelleri was studied [55]. Under nitrogen-deficient
conditions, the lipid content was elevated from 23% to 46%. However, on the other side, biomass
productivity was decreased from 0.19 to 0.12 g L™! day~! [44]. Similarly, in another study, the impact
of nutrient limitation on lipid and biomass yield of Scenedesmus destricola and Chorococcum spp. was
investigated [56]. Under nitrogen-limited conditions, the lipid yield was increased from 48% to 54%
for Scenedesmus destricola and 31.6% to 40.7% for Chlorococcum nivale. The biomass productivity of
Scenedesmus destricola and Chlorococcum nivale, however, was decreased from 0.48 to 0.38 g L~! day ™!
and from 0.40 to 0.38 g L™ day~, respectively [44].

It is well established that increasing lipid content, without impacting the growth rate or
increasing both, holds the key to obtaining economic viability of algae-based biofuel production [38].
The mathematical analyses of Yu et al. [57] showed how both biomass productivity and lipid contents
are vital in determining the biofuel production cost. In their first analysis of Chlorella vulgaris CCAP
211/11B and Chlorella vulgaris F&M-M49 of similar lipid content and cell size, Chlorella vulgaris F&M-M49
incurred lower production costs because of its higher biomass yield. In other analyses of Nannochloropsis
sp. and Nannochloropsis sp. F&M-M27 with similar biomass productivity and cell size, Nannochloropsis
sp. F&M-M27 reduced the cost by 10-20%, owing to its 25% higher lipid content [47].

Conventional stress induction approaches seem to be useful for increasing algal lipid content but
often fail to increase lipid productivity as the enhancing lipid content happens at the cost of biomass.
Lipid productivity as expressed in Equation (1) usually reported in the unit of g lipid m=2 day ! or
g lipid L™! day~.

Lipid Productivity = uQ 1)

where Q is the amount of the microalgal yield per unit area of culture (m?) or volume (L) and u is the
specific growth rate (day~!) [37,43]. Therefore, microalgae-based biofuel production success is strongly
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influenced by two mutually exclusive factors, i.e., lipid content and growth rate. High lipid content
is essential to decrease the processing costs per unit of biomass products, and a high growth rate is
required to increase yield per unit culture area. Generally, lipid accumulation in algae typically is
not concurrent with a fast growth rate, which is the potential conflict in the production process [58].
To achieve the economically feasible cost at a necessary production scale, it is reasonable to develop
an optimal balance among upstream and downstream technologies to reduce overall process costs
(Figure 2).

Strain selection
<
Up-Stream stages > Genetic Manipulation Single-stage Cultivation

I
Cultivation Two-stage Cultivation
L

Harvesting Combined Cultivation

Down-Stream stages g

After-harvesting

Figure 2. Diagram of the microalgae feedstock production procedure.

Two trends have been proposed in biofuel-related algae studies for achieving high lipid productivity.
The first trend focuses on enhancing lipid content without decreasing biomass yield, which is often
achieved by genetic manipulation approaches. For instance, the co-expression of five acyltransferases
from yeast in Chlorella minutissima, elevated lipid yield by two times without decreasing the growth
rate [59]. The other trend has the aim of increasing biomass and lipid yields simultaneously that
generally can be attained by applying a suitable cultivation strategy. For instance, Moussa et al. [60]
designed a hybrid cultivation system for Picochlorum sp., in which maximal biomass productivity
(0.427 g L~! day~!) was obtained by the continuous culture at a dilution rate of 0.6 day~!, and high
lipid contents, ranging from 499 to 698 g kg™ dry weight (DW), were obtained under different
nitrogen sources in the second step. In another study, San Pedro et al. [61] developed a two-stage
cultivation method for Scenedesmus sp. In this cultivation method, microalgal cells were maximal
biomass productivity of 0.49 g L' day~! was attained with a nitrate concentration of 8.0 mM at a
dilution rate of 0.42 1/day. A high increase in lipids content, 73.1% of overall lipids, was obtained in
the second phase under nitrogen-depletion condition.

3. Upstream Measure

Oleaginous microalgae are potential cell factories for viable biodiesel production. It possesses
the inherent ability to accumulate value-added products such as lipids and exhibits a high growth
rate [20]. Commercially sustainable microalgae-based biofuel production requires screening local
oleaginous species, which can be further promoted by strain engineering strategies [37,62]. Therefore,
the upstream technologies mainly include three aspects. Firstly, screening appropriate algal species
that are characterized by rich in lipid and fast-growing rate. Secondly, advanced molecular approaches
can be manipulated so that produce the strains with high biomass and lipid productivity. Finally,
selecting and establishing an efficient cultivation system that can deal with the contrast between lipid
and biomass production.
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3.1. Phycoprospecting

As estimated, there are 1 to 10,000,000 alga species on Earth; however, most of the on-going
studies have been focused on a limited number of microalgae strains. Microalgae are characterized
based on high lipid content and fast growth rate. But all of the algae species are not regarded as
the best lipid producers [20,25,63]. Although documented in different studies about increasing the
microalgal lipid productivity via various approaches, the potential limitation cannot be overcome if
the screened algal species are not apt for biodiesel production [17,47]. Identifying best performing
microalgae strains through “phycoprospecting” can be a promising approach to obtain strains with
higher lipid productivity for achieving commercially sustainable biofuel production [47,64].

In this respect, the fundamental requirement of microalgae-based biodiesel production is selecting
appropriate strains with a high level of lipid accumulation and high biomass productivity [65].
Additionally, the optimal microalgae strains for biofuel production should have a number of important
features: an optimal composition of lipid profiles; high cell density during cultivation; high carbon
dioxide absorption rate; lack of need for expensive nutrients during cultivation process; resistance to
temperature fluctuations; co-production of valuable by-products and short production cycle [17].

Besides, local algal species are more preferred for feedstock production purposes as they have
better adaptability to environmental situations prevailing in a specific geographical location [15].
Several programs have focused on the isolation of the appropriate indigenous algal strains to enhance
lipid and biomass productivities. Screening of indigenous microalgae strains for desirable characteristics
or ‘phycoprospecting’ is important in determining potential strains for biodiesel production [65,66].
For example, an isolation project under the National Alliance for Advanced Biofuels and Bioproducts
(NAABB) has successfully screened novel potential ‘platform strains’ with fast growth rates and high
lipid content [66].

Bio-prospecting requires high throughput and rapid isolating procedures to screen new
strains that are adapted to the production location [65]. Several techniques have been described,
including single-cell isolation using serial dilutions, micromanipulation, atomized cell spray,
and gravimetric separation [67,68]. However, such traditional microalgae isolation methods are
time consuming and require further screening of axenic cultures to determine lipid and growth
productivities [27,69,70]. Technologies such as automated processes including robotics, flowcytometry,
and new strategies such as microfluidics and deep sequencing are being developed to facilitate the
isolation and characterization of microalgae strains [70]. A combination of modern and conventional
techniques may screen the suitable algal strain for biofuel production. In a study, flowcytometry
technique coupled to cell sorting strategies has led to a rapid selection of strains with high lipid contents
and fast growth rates [69,70]. In a study, Huang et al. [65] innovated a novel direct sampling technique
that an enrichment strategy was coupled with a capillary aided sampling procedure. This approach sped
up the isolation of desirable strains for both rapid growth and high lipid productivities. Kim et al. [71]
innovated a droplet microfluidics analysis platform that is possible to study the differences in lipid
and biomass productivities of Chlamydomonas reinhardtii under different nitrogen conditions. Table 2
highlights the techniques that have been applied for screening microalgae with lipid content/growth rate.
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Table 2. Some techniques have been applied for screening microalgae with lipid content/growth rate.

Genus and Species Approach Comments Ref.
Several microalgae strains Invertefi fluorescence Analyzes growth and lipid [65]
microscope content
Chlorococcum littorale Fluorescence.asswted cell detect m1c1j0a.11gae cells with high [69]
sorting lipid content
. . o measures lipid accumulation
Phaeodactylum tricornutum microfluidic cytometer and photosynthetic efficiency [28]
Dunaliella salina Fourier transform infrared Examines the growth and lipid [29]
spectroscopy yield
Chlamydomonas reinhardtii Droplet microfluidics-based Analyze growth and lipid [25]
mutants screening content in populations

Fluorescence assisted Screen algal cells with high lipid

Chlorococcum littorale . . content under nitrogen [69]
microalgae screening ..
deficiency

3.2. Molecular Approaches

Microalgae combine biotechnological properties of microbial cells (the ability to accumulate
metabolites and fast growth) with typical characteristics pertaining to higher plants (simplicity of
nutritional requirements and efficient oxygenic photosynthesis). This specific combination establishes
the basis of biotechnological approaches for increasing lipid productivity in microalgae [72]. Oleaginous
microalgae have attracted significant interest in the production of biofuel owing to its capacity in
producing large amounts of lipid and fast growth rate [73]. However, lipid accumulation in microalgae
is not conducive to a high growth rate, which is the fundamental limitation in the feedstock production
process. To overcome such a drawback, genetic engineering provides an alternative approach to bypass
the controversial relationships between lipid accumulation and growth rate [74]. It was reported
that genetic engineering strategies that increase lipid accumulation without compromising growth
rate could reduce production cost and fortify the economic sustainability of algae-based biofuels
production [75].

So far, most of the molecular investigations focus on lipid metabolism engineering by
over-expression of the enzymes involved in lipid synthesis or suppressing the competitive pathways
in lipid or biomass production [14]. Meanwhile, genetic engineering of the genes involved in
stress tolerance mechanisms exhibits a significant potential in improving lipid productivity [76].
The integration of these strategies may provide a potential approach for sustainable microalgae-based
biofuel production at a competitive cost.

3.2.1. Lipid Biosynthesis Pathway

Triacylglycerol and FA synthesis included a series of biochemical reactions medicated by different
enzymes. These enzymes’ over-expression would lead to enhancing the enzyme activity and thereby
effectively triggers lipid accumulation [77]. Acetyl-CoA carboxylase (ACCase) is one of the most
exploited enzymes for enhancing lipid accumulation in microalgae. As described by previous reports,
the overexpression of ACCase had less effect on lipid production [45]. However, the synchronized
overexpression of malic enzyme (ME) with a subunit of ACCase (accD) was successful in increasing the
lipid productivity of Dunaliella salina [78]. Similarly, the overexpression of malic enzyme is reported to
enhance the lipid production of Phaeodactylum tricornutum by 2.5 folds without a negative impact on
the growth rate [79].

One of the advances in this area was obtained by the co-expression of five acyltransferases from
yeast in Chlorella minutissima, which elevated lipid production by 2 times without compromising
the growth rate [59]. In addition, the overexpression of several other enzymes, such as acetyl-CoA
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synthase, phosphoenolpyruvate carboxylase, pyruvate dehydrogenase, glycerol kinase, and NAD
(H) kinase has been reported to increase lipid accumulation without compromising the growth rate.
A summary of the molecular studies employed for increasing lipid content without sacrificing biomass
production is listed in Table 3.

Table 3. Overviews of molecular approaches employed for overexpression/suppression lipid content
without comprising growth rate.

Genus and

Species Approach Gene Phenotypic Changes Ref.
Phaeodactylum . Pyruvate Improves lipid (up to 82%)/slight
tricornutum Suppression dehydrogenase kinase decrease in growth (801
Fistulifera solaris Overexpression Glycerol kinase Improves hp%d'/k?lomass [81]
productivities
Chlorella Enhance in lipid accumulation by
. Overexpression NAD (H) kinase 110.4%/without decreasing [82]
pyrenoidosa
growth rate
Chlamydomonas . Phosphoenol pyruvate - o
reinhardtii Suppression carboxylase Improves lipid content (14-28%) [83]
Phaeodactylum . . Improves lipid content (2.5-fold)
tricornutum Overexpression Malic enzyme but did not affect the growth rate [7]
lysophosphatidyl-
1 £
acyltransferases Increase in lipid content (52% and
N. oleoabundans Overexpression Glycerol-3-phosphate 42%, respectively) without [84]
acyltransferase decreasing growth rate
diacylglycerol
acyltransferase
: . . Improves lipid content (up to
Chlorella Overexpression o oXpressionof five 5y 4 ) 4y 1 b did not affect the  [59]
minutissima acyltransferases

growth rate

Among the considered strategies, suppressing competitive pathways such as lipid and
carbohydrate catabolism is another approach for improving lipid productivity [85]. Carbohydrate
metabolism is the most important pathway in microalgae for carbon storage and starch production.
Knocking down the starch metabolism pathway may result in the carbon flow towards lipid
synthesis [86]. However, the inhibition of the genes involved in starch biosynthesis may result
in a reduced growth rate, consequently decreasing lipid productivity [87,88].

The suppression of lipid catabolism, particularly the enzymes that catalyze the FA release, is another
promising approach for increasing algal lipid productivity [35,88,89]. Lipid catabolism promotes
membrane reconstruction by providing acyl groups, which is necessary for membrane reorganization of
the photosynthetic system in microalgae [36,90]. However, some studies have indicated that, unlike the
suppression of carbohydrate catabolism pathways, the inhibition of genes involved in lipid catabolism
may have less influence on growth rate [35,89]. Therefore, enzymes involved in algal lipid catabolism
have been considered as a potential alternative for a simultaneous increase in biomass and lipid yield.
In an investigation, a mutant strain of Thalassiosira pseudonana showed 3.5 times more lipid synthesis
after inactivation of the specific multiuse enzymes acyltransferase/lipase/phospholipase [35]. In another
study, Nguyen et al. [36] reported that the suppression of the gene involved in FA degradation of
Chlamydomonas mutant, Cre01.g 000300, could increase lipid content without impacting the growth rate.
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3.2.2. Molecular Approaches for Modulation the Stress-Related Mechanisms

Lipid biosynthesis pathway in algae is a multi-step reaction, catalyzed by an enzyme complex [63].
Under optimal conditions, algae cell growth is endorsed by increased transcription and translation
processes, which led to high biomass productivity [44]. However, under nutrient starvation conditions
the microalgae growth is constrained, as most of the anabolic machinery is retarded. Therefore,
identification of the behavior and mechanism of these enzymes under various environmental conditions
is important in improving the lipid productivity of microalgae strains [14]. Wan et al. [88] studied the
impacts of iron concentrations on the lipid yield of Chlorella sorokiniana. The expression of accl, accD
and rbcL genes are up-regulated at higher concentrations of iron, leading to greater lipid yield, without
negatively affecting the growth rate. Similarly, Fan et al. [82] showed that the overexpression of the
AtNADKS of Chlorella pyrenoidosa considerably increased the lipid content with no adverse impact on
the growth rate.

Additionally, manipulation of stress-responsive promoters is considered a potential approach to
increase lipid production without negative impacts on growth rate [14]. For example, overexpression
of the diacylglycerol acyltransferases gene controlled by the phosphorus limitation-inducible promoter
has promoted lipid production by 2.5 folds in an engineered strain of Chlamydomonas reinhardtii,
when compared to the control group [91]. Further heterologous expression of this construct in
Nannochloropsis sp. NIES-2145 under phosphorus limitation also resulted in higher lipid yield (1.7
times more than the wild strain) [92].

Key transcription factors (TFs), as well as the enzymes and promoters, can be targeted for genetic
engineering to achieve high lipid productivity [14]. Overexpression of the TFs involved in the regulation
of lipid biosynthesis pathways can divert the metabolic flux toward lipids accumulation. Therefore,
identification of TF-encoding genes and their subsequent manipulation in their hosts would be an
efficient genetic approach for developing the robust microalgae strains [14]. Successful reports have
emerged to verify the important roles of different TFs in enhancing the lipid yield without decreasing
the growth rate (Table 4). For instance, TF GmDof4 expression from Glycine max in C. ellipsoidea
contributed to enhancing the lipid accumulation from 46% to 53% with no negative impacts on
growth rate [93]. In other investigations, the manipulation of CHT7 [94] and PSR1 [95] elevated lipid
production in C. reinhardtii without comprising the growth rate. Similarly, Ajjawi et al. [96] studied the
transcriptional profiling of N. gaditana under nutrient limitation conditions. They identified 20 efficient
TFs for lipid accumulation in N. gaditana, and performed insertional knockout on 18 of these 20 TFs by
CRISPR/Cas9 reverse-genetics pipeline.

Table 4. Some genetic studies are employed for transcription factors (TFs) in different microalgae species.

Species Transcription Factors Purpose of Modification Ref.
Compromised
C. reinhardtii Hydrolysis of Manipulation of CHT? TF increased lipid productivity = [94]
Triacylglycerols (CHT?)
C. reinhardtii PSR1 Manipulation of PSRy TF.mcrease.d g.ro.wth rate [95]
(two-fold or more) and an increase in lipid content
N. salina NsbHLH?2 Overexpression of NsbHLH?2 increased biomass [97]

productivity (509.3 mg L~1)/lipid content (9.96% DW)

Under the N-deprivation conditions, transformants
showed an increase of up to 88% and 39% in lipid [98]
content and biomass productivity, respectively.

Basic leucine zipper

N. salina (bZIP)

Overexpression of GmDof4 increased the lipid content

C. ellipsoidea GmDof4 by 52.9% but did not affect the growth rate
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Table 4. Cont.

Species Transcription Factors Purpose of Modification Ref.
WRKY up-regulates carotenogenic genes to increase
D. bardawil WRKY carotenoid and is important in adaptation to abiotic [99]
stress
P. tricornutum RING-GAF-GIn RGQ; is involved in early nitrogen starvation [100]

Doubled the strain’s lipid content without decreasing

N. gaditana Zn(ii)>Cysg growth rate

[96]

TFs can affect other TFs to enhance

H. pluvialis Myb astaxanthin/carotene biosynthesis

[101]

3.3. Cultivation Stage

Although biomass/lipid production in microalgae is species-specific, the type of selected cultivation
system is important in determining whether a feedstock production system will be economically
feasible for biofuel production [44]. An ideal cultivation strategy would enable algae strains to grow
rapidly with a synchronized increase in lipid content [19]. Cultivation strategies are categorized to
single-stage strategies (e.g., semi-continuous, fed-batch, and continuous), integrated strategies and
two-stage cultivation systems (Figure 3). [17,19,102]. These cultivation strategies, with emphasis on
enhancing simultaneous biomass and lipid production, are discussed in the next sections.

— e
—  Fewwa
—  Costwews

>  One-stage strategy = ——

Cultivation —> Combined strategies —>  Starvation-based two-stage strategy

—> Inducer addition by two-stage strategy

Ly Two-stage strategy  —|

—>  Metabolic switch two-stage strategy

—» Irradiation-based two-stage strategy

Figure 3. Diagram of the different cultivation systems.
3.3.1. One-Stage Cultivation Strategy

Single-stage cultivation systems are categorized into five main groups: batch, continuous,
fed-batch, and semi-continuous. As mentioned above, cultivation systems strongly influence the
optimization of algal biomass and lipid production [102]. A comparison of the characteristics of
various single-stage strategies indicates that the high lipid productivity can be achieved readily
using semi-continuous strategy due to the strong stressful conditions associated with this cultivation
system [19].

In contrast to the semi-continuous strategy, fed-batch and continuous cultivation systems
are applied when the required nutrient level is available from the beginning of the cultivation
process; in such cases, the medium gradually reaches a point of nutrient deprivation, which lead
to lower lipid yield [79]. Generally, continuous systems tend to provide negligible lipid content,



Sustainability 2020, 12, 9083 12 of 28

leading to their dismissal as sustainable platforms for microalgae-based biodiesel production [103].
However, some investigations have shown the possibility of using these cultivation strategies to
improve microalgae biomass and lipid productivities through precision nutrient limitation. For
instance, simultaneous lipid and biomass production was obtained in continuous chemostat culture
when continuous feeding of BG11 media was supplemented with lipid inducers such as sodium
chloride and sodium acetate [103]. Accordingly, Wen et al. [104] achieved high biomass and lipid
productivity in continuous chemostat mode when the specific nitrate input rate was in the range of
0.78-4.56 mmol g~! day~!. In other investigations, Del Rio et al. [105] cultivated Pseudokirchneriella
subcapitata in continuous chemostat culture. The highest FA productivity was reported in nitrate
concentration ranging from 3 to 5 mM. Some examples of such studies are outlined in Table 5.

Table 5. Lipid/biomass productivities in different algae strain cultivated under a single-stage
cultivation strategy.

. . Productivity [
Microalgae Species Strategy Adopted (mg L1 day-1) Dilution Rate Ref.
Choricystis minor Continuous 82 0.014h7! [106]
Chlorella minutissima . 1.37 0.33day!
107
Dunaliella tertiolecta Continuous 0.91 0.42day~! [107]
. Fed-batch 1.45 111
Chlorella pyrenoidosa Batch 96,28 388.0pug L™ h [102]
Neochloris oleoabundans Continuous - - [108]
Chlorella vulgaris 0.94
Chlorella sorokiniana 0.85
Neochloris oleoabundans 1.31
- 13
Chlorococcum oleofaciens Batch 0.86 [13]
Scenedesmus naegleii 0.83
Scenedesmus dimorphus 1.11

3.3.2. Two-Stage Strategy

In microalgae, the cultivation conditions for lipid accumulation are different from those needed for
biomass production. Thus, how to optimize cultivation conditions to achieve high lipid and biomass
and production, is a big challenge in feedstock production [41,109]. In this sense, the two-phase system
has been proposed as a win-win strategy to overcome the trade-off effect between biomass and lipid
yield [20]. In the two-step cultivation system, a nutrient-rich growth medium is used in the first step to
obtaining maximal biomass production. After an adequate concentration of algal biomass is produced,
the medium condition changes into a stress induction condition in the second step [19,110]. It was
reported, in the two-step system, that the average increase in biomass production is higher than in
non-hybrid strategies, 12.5% more than photobioreactors, and 46-74% more than open ponds [41].

Based on various stimuli, two-stage cultivation strategies are classified into five groups: inducer
addition by two-stage strategy, starvation-based two-stage strategy, metabolic switch by two-stage
strategy, and irradiation-based two-stage strategy [40,41]. The next section of this article discusses
various kinds of two-stage cultivation systems based on different stresses are described.

Nutrient Starvation

Nutrient starvation is demonstrated as an efficient approach to enhance lipid
accumulation [111,112]. Of many various nutrient starvation strategies, nitrogen deprivation is
one of the reliable methods to enhance lipid production in microalgae [16,113]. However, under
nutrient depletion conditions, the growth rate is considerably decreased, resulting in lower lipid
productivity. Accordingly, the two-stage strategy is proposed to address this issue, in which lipid and
biomass production are split into separate steps [114,115]. In nutrient limitation strategy, the duration
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ratio between nitrogen-replete and deplete phases as well as the initial cell density in the second stage
are crucial in optimization algal lipid and biomass production [11,116].

In terms of diatoms, silica deprivation is a preferred stress strategy for enhancing lipid
accumulation [109]. The silica-limitation effect is more severe and rapid than nitrogen deficiency in
this taxonomy. It was reported that silica deprivation can provide a controllable approach to enhance
lipid biosynthesis in the two-step strategy. As an example, silica deprivation enhances the lipid content
in diatoms of Cyclotella cryptica, Navicula saprophila and Chaetoceros muelleri up to almost 104%, 110%,
and 89%, respectively [16,117].

Due to the efficiency of both nutrient limitation methods, a novel two-step model with nitrogen
(N)-silicon(Si)-starvation has been suggested. In this strategy, the co-limitation of silicon and nitrogen
not only improved lipid accumulation but also increased biodiesel quality of Skeletonema costatum [118].

Other than nitrogen and silicon, phosphorus is also vital for microalgal cell growth. In a number
of cases, phosphate deprivation was reported to be more efficient than nitrogen starvation, such as the
case in the two-step strategy of Ankistrodesmus falcatus where lipid productivity was higher than that in
the nitrogen limitation method [119-121]. Additionally, reports on the effects of phosphate starvation
on algal lipid productivity, based on the experimental setup, seem to be strain dependent. For instance,
the lipid accumulation of Phaeodactylum tricornotum, Pavlova lutheri, Chaetoceros, and Dunaliella salina
enhanced under phosphorus starvation, but, conversely, under such a condition, lipid content in
Tetraselmis, Chlorella, and Nannochloris atomis was decreased. It is indicated that not all algae strains
enhance their lipid accumulation during phosphate starvation conditions [55,120,122].

Inducer Addition

Although different inducers such as high salinity, low salinity, halo-alkalinity, and phytohormones
could have a positive influence on algal lipid production [123,124], the changes in the culture medium
are often associated with decreased cell growth in exchange for lipid production [125]. Therefore,
integrating different inducers with a two-stage strategy can be an efficient strategy in optimization
algal biomass and lipid productivities. For instance, applying salinity stress in the second phase of the
two-step strategy increased the lipid content of 1. galbana from 24% to 47% [126]. Similarly, inducing
salinity stress in the two-step system was found to increase the lipid yield of Monoraphidium dybowskii
LB50 [127]. It was reported that the salinity-based two-step cultivation strategy not only increases lipid
productivity but also promotes the biodiesel quality obtained from the microalgae [40]. For instance,
the biodiesel properties of saponification value, cetane number, long-chain saturation factor, and iodine
value are considerably promoted in the salinity-based two-step strategy of Scenedesmus obtusus XJ-15
compared to one-step strategies [40,128].

A combination of high alkaline salt and pH (halo-alkalinity) can be readily adopted in this
cultivation strategy. It was reported that the addition of hydrochloric acid and sodium bicarbonate can
control pH in the culture medium in certain types of microalgae [40]. Wensel et al. [129] designed a
halo-alkalinity-based two-step strategy in Chlorella pyrenoidosa and achieved a high lipid and biomass
yield as well as high autoflocculation harvesting efficiency of 64.1%.

As mentioned above, microalgae lipid productivity can be improved by the induction of
stressful conditions. However, such stresses often negatively affect the photosynthetic activity
and, consequently, decrease the production of desired products [16]. The major reason for the
decreased photosynthesis activity is the production of reactive oxygen species (ROS), which impairs
the photosynthetic systems [130]. To solve this problem, a number of approaches have been suggested
to reduce the oxidative stress caused by stressful conditions and hence increase lipid and biomass
production [131,132].

Recent studies on the bicarbonate application in the cultivation process show that not only is
it considered as a carbon source, but also act as an oxidative stress mitigator [86]. Under nutrient
depletion conditions, the addition of sodium bicarbonate considerably decreased the oxidative stress
caused by ROS and promoted the activities of antioxidant enzymes of Dunaliella salina, resulting in
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increased lipid and biomass production [130]. In an investigation, manipulating the iron, nitrate,
and carbonate was reported to increase lipid and biomass production of three microalgae Chlorella sp.,
Scenedesmus sp., and Chlamydomonas sp. [133]

Apart from bicarbonate addition, phytohormones also play an important role in metabolism
regulation and growth of microalgae [86,131]. Phytohormone could increase the antioxidant system
in the microalgae, which keeps a redox balance state under stressful conditions. The combination of
plant hormones with a two-stage culture system may be efficient in increasing the higher biomass
and lipid production in microalgae [131,134]. For instance, the integration of a two-stage strategy
(heterotrophic-photoautotrophic) with fulvic acid results in an increase of 54—65% in the lipid content
of Monoraphidium sp. [135]. Table 6 shows some examples of inducer-based two-stage cultivation.

Table 6. Lipid/biomass concentration of growth mediums in different strains of microalgae
supplemented with various types of inducers.

Lipid Productivity

Genus and Species (g L1 day-1) Type of Inducer Ref.
Tetraselmis sp. 0.285 Salinity + Nitrogen starvation [125]
Diethyl aminoethyl hexonate(DA-6),
Chlorella sorokiniana DPK 0.690 Indole-3-acetic acid (IAA) and N [136]
starvation
. 0.502 e

Chlorella sorokiniana 0.494 IAA cytokinin- kinetin (K) [132]

Scenedesmus obtusus XJ-15 0.607 Salinity stress [38]

Nannochloropsis oculata 0.324 Salinity stress [137]

Dunaliella salina .

KSA-HS022 0.565 Salinity stress [138]

Chiamydomonas 0.109 Combination of NaCl/CaCl, [139]
reinhardtii

Chlorella vulgaris 0.800 Salinity + Nitrogen starvation [140]
Metabolic Switch

Microalgae can adopt different trophic modes, including photoheterotrophic, heterotrophic,
and mixotrophic, based on energy and the available carbon source [40]. Algal biomass is generally
produced through a photoautotrophic culture where microalgae can convert water and carbon dioxide
into feedstock through the photosynthesis process [141]. Among all the required cultivation conditions,
adequate light is recognized as a crucial factor for photoautotrophic conditions. Generally, insufficient
light penetration, resulting from mutual shading, is the main limiting factor for microalgae cultivation
under an autotrophic mode [142]. Thus, transferring the microalgae growth culture into the second
phase under mixotrophic or heterotrophic conditions can reduce the culture’s need for sunlight [17,143].

Microalgae cells are typically grown in a photoautotrophic mode in the first phase, and then transfer
the cultured algal biomass into a heterotrophic reactor where algal cells use organic carbon to synthesize
oil [144]. Additionally, integration of a two-step strategy with wastewaters, as a nutrient source,
can considerably decrease feedstock production costs. Wastewater containing organic compounds
generally can be applied as the nutritional sources for heterotrophic or mixotrophic culture media,
while wastewaters without organic carbon can be used for phototrophic cultivation mode [145-147].

Up to date, various cultivation modes have been integrated with the treatment of different
wastewater types for the production of the microalgae feedstock [142]. Pure simple strategies in
phototrophic and heterotrophic, mixotrophic modes, and combinations of phototrophic, heterotrophic,
and mixotrophic cultivations on microalgae growth have been studied in several studies (Table 7).
These achievements demonstrated the notion of a two-stage strategy as a desirable strategy for
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obtaining high lipid and biomass concentrations. Xiong et al. [148] compared the efficiency
of single-stage heterotrophic mode with photosynthesis—fermentation model on C. protothecoides.
Photosynthesis—fermentation strategy presented a better performance in terms of lipid productivity
(69% higher lipid content) than the one-step heterotrophic mode. Zhou et al. [149] combined a two-step
mix-photoautotrophic cultivation strategy with wastewater treatment to produce animal feed and
biofuel production. In a similar investigation, a hetero-photoautotrophic microalgal growth mode
was investigated for improving wastewater treatment and the production of low-cost algal biofuel
feedstock from Auxenochlorella protothecoides [150].

Similarly, Liu et al. [151] studied the effects of cultivation strategies including heterotrophic +
mixotrophic strategy, heterotrophic strategy, autotrophic cultivation, and heterotrophic + autotrophic
strategy on the lipid /biomass production of Chlorella sp. HQ. The results showed that the heterotrophic
+ mixotrophic two-phase culture system was the best strategy for improving the microalgal biomass
and heterotrophic cultivation was the best strategy for microalgae lipid accumulation of Chlorella sp.
HQ. Although several studies are focusing on these aspects, an effective microalgae-based system
that does not compromise the growth or lipid content is yet to be found [152]. Some of the obtained
lipid/biomass productivity levels of various wastewaters as growth media are presented in Table 7.

Table 7. Comparison of the achieved lipid/biomass productivities of different wastewaters as growth
media for cultivating various algal species.

Biomass Lipid

Mlsc::):ilfae Productivity Productivity _}w etea:;)h\;argtz/[w?a‘iz Refs.
(gLt (mg L-1 day~1) yp
Chlorel?a 49 80 Sahm.ty + Nitrogen [140]
vulgaris starvation/wastewater
Phu'eodactylum 5476 5476 Mixed municipal wastewater and [153]
tricornutum seawater
Chlorella two-stage photoautotrophic—
. 226.6 108 photoheterotrophic/mixotrophic [154]
vulgaris
mode
Chlqrglla o7 83.5% Three-stage cultivation/Farm [155]
sorokiniana wastewater
Chlorel?a 2.92 163 Wastewater + glycerol addition [156]
vulgaris
Chlorel‘la 1.89 + 0.07 247 412 Photo-mixotrophic/ [157]
vulgaris Centrate wastewater
Irradiation

Manipulation of irradiation-based stimuli, in terms of intensity and wavelength, has been
recognized as a potential approach for enhancing lipid content in various kinds of cultivation
strategies [61,126]. He et al. [22] found that fluctuating the light intensities (990 to 1486 1 mol photons
m~2 s7!) increased the lipids yield of six microalgae strains. In another study, increasing the light
intensity from 300 to 500 yt mol m~2 s! considerably increased the lipid productivity of Nannochloropsis
oculata. In this study, the lipid productivity value obtained in the two-step strategy was nearly three
times more than the one-step strategy [137].

Apart from light intensity, light frequency is also important in photosynthesis; it can influence algal
biomass productivity [45]. Microalgae have a light-harvesting antenna, which primarily absorbs light
wavelengths in the visible spectrum [158]. It has been shown that the coupling of red light-emitting
diode (LED) and 10-30% blue LED provides the proper light frequency for feedstock production.
In contrast, green wavelengths cannot be absorbed by microalgae cells but may have a positive
impact on increasing lipid accumulation in microalgae [126,159,160]. Therefore, integrating different
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wavelengths of lights, with a two-stage strategy can be an efficient strategy in optimization algal
biomass and lipid productivities. So that, in the first stage, the microalgae were cultivated under red
and/or blue LEDs to achieve maximal biomass productivity. Then, in the second stage, a green LED
(520 nm) stress was stimulated to increase lipids accumulation [126]. In an investigation, LEDs were
applied to improved cell growth and lipid production of Picochlorum atomus by a two-step strategy.
The results indicate that biomass productivity under red LED light was higher than that produced by
yellow, blue, and purple LEDs in the first phase. The highest lipid production was achieved (50.3%)
with green LED light in the second stage [161].

3.3.3. Combined Cultivation Strategies

Although microalgae can produce higher lipids/biomass productivity compared with terrestrial
plants, commercialization of the microalgae-derived biofuels is hampered by the production of the
high cell density culture with high lipid content [162]. Generally, each of the cultivation strategies
has its own merits in terms of the biomass/lipid yield. It might be favorable to integrate two or more
cultivation systems to obtain higher lipid/biomass productivity. Notably, whether the combined or
single cultivation systems are applied; it is vital to ensure that microalgae-based-biofuel production
with the proposed strategies is more feasible than the conventional culture strategy. For instance,
the combination of a two-stage system with a fed-batch strategy led to higher lipid productivity in
comparison with a fed-batch system [163]. Similarly, the integration of a semi-continuous system
with a two-stage strategy could also offer better efficiency in terms of increasing lipid productivity in
Neochloris oleoabundans [164].

In addition, the analysis of the biological characteristic of various algae species and optimization
of cultivation strategies are of paramount importance in improving lipid and biomass productivity.
For instance, Nayak et al. [165] optimized a continuous two-step strategy of Chlorella sp. HS2,
with supplementation of additional phosphorus at the start of nitrogen starvation in the second phase.
In other investigations, Ghidossi et al. [166] proposed an efficient two-stage fed-batch cultivation
strategy based on the carbon to nitrogen mass ratio (C/N) the culture medium. In the first phase of this
strategy, high cell concentrations were used under carbon starvation (lower C/N ratios). In the second
phase, high lipid content was obtained under nitrogen depletion conditions (higher C/N ratios). In this
study, lipid productivity attained 2- to 5-fold increase compared to other studies [166-168].

4. Downstream Measure

It is documented that determining the strategies that provide the best performance in harvesting,
and after-harvesting stages are of paramount importance in achieving the commercially feasible
feedstock production process [20]. The downstream technologies generally include the best harvesting
and after-harvesting methods without having qualitative damages to algal biomass and/or lipid
content [20,50,51].

4.1. Harvesting Stage

Harvesting is an important stage in the feedstock production process that requires to be investigated
carefully throughout an integrated approach [49,51]. Accordingly, establishing the strategies that
provide the best performance without qualitative damages to FA profiles, biomass, and lipid contents
is crucial in implementing successful feedstock production [51]. Some strategies have been developed
for algal biomass recovering, which the major ones include membrane filtration, centrifugation,
and coagulation [124]. The effects of various harvesting methods on FA change and cell damage are
presented in Figure 4.
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Figure 4. Effects of different harvesting methods on fatty acid (FA) changes and cell damage.

Flocculation is a convenient harvesting strategy for recovering large volumes of algal biomass [169].
It can be performed by conventional harvesting methods, e.g., bioflocculation, chemical flocculation,
or novel strategies such as magnetic nanoparticles [170]. It was reported that alum and alkaline
flocculation did not severely affect total lipid content. In an investigation, Chatsungnoen et al. [171]
found that metal salts such as ferric chloride and aluminum sulfate irreversibly bind to the biomass of
Neochloris, Nannochloropsis, and Chlorella, sp. However, these metal coagulants did not significantly
impact the biomass and total lipid content. In another study, Vandamme et al. [51] obtained slightly
lower lipid content by alkaline or alum flocculation. The reduced lipid content might be explainable by
the algal extracellular organic matter (EOM) interaction with the used coagulants [51,172]. Bioflocculants
can reduce the demand for chemical flocculants. However, the competition between the bacteria
and algae is a drawback for co-cultivation of bioflocculant-producing bacteria and microalgae, which
subsequently can affect algal lipid content and cell density. In the recent past, some harvesting
strategies have been proposed as promising approaches for algal biomass recovering. Among them,
electro-coagulation—floatation (ECF) is considered a good substitute to conventional harvesting methods
such as the chemical flocculation approach, due to the low energy requirement and no direct use of
coagulant [173]. Fayad et al. [174] applied ECF, using iron and aluminum electrodes, for the harvesting
of Chlorella vulgaris biomass and reported this harvesting method to have no impact on the amount of
algal lipid production.

Additionally, magnetic particles have been described as an interesting flocculation option for
microalgal harvesting, in which suspended algae cells were adsorbed or tagged to nano-sized or
micron-sized magnetic particles. The tagged composites were separated using external magnet force
because of intrinsic paramagnetic movement [175]. Liu et al. [52] applied magnetite nanoparticles
(nano-Fe3Oy4 covered with polyethyleneimine) to recover microalgae C. pyrenoidosa and S. obliquus,
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and reported the process did not reduce the lipid content of microalgae. In another study, C. pyrenoidosa
cells were harvested by the method of flocculation using Fe3Oy-silica nanoparticles for improving
microalgae lipid production [176].

As for the FA profile, contradicting results have been reported in different harvesting methods.
Some studies showed significant differences in obtained FA profiles in various recovering strategies,
but in other investigations, the differences were not significant (Table 8). For instance, in a study,
three harvesting methods of centrifugation, microfiltration membrane, and coagulation were analyzed
in Chlorella sp. biomass recovering. Coagulation was found to exhibit the most poorly results in terms
of obtained FA profiles compared to centrifugation and microfiltration membranes [177,178].

Membrane filtration is another efficient harvesting strategy for the aggregation of microalgal
cells. Operating under a low trans-membrane pressure makes the approach less energy-intensive
than centrifugation, and the long membrane lifespan makes the harvesting process more cost-effective
in the long term [179]. Membrane-based separation processes also pose several challenges such as
membrane clogging, and electrostatic repulsion from the negative surface charges of microalgae cells
and membrane surface.

Table 8. Lipid recovery under various harvesting strategies.

Microalga Species Harvesting Method FAME Profile Lipid Yield (%) Ref.
flotation + .
Chlorella sp. centrifugation MUFA increase 134 [180]
Centrifugation PUFA increase 9.9
Centrifugation No change 27
Chlorella sp. Microfiltration No change 26 [178]
Coagulation No change 15
Flocculation with The balance between SFA, 43
NaOH PUFA, and MUFA ’
Nannochloropsis Flocculation with Lower C20:5 and higher a4
oculata Magnafloc C14:0 and :
. . The balance between, SFA,
Filtration PUFA, and MUFA 3.6 -
1
C18:0, C18:1n9¢, and C16 0, 412
increase '
Thala.lssiosi?’a Flocculation with The balance between, SFA,
weissflogi Flopam PUFA. and MUEA ~3.1

The balance between
MUFA, PUFA, and SFA

FAME: FA methyl esters; SFA: Saturated FAs; MUFA: Monounsaturated FA (%); PUFA: Polyunsaturated FAs.

2.77

Centrifugation represents an alternative strategy that can be used in pilot-scale production.
The harvesting by centrifugation generally presents better results in terms of lipid content when
compared to filtration or flocculation [178,179]. However, it should be noted that algal cells exposed
to high gravitational forces during centrifugation can result in structural cell damage and small FA
profile changes. The effects of harvesting strategy on biomass quality are important when biochemical
components must meet quality standards for further processing of obtained algal biomass, e.g., lipids
for biodiesel production (Figure 3) [49].

4.2. Post-Harvesting Stage

Lipid enhancement approaches involving alteration of environmental conditions and nutrient
limitation regimes such as temperature, light, and nutrient limitation (e.g., phosphorus and nitrogen) are
conventional strategies applied to increase lipid production in microalgae [16]. Generally, conventional
stress-inducing methods are applied during the cultivation stage [19]. However, recent investigations
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have shown that the application of different strategies in other stages of the feedstock production process
also can improve lipid and/or biomass production in microalgae [51,123,181]. It was reported that the
stress induction in the post-harvesting stage resulted in a positive effect in the lipid accumulation of
Chlorella vulgaris [50]. In this investigation, the high lipid content in the after-harvesting stage was
achieved in one day of nutrients starvation under dark conditions. The lipid production under these
conditions was considerably increased compared to the control group. In addition, it was demonstrated
that the main produced FAs of C. vulgaris were oleic acid, palmitic acid, and linoleic acid, sharing
similar FA profiles to those of soybean, sunflower, and corn oil [50].

Additionally, microalgae-based biofuels are produced from algal feedstock by thermochemical,
biochemical, and chemical methods. Among the thermochemical techniques, pyrolysis is considered
as a potential approach involving high pressure and high temperature to produce bio-oil and biochar
from the microalgal feedstock. Therefore, selecting a suitable pyrolysis method can influence obtaining
a desirable quality and quantity of bio-oil from algae [182].

5. Conclusions

Microalgae have received widespread interest owing to their unique properties in producing
large amounts of lipids and fast growth rates. However, algal strains exhibit conflicting features in
terms of the conditions required for maximal lipid and biomass production. These contradictory
features can be mitigated by applying appropriate strategies throughout the biomass production
process. The purpose of this article is to review the technologies and advancements available for
enhancing lipid productivity in microalgae species. The first step in the feedstock production process
is screening the right alga with relevant properties and further improvement of those platform species
by genetic manipulation. Approaches like genetic modification at the metabolic and genomic levels
can be beneficial in improving biomass/lipid production. Additionally, it has been reported that,
throughout cultivation, threshold nutrients give lower lipid content but high biomass yield and vice
versa. These conditions can be mitigated by optimizing an appropriate two-phase cultivation strategy.
Apart from the two-stage cultivation strategy, alteration growth parameters in some other cultivation
strategies such as continuous chemostat can also produce higher lipid/biomass yield. Establishing
the strategies that provide the best performance in the harvesting stage without qualitative damages
to microalgae biomass and/or lipid content is important in the successful implementation of the
feedstock production process. Magnetic and Bio-based flocculants are very promising for algal biomass
recovering. Thus, choosing an appropriate screening, cultivation, harvesting, and after-harvesting
strategies can influence obtaining desirable quantity and quality of bio-oil from algae. It is our hope
that this review article could inspire ongoing efforts in developing sustainable microalgae-derived
biofuel production with improved biomass/lipid yield at an economically feasible cost.
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