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Abstract 

Biofuel is one of the most promising alternative energy sources for reducing human reliance on fossil fuels. Microalgae 
has recently emerged as the most promising biofuel source. However, biofuels from microalgae are still not feasible to 
replace fossil fuels because of their high production costs, therefore, it is necessary to pick microalgae species with high 
growth rates and lipid content. Overexpression of lipid biosynthesis enzymes and inhibition of competitive metabolic 
pathways are two genetic engineering strategies that can be developed to assess microalgae lipid production. Malate 
and multienzyme enzymes (GPAT, LPAAT and DGAT) can be overexpressed in microalgae to boost lipid production. The 
strategy of blocking competitive metabolic pathways can be carried out through suppression of starch metabolism and 
lipid catabolism. The strategy of blocking competitive metabolic pathways has been carried out in several microalgae 
and is effective for enhancing lipid biosynthesis. Several mutations that block both the starch metabolic and lipid 
catabolic pathways can result in increased levels of microalgal lipid accumulation. 
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1. Introduction

Global climate change caused by greenhouse gas emissions from burning fossil fuels has become a threat to human life 
and all ecosystems on earth [1]. Currently, about 90% of global energy demand is met by fossil fuels which has caused 
several problems such as energy demand crisis and environmental damage [2]. With the increasing concern over this 
issue, the exploration for sustainable renewable energy sources is critical. Biofuels, which are produced from biomass, 
are considered as one of the most feasible energy alternatives to reduce human dependence on fossil fuels [3]. Biofuels 
have a number of advantages over fossil fuels [4], including sustainability, non-toxicity, biodegradability and reduced 
CO2 emissions [5]. 

Biofuels are obtained from natural resources. Biofuels are classified as first, second, or third generation biofuels based 
on the raw materials used in their production. Plants such as jatropha, almond, barley, camelina sativa, coconut, copra, 
peanuts, oats, rice bran, sesame, sunflower, sorghum, soybean, wheat, and karanja were used to produce the first-
generation biofuels [6,7]. The production of biofuels from first-generation raw materials has been a source of 
controversy in recent years, owing to global food competition and ecological imbalances, as biofuel-based crops require 
a lot of area to grow [8]. Biofuel production is then carried on to the second generation, which is made from animal fat 
and waste biomass. However, this second generation of raw materials does not have a stable supply to meet future 
energy needs. To deal with this, microorganisms called third generation biofuels, can be employed as an alternative 
strategy. Different types of microorganisms have been identified as an absorber of CO2 and can produce biofuels. These 
microorganisms are used to produce methane, biohydrogen, bioethanol and biodiesel by treating them under suitable 
biological conditions [9]. 
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Biodiesel is one of the renewable fuels that has achieved tremendous success worldwide [10]. According to a World 
Bank report [11], 6.5 billion liters of biodiesel were produced worldwide in 2006, 75% and 13% of which were produced 
by the European Union and the United States, respectively. In recent times, the most promising raw material for 
biodiesel production is microalgae. Microalgae have advantages over other raw materials, such as high photosynthetic 
efficiency and the ability to grow 100 times faster than plants. Microalgae can produce 15-25 tons/hectare/acre of 
biomass, which is much higher than soybean (0.4 tons/hectare/year), rapeseed (0.6 tons/hectare/year), oil palm (3.62 
tons/hectare/year) and jatropha plant (4.14 tons/ha/year) [12-15]. In addition, microalgae have a shorter harvest cycle 
(10-30 days) compared to conventional crops, which are usually harvested once or twice a year [16]. Biodiesel from 
microalgae biomass can also reduce 78% of CO2 emissions compared to traditional diesel fuel [17,18]. 

However, despite the fact that microalgae as a feedstock can enhance biodiesel production, it is still not cost-effective 
enough to replace fossil fuels [19]. Microalgae species with a high growth rate and lipid content (>70%) are required 
for the cost-effective generation of biodiesel from microalgae [9]. Therefore, it is necessary to increase the lipid content 
of microalgae to increase the economic value of biodiesel production. Nutrient restriction and various stress induction 
through various culture conditions in microalgae have been carried out to increase lipid content [20-22]. However, 
stress induction during cultivation can reduce the growth rate of microalgae and decrease lipid productivity [23]. As an 
effort to overcome this problem, the researchers studied genetic engineering techniques to increase lipid biosynthesis 
without reducing the growth rate of microalgae and lipid productivity. 

The use of genetic engineering as a strategy for modifying microalgae strains for high lipid accumulation is very 
beneficial because these microalgae strains can be used for a long time and sustainably (without having to induce stress 
in every cultivation process) and reduce pollution when cultivated in open systems. Advances in knowledge of the full 
genome of several strains of microalgae and the identification of genes involved in lipid synthesis pathways have made 
genetic engineering a widely used strategy by researchers to increase lipid accumulation in microalgae [24,25]. 

Based on this rationale, the aim of this systematic review is to determine how to improve microalgae lipid production 
by overexpressing lipid biosynthesis enzymes and blocking competitive metabolic pathways. 

2. Genetic engineering to improve microalgal lipid biosynthesis 

Biochemical strategies such as nitrogen restriction [26], phosphate reduction, induction of high salinity stress [27] and 
addition of heavy metals such as cadmium [28], silicon reduction [29] and various other strategies have been used to 
induce lipid accumulation in microalgae. These stress conditions, on the other hand, can reduce the rate and yield of 
microalgae biomass, lowering lipid productivity [30]. Metabolic engineering is recognized as a viable and efficient 
technique for solving these difficulties by improving the content/accumulation and quality of lipids without impacting 
biomass yield. 

The availability of tools for bioinformatics and knowledge of microalgae DNA sequences provided by genomic databases 
have allowed us to use microalgae as hosts for genetic engineering. Transformation of foreign genes into microalgae 
cells can be carried out by several methods [31] such as microprojectile particle bombardment [32], electroporation 
[33], mediated transformation by Agrobacterium tumefaciens [34], agitation in the presence of silicon carbide [35] and 
glass beads [36]. Overexpression of enzymes involved in lipid production and inhibiting a competitive metabolic 
pathway are two genetic engineering strategies for increasing the lipid content of microalgae explored in this paper. 

2.1. Overexpression of enzymes involved in lipid biosynthesis  

Lipid metabolism (biosynthesis of fatty acids and triacylglycerol) consists of several chemical conversion steps 
catalyzed by various types of enzymes. Acetyl-CoA carboxylase (ACCase) is the main enzyme involved in lipid 
biosynthesis and is most widely used for lipid enhancement studies in both plants and microalgae. Overexpression of 
this ACCase enzyme is one of the most successful strategies for increasing fatty acid synthesis in plants and 
microorganisms. Although microalgae have unique lipid biosynthetic pathways, such as the chloroplast pathway 
reported by Fan et al. in Chlamydomonas reinhardtii [37], the majority of enzyme pathways in microalgal lipid 
biosynthesis are similar to those found in plants [38]. As a result, using the ACCase enzyme overexpression approach to 
increase the quality of microalgae strains is also possible. 

Recent studies have shown that overexpressing the ACCase enzyme increases malonyl-CoA availability in chloroplasts, 
which is an indicator of enhanced fatty acid production [39-41]. In microalgae, cultivation conditions with certain 
nutrient restrictions tend to increase ACCase expression [42]. Dunahay et al. [43] overexpressed ACCase in the diatom 
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microalgae Cyclotella cryptica and resulted in a 2- to 3-fold increase in ACCase enzyme activity. However, there was only 
a slight increase in lipid production in this overexpression.  

Although there was no significant increase in lipid accumulation after overexpression of ACCase, overexpression of 
numerous other enzymes involved in lipid production could enhance the lipid content of microalgae. Xue et al.[44] 
reported an increase in lipid content (2.5-fold) and enzyme activity without affecting cell growth on overexpression of 
the enzyme malate (target pathway: pyruvate metabolism) in the transgenic microalgae Phaeodactylum tricornutum. 
Furthermore, Hsieh et al. [45] overexpressed the enzymes glycerol-3-phosphate-acyl-transferase (GPAT), lyso-
phosphate-atidic-acyl-transferase (LPAAT) and diacyl-glycerol-acyl-transferase (DGAT) (target pathway: Kennedy 
pathway) in Corynebacterium minutissimum UTEX 2219. The highest lipid content (2 folds) was found in the microalgae 
strain Chlorella minutissima transgenic. Thus, the enzyme multi-expression strategy can be used to increase lipid and 
biomass accumulation in microalgae. Several other studies carried out the expression of the enzyme 3-ketoacyl-acyl-
carrier protein synthase III (KASIII) which catalyzes the initial condensation reaction in fatty acid biosynthesis. 
Overexpression of this enzyme has been carried out for several plants [46]. 

Based on earlier understanding, it seems to be that this engineering can be carried out through a deeper understanding 
of the metabolic pathways and regulation of microalgae lipid biosynthesis, despite the fact that this strategy has been 
successful in several plants and microorganisms but has not been optimal in microalgae. 

2.2. Blocking of competitive metabolic pathways  

Blocking of competitive metabolic pathways such as carbohydrate and lipid catabolism is an effective strategy to 
increase lipid accumulation in microalgae [41]. Carbohydrate metabolism is an important pathway for the accumulation 
and storage of carbon in the form of starch present in many microalgae [47,48]. The suppression of starch metabolism 
will cause carbon to flow towards lipid biosynthesis. Breuer et al. [49] reported that an increase in TAG accumulation 
of up to 51% could be obtained using the starchless mutant Scenedesmus obliquus (0.217 g/mol) compared to the wild 
type (0.144 g/mol) under the same cultivation conditions. Breuer et al. found that there was no difference in 
photosynthesis in S. obliquus mutant and wild type and concluded that the mutation only affected cleavage under 
conditions of carbon availability in the metabolic pathway. Similar results were also reported by Li et al. [50]. The 
starchless Chlamydomonas mutant strain showed a 10-fold increase in TAG accumulation compared to the wild type. 
Starchless conditions in mutants can be achieved by deactivating ADP-glucose pyrophosphorylase which catalyzes 
reactions in starch metabolism. Chlorella pyrenoidosa mutant was also reported to increase fatty acid accumulation [51]. 
Wang et al [52] reported that an increase in TAG content could be obtained after deleting the AGPase gene (an essential 
enzyme in starch production).  

Although inhibiting essential genes involved in starch synthesis can enhance lipid accumulation in huge quantities, it 
also causes a decrease in growth rate, which results in lower biomass productivity and, as a result, reduced lipid 
productivity in microalgae. 

In addition to the suppression of starch metabolism, suppression of lipid catabolism is also one of the strategies used to 
increase lipid accumulation in microalgae. The mutant strain Thalassiosira pseudonana produced 3.5 folds higher lipid 
content after altered lipid catabolism by blocking the regulation of the multifunctional enzyme 
lipase/phospholipase/acyl transferase [53].  

3. Conclusion 

Two of the strategies in genetic engineering which can be used to increase microalgae lipid biosynthesis are 
overexpression of enzymes that play a role in lipid biosynthesis and blocking of competitive metabolic pathways. The 
strategy of overexpression of enzymes that play a role in lipid biosynthesis has been successfully studied in plants and 
microorganisms but has not been optimally carried out in microalgae. Overexpression of malate and multienzyme 
enzymes (GPAT, LPAAT and DGAT) can be used to increase microalgae lipid biosynthesis. The strategy of blocking 
competitive metabolic pathways can be carried out through suppression of starch metabolism and lipid catabolism. The 
strategy of blocking competitive metabolic pathways has been carried out in several microalgae and is effective for 
enhancing lipid biosynthesis.  
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