Harnessing oleaginous yeast to produce omega fatty acids
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Abstract
Omega fatty acids are important for human health. They are traditionally extracted from animals or plants but can be alternatively produced using oleaginous yeast. The current efforts are rendering yeast with similar fatty acid distributions and powerful lipogenesis capacity. The next step is to further make the process more competitive.
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Omega Fatty Acids: Functions and Sources
Omega fatty acids (Box 1) serve as essential nutrients for the human body to synthesize various hormones and endogenous substances, and therefore they are critical for our health. However, the human body is not able to synthesize these omega fatty acids, and therefore they must be obtained from external food sources. The traditional sources of omega fatty acids are tissues of animals or plants (such as fish and rare plant oils.), however, due to their low abundance, the production efficiency is generally low, and the cost is high. Therefore, it is of interest to seek novel and sustainable sources of omega fatty acids.
Alternative Production of Omega Fatty Acids Using Oleaginous Yeast
With the rapid development of synthetic biology, omega fatty acids can be synthesized using microorganisms instead of traditional extraction methods. In microbial bioproduction, it is very important to choose the adequate microbial chassis. Since these omega fatty acids are found in lipids of original animal or plant tissues, organisms able to naturally synthesize large amount of lipids, such as oleaginous microorganisms, become the preferred chassis [1]. Currently, the most widely studied and used oleaginous microbial chassis is the non-conventional yeast Yarrowia lipolytica (Box 2). While Y. lipolytica, and most other oleaginous organisms cannot synthetize omega fatty acids naturally, they have been extensively engineered to do so, as described in the following sections.
Engineering fatty acid profiles
In order to achieve the efficient biosynthesis of the omega fatty acids by oleaginous yeast, we must increase the conversion of fatty acid intermediates into the desired ones by metabolic engineering. By expressing different set of enzymes either from natural or non-natural metabolic pathways, native fatty acid profiles can be converted into the target, engineered profiles.
Introducing natural metabolic pathway
Generally, omega fatty acids are synthesized through the aerobic desaturase-elongase pathway, which can be classified into the ∆6 or ∆8 pathway depending on the different specificities of desaturase and elongase enzymes [2]. Wild type Y. lipolytica strains can accumulate linoleic acid (C18:2 ω-6). Therefore, the introduction of either the ∆6 or ∆8 pathway encoding genes into Y. lipolytica would enable the accumulation of different omega-3 or omega-6 fatty acids through desaturation and elongation of its native fatty acid species. Xue and coworkerset al.  [2] introduced the heterogenous ∆8 pathway into Y. lipolytica to accumulate the omega-3 eicosapentaenoic acid (EPA) at 56.6% of the total fatty acids. Wang and coworkerset al. [3] explored the optimal biosynthetic pathways for customized production of omega-6 fatty acids in Y. lipolytica via either the ∆6 pathway from Mortierella alpina or the ∆8 pathway from Isochrysis galbana. They found that the proportions of omega-6 γ-linolenic acid and arachidonic acid synthesized accounted for 22.58% and 11.30% of total fatty acids. The omega fatty acids, especially, the omega-3 EPA and docosahexaenoic acid (DHA), can also be synthesized by the anaerobic polyketide synthase-like (PKS-like) pathway. Gemperlein and coworkers et al. [4] designed and constructed an artificial biosynthetic gene clusters (BGCs) encoding PKS-like omega fatty acid synthases from myxobacteria. Chromosomal integration of the unmodified or hybrid BGCs enabled the production of omega-3 EPA or DHA. Dietrich and coworkers et al. [5] futher refactoring the architecture of a BGCs through improved expression and genetic stability, and thus enhanced the omega-3 DHA accumualtion in Y. lipolytica. Similar manipulations have been demonstrated in the heterologous biosynthesis of omega-5 punicic acid [6] and omega-7 palmitoleic acid [7] by oleaginous yeast; where the introduction of the native synthetic pathways from the original host (plants) into Y. lipolytica, was sufficient to enable production.
Introducing non-natural metabolic pathway
A non-natural pathway for the production of omega-9 nervonic acid (NA) in Y. lipolytica was constructed. While this omega fatty acid is naturally produced in plants, the simple overexpression of these genes in yeast failed to produce NA, because intrinsic differences between hosts. In general, in plants, β-ketoacyl-CoA synthase (KCS), which is the key enzyme governing the omega-9 fatty acid elongation, is located in plastids where only oleic acid (C18:1) is used as substrate; while during its heterologous production in yeast, it is located in the endoplasmic reticulum and can use stearic acid (C18:0) and C18:1 as substrates, elongating to generate lignoceric acid (C24:0) and NA respectively. Based on this, the authors designed and constructed a non-natural omega-9 NA synthesis pathway using C18:0, which is abundant in the yeast cytoplasm. In the final step of the non-natural pathway, the C24:0 elongated from C18:0 was efficiently converted to NA with the help of a M. alpina-derived Maω9 desaturase. Finally, through the strengthening of the lipid synthesis pathway, the omega-9 NA content reached 23.4%, indicating that this method had the potential to substitute the plant extraction based methods [8].
Boosting lipid accumulation
Generally, omega fatty acids are incorporated into triacylglycerols (TAGs), which are the main type of storage lipids in microorganisms. Therefore, in order to improve the production of omega fatty acids, boosting lipid accumulation is a widely used strategy, which can be achieved by rational or evolutionary approaches.
Rational engineering strategy
Rational genetic engineering strategies have been widely used to tune lipid biosynthesis. Approaches include lipid precursor supply enhancement, lipid synthesis reinforcement, and lipid degradation prevention, or a combination of those, i.e., engineering the Push-Pull-Block strategy. This strategy was applied to improve the lipid accumulation ability of Y. lipolytica. First, overexpression of ACC1 increased the elongation unit supply of malonyl-CoA and knocking out GUT2 provided more glycerol-3-phosphate for TAGs biosynthesis (Push). Subsequently, an additional copy of DGA1 was chromosomally integrated to increase the flux of fatty acyl-CoA towards the TAGs biosynthesis (Pull). Finally, TGL4 and PEX10 were knocked out to prevent the degradation of TAGs and fatty acyl-CoA (Block). The lipid accumulation of the engineered strain was boosted to 61.72% of the dry cell weight, which was about 4.0 fold of the original strain [9]. Another rational approach is to modify intracellular cofactor availability, i.e., engineering the Y. lipolytica cytosolic redox metabolism. To achieve that, researchers increased substrate-to-lipid yields by using synthetic pathways converting glycolytic NADH into the NADPH or acetyl-CoA, which both serve as lipid biosynthetic precursors. Finally, the highest lipid titer, productivity, and yield reached 99.3 g/L, 1.2 g/(L·h), and 0.279 g/g, respectively [10].
Evolutionary engineering strategy
Evolutionary strategies allow the creation of non-GMO strains as well as the selection of strains that not only improve lipid accumulation but also maintain good growth. Liu and coworkerset al. [11] established a rapid evolutionary engineering approach linked with a floating cell enrichment process to improve lipid titers, while maintaining high biomass yield. The iterative process increased the lipid yield of the mutant strain up to 76% of the theoretical value compared with 55% of the original strain. Moreover, reverse engineering was further employed by comparing the genomic sequences of the evolved and original strains. In another study, Daskalaki and coworkers et al. [12] employed laboratory evolution to improve lipid accumulation by alternately changing the culture medium and continuously screening for high-lipid accumulating cells, which ultimately coupled yeast growth with lipid accumulation. The evolved strains obtained after 77 generations were able to accumulate 44% (w/w) of lipid, which was 30% higher than that of the starting strain. Therefore, evolutionary strategies can boost lipid accumulation without affecting cell growth.
Concluding Remarks
Oleaginous yeast based-omega fatty acid production is a sustainable alternative to the traditional methods base on extraction. However, to make this process more economical and competitive, there are still challenging obstacles to overcome, such as improving the ratio and efficiency of omega fatty acids. Achieving this goal requires further strain engineering to boost omega fatty acid accumulation and overall lipogenesis capacity, through systems and synthetic biology tools. It can be carried out from the following three aspects. Firstly, the synthetic biology toolboxes of Y. lipolytica must be further improved, such as new promoter and terminator elements identification, efficient DNA assembly methods establishment, the CRISPR/Cas gene editing technology implemention, fine-turning methods for gene expression development. Secondly, the potential genetic targets for boosting the omega fatty acid and the lipid accumulation in Y. lipolytica can be determined by taking advantage of either top–down (high-throughput omics analysis) or bottom–up (mathematical modeling) systems biology approaches. Finally, based on the systems biology identification, the expanded synthetic biology toolboxes can be used to fine-tune or perturb the identified target genes. This would help to make the oleaginous yeast Y. lipolytica-based omega fatty acids production process more competitive.
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Box 1 . Omega fatty acids: Functions, structures, and the name rule
Omega fatty acid generally has a structure of long chain organic acid with more than 16 carbon atoms. It is characterized to harbor one or more cis- double bond. According to the distance from the first double bond to the end of the methyl group, that is, the terminal omega-carbon atom, it differs among different omega fatty acids and allows them to be classified into omega-X fatty acids. The main categories of omega fatty acids are omega-3, omega-5, omega-6, omega-7, omega-9, and omega-11 (Figure I), which have proven to be associated with beneficial health effects (Table I).
Table I The functions and sources of the most prominent omega fatty acids
Omega-X
fatty acids
Representatives
Main functions
Main sources
Omega-3
Eicosapentaenoic acid
(EPA, C20:5)
· Cardiovascular health
· Regulation of blood vessels
· Inflammation and cancer prevention
Fish oil
Algae

Docosahexaenoic acid
(DHA, C22:6)
· Vision development
· Bone calcium absorption promotion
· Alzheimer and Parkinson prevention
Fish oil
Algae
Omega-5
Punicic acid
(PuA, C18:3)
· Anti-cancer and anti-obesity
· Anti-inflammatory and anti-diabetes
Pomegranate seed
Omega-6
γ-Linolenic acid
 (GLA, C18:3)
· Rheumatoid arthritis prevention
· Premenstrual tension relief
Evening primrose

Arachidonic acid
(ARA, C20:4)
· Retinal damage prevention
· Fetal and infant brain development
Adrenal glands
Egg yolks
Omega-7
Palmitoleic acid
(POA, C16:1)
· Anti-inflammatory
· Insulin sensitivity improvement
Sea buckthorn
Omega-9
Nervonic acid
(NA, C24:1)
· Memory improvement
· Brain development
· Cerebral nerves repair
Malania oleifera
Omega-11
Gadoleic acid
(GA, C20:1)
· Treatment of cerebral thrombosis
· Skin fiber cells growth promotion
Fish oil
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Figure I. The molecule structures of the most prominent omega fatty acids

Box 2. Oleaginous Yarrowia lipolytica: the fatty acid and lipid synthesis pathways
The non-conventional yeast Yarrowia lipolytica is an oleaginous species found in a large range of ecosystems and a variety of foods. It has aroused industrial interest due to its remarkable lipolytic activity. Therefore, Y. lipolytica has emerged as a powerful and versatile oleaginous microbe for lipid biosynthesis. Metabolic pathways for the fatty acid and lipid biosynthesis have been extensively studied, and many genetic engineering tools have been developed [1].
[image: ]
Figure II. Metabolic pathways for lipid and fatty acid biosynthesis in Yarrowia lipolytica.
Dashed lines with arrows indicate multiple steps. The pathways of lipid synthesis, accumulation, and degradation are shown outside the dashed box. The native fatty acid elongation and desaturation pathways are shown in the dashed box. Abbreviations: ACC1, acetyl-CoA carboxylase; Ac-CoA, acetyl-CoA; ACL1, ATP-citrate lyase 1; ACL2, ATP-citrate lyase 2; CIT, citrate; DAG, diacylglycerol; DGA1, acyl-CoA diacylglycerol acyltransferase 1; DGA2, acyl-CoA diacylglycerol acyltransferase 2; DHAP, dihydroxyacetone phosphate; ELO1, fatty acid elongase 1; ER, endoplasmic reticulum; FAA1, long-chain fatty acyl-CoA synthetase; FAD2, Δ12 desaturase; FAS, fatty acid synthase; FBP, fructose 1,6-bisphosphate; FFA, free fatty acid; G3P, glycerol-3-phosphate; GAP, glyceraldehyde 3-phosphate dehydrogenase; GPD1, NAD+-dependent G3P dehydrogenase; GUT2, FAD+-dependent G3P dehydrogenase; ICT, isocitrate; LB, lipid body; LPA, lysophosphatidic acid; LRO1, phospholipid diacylglycerol acyltransferase; Mal-CoA, malonyl-CoA; MFE1, peroxisomal multifunctional enzyme type 1; MIT, mitochondria; OAA, oxaloacetate; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; PER, peroxisome; PEX10, peroxisomal biogenesis factor 10; PL, phospholipid; POT1, 3-ketoacyl-CoA thiolase; POX1-6, fatty-acyl-CoA oxidase 1-6; Pyr, pyruvate; SCD, stearoyl-CoA desaturase or Δ9 desaturase; SCT1, glycerol-3-phosphate acyltransferase; SLC1, 1-acyl-sn-G3P acyltransferase; TAG, triacylglyceride; TCA, tricarboxylic acid; TGL3, triacylglycerol lipase 3; TGL4, triacylglycerol lipase 4; and α-KG, α-ketoglutarate.
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