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Abstract
[bookmark: _Hlk192768186][bookmark: OLE_LINK9]Medium-long chain dicarboxylic acids (DCAs, C6) are essential chemical raw materials, with wide applications in the chemical, pharmaceutical, material and food industries. However, the traditional chemical synthesis methods cause environmental pollution and are not in line with goals of sustainable development. With the development of synthetic biology, high-value-added DCAs can be biosynthesized from hydrophobic substrates (HSs) using suitable microorganisms. This review first summarizes the biosynthetic pathway of DCAs in oleaginous yeasts and then emphasizes the related engineering strategies for increasing the product yield, including promoter, enzyme, pathway, cell, fermentation, and downstream engineering. In addition, the challenges and development trends in the biosynthesis of DCAs are discussed, in light of the current progress, challenges, and trends in this field. Finally, guidelines for future research are proposed. Overall, this review systematically summarizes recent engineering strategies for DCAs production in oleaginous yeasts and offers valuable insights for future DCAs biosynthesis.
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1. Introduction
[bookmark: _Hlk192768214][bookmark: OLE_LINK31][bookmark: OLE_LINK3][bookmark: OLE_LINK7][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Medium-long chain dicarboxylic acids (DCAs) are generally defined as containing 6 or more atoms in the carbon chain, with carboxylic groups located on the α and  positions. DCAs can be utilized as raw materials for preparing many high-value-added products, such as the nylon-type polyamide polymers, serving as platform compounds for the chemical, food, textile, pesticide and pharmaceutical industries (Li et al., 2020; Sathesh-Prabu and Lee, 2015; Wan and Lee, 2021). For example, adipic acid (ADA), an aliphatic C6 DCA, is mostly used for manufacturing nylon-6,6, polyvinyl chloride and polyvinyl butyral (Xu et al., 2023). Azelaic acid (AZA) possesses anti-inflammatory and antibacterial properties, making it a commonly used ingredient in pharmacological products (Hung et al., 2021). Sebacic acid (SA) can be used not only for the manufacture of polyamide polymers (e.g. nylon-6,10, nylon-4,10, nylon-10,10), but also in the production of lubricants (Jeon et al., 2019).
[bookmark: OLE_LINK12][bookmark: OLE_LINK6][bookmark: OLE_LINK2]Moreover, the market demand for DCAs is increasing steadily. It is reported that the production of adipic acid is growing at a rate of 3-5% annually, with the global market is projected to exceed $8 billion by 2025 (Rios et al., 2021). However, DCAs are still produced almost exclusively through chemical methods. For example, adipic acid is synthesized via the chemical oxidation of cyclohexane (Bart and Cavallaro, 2015). Azelaic acid can be synthesized using a traditional method that involves the oxidation of oleic acid with ozone, resulting in the production of nonanoic acid as a by-product (Kim et al., 2019). Sebacic acid is produced by the alkaline lysis of castor oil and its derivatives (Yu et al., 2020). However, these traditional chemical methods have significant limitations, including a restricted range of accessible carbon chain lengths, numerous complex conversion steps, high energy requirements, environmental pollution, and the generation of toxic by-products.
[bookmark: OLE_LINK23][bookmark: _Hlk166747185][bookmark: _Hlk166747165][bookmark: OLE_LINK13]Given the increasing demand for DCAs and the need to minimize their adverse environmental effects, substantial efforts are needed to develop more sustainable production processes. Fortunately, the development of metabolic engineering and the emerging synthetic biology technologies offers an innovative solution for the sustainable production of DCAs (Chae et al., 2020; Kim et al., 2023; Ko et al., 2020; Lawson et al., 2021; Zhou et al., 2024). While many biomanufacturing processes primarily rely on hydrophilic substrates as the key sources of carbon and energy to produce high-value compounds, hydrophobic substrates (HSs) are more advantageous carbon sources for DCAs biosynthesis. Table 1 provides a detailed comparison of the production of DCAs from different carbon sources. Oleaginous yeasts such as Candida sp. and Yarrowia lipolytica have a remarkable ability to assimilate HSs, which makes them a suitable host for the production of DCAs via the unique -oxidation pathway recognized as a subsidiary route of fatty acid β-oxidation (Werner and Zibek, 2017). The majority of recent studies on high-yield production focused on n-alkanes (Lee et al., 2019). However, alkanes are primarily derived from increasingly depleting fossil resources, making them unsuitable for the sustainable production of DCAs. With sustainable development becoming a key focus on the global agenda, utilizing readily available waste vegetable oils or animal fats as feedstocks in biomanufacturing could promote a circular bioeconomy. Fatty acids (FAs) are naturally generated by plants, while fatty acid methyl esters (FAMEs) are generated through the transesterification of vegetable oils (Berchmans and Hirata, 2008; Fukuda et al., 2001). Researchers are now exploring alternative hydrophobic substrates, such as renewable FAs and FAMEs (Ju et al., 2020; Lu et al., 2010). Although the conversion of alkanes is still the prevailing method, the emergence of novel approaches offers hope for the sustainable production of DCAs. Figure 1 shows an overview of the production of DCAs from different carbon sources and their applications. Table 2 provides a summary of crucial performance metrics for DCAs production, such as the chassis strain and substrates, titer, productivity, and yield, along with corresponding engineering strategies.
Here, this review summarizes recent advances in the production of DCAs from hydrophobic substrates by oleaginous yeasts. Firstly, the biosynthetic pathways are reviewed, with emphasis on α-, ω-, and β-oxidation pathways. The engineering strategies for increasing DCAs production are then introduced in detail, including promoter, enzyme, pathway, cell, fermentation, and downstream engineering. Finally, possible future developments in DCAs biosynthesis are prospected, which promise to overcome the main obstacles encountered in DCAs production.

2. Metabolic pathways of dicarboxylic acids
[bookmark: OLE_LINK11][bookmark: OLE_LINK14]In the next three parts, the metabolic processes of DCAs production in oleaginous yeasts are described in detail. The metabolic processes discussed here include the conversion of n-alkanes into FAs by α-oxidation, which is followed by the conversion of FAs into DCAs by -oxidation, and finally the degradation of both FAs and DCAs by -oxidation. In addition, oleaginous yeasts can directly hydrolyze FAMEs to release free FAs using an efficient lipase-expressing system (Lee et al., 2024), which then enter the cell for -oxidation (Figure 2).
2.1. Alpha-oxidation pathway
[bookmark: _Hlk166747818][bookmark: _Hlk166747810][bookmark: _Hlk166748188][bookmark: _Hlk166748160][bookmark: _Hlk166748214][bookmark: _Hlk166748203][bookmark: OLE_LINK19]During primary oxidation, n-alkanes are transformed into FAs of identical chain-length within the endoplasmic reticulum (ER) or peroxisomes (Figure 2). Initially, n-alkanes undergo α-oxidation in the presence of a hydroxylase complex to produce fatty alcohols. This complex includes a cytochrome P450 monooxygenase (CYP/Alk) and a NADPH-dependent cytochrome P450 reductase (Cpr), both embedded in the ER membrane (Nebert et al., 1991). Notably, this reaction serves as the slowest step in the n-alkane oxidation process. CYPs belonging to the CYP52 family are encoded by different genes in form of isoenzymes in a single organism, (Alk1-Alk12) as was shown in Y. lipolytica (Hirakawa et al., 2009; Takai et al., 2012) and C. tropicalis (CYP52A12-CYP52A20, CYP52D2) (Craft et al., 2003). CYP52-family P450s from Y. lipolytica show interesting substrate specificities. Studies have shown that Alk1 is mainly involved in the metabolism of medium-chain alkanes (such as n-decane), while Alk2 prefers long-chain alkanes (such as n-hexadecane) in Y. lipolytica (Iida et al., 2000). On the other hand, Cpr, which is a flavin protein including both flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) binding domains, primarily facilitates electron transfer (Folz et al., 2023). Cpr exhibits a strong preference for NADPH (Elmore and Porter, 2002), which also implies that Cpr-mediated catalysis needs to be supported by cellular metabolism or supplementation for in vitro applications.
[bookmark: _Hlk166748268][bookmark: _Hlk166748248][bookmark: OLE_LINK24]The fatty alcohol produced by the CYP and Cpr undergoes further oxidation to the corresponding aldehyde in the ER by a NAD(P)+-dependent fatty alcohol dehydrogenase (Adh). Additionally, fatty alcohol oxidase (Fao) predominantly catalyses the oxidation of long-chain alkanols, this step occurs in the peroxisome and produces H2O2. (Ilchenko et al., 1994; Mauersberger et al., 1992). Adh is generally considered to be more active with NADH as a cofactor (Aziz et al., 2016). Iwama et al. found that a mutant of Y. lipolytica with the deletion of eight ADH genes and a FAO gene were difficult to grow on fatty alcohols (Iwama et al., 2015). Among them, ADH1, ADH3 and FAO1 were found to play essential roles in the oxidation process of exogenous fatty alcohols. In addition, this research demonstrated that Adh1p and Adh3p are cytosolic while Fao1p is localized to peroxisomes.
[bookmark: _Hlk166748320][bookmark: _Hlk166748329][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK26]Finally, an NAD(P)+-dependent fatty aldehyde dehydrogenase (Faldh), which is present in the ER or peroxisomes, catalyzes the conversion of fatty-aldehydes into FAs (Iwama et al., 2014). Faldh uses NAD(P)+ as a cofactor, and most of its variants show a preference for NAD+ as an electron acceptor (Bertram et al., 2017). The Faldh enzymes of Y. lipolytica that are active during n-alkane metabolism are encoded by HFD1-4 that are four paralogous genes. Iwama et al. (Iwama et al., 2014) constructed a mutant of Y. lipolytica with the deletion of four genes encoding Faldh and found that it could no longer use alkanes with a chain length of 12-18 for growth, but expressing any one of these HFD genes in the mutant restored its growth on n-alkanes. Therefore, Faldh deserves our attention as a key player in the metabolic process of n-alkanes.
2.2. Omega-oxidation pathway
[bookmark: OLE_LINK34]It is generally accepted that FAs are converted into DCAs through -oxidation in the ER, which consists of three successive oxidation steps similar to α-oxidation (Figure 2). In the oxidation of FA, ω-oxidation is a complementary pathway of β-oxidation, which can make up for β-oxidation disorder to a certain extent (Folz et al., 2023; Ranea-Robles and Houten, 2023).
[bookmark: OLE_LINK20]The enzymes involved in primary alkane oxidation and ω-oxidation are likely the same. In the ω-oxidation process, FAs are initially oxidized at the terminal carbon to form ω-hydroxy fatty acids (ω-HFAs). This reaction is catalyzed by the ω-hydroxylase complex consisting of CYP/Alk and Cpr. In Y. lipolytica, Alks exhibit varied substrate specificities and physiological functions in the oxidation of alkanes and FAs. Studies have shown that ALK3, ALK5 and ALK7 encode crucial enzymes that hydroxylate the ω-terminal end of dodecanoic acid, while enzymes encoded by other ALK genes only showed low activity (Iwama et al., 2016). It is equally important that Cpr supplies electrons required to produce ω-HFAs.
In the second oxidation step, ω-HFAs are converted into corresponding fatty acid aldehydes, facilitated primarily by Adh or Fao within the ER and peroxisomes, respectively. Gatter (2014) deleted the fatty alcohol dehydrogenase genes (FADH, ADH1-7) and the fatty alcohol oxidase gene (FAO1) in Y. lipolytica lacking β-oxidation, and used n-alkanes or FAs as the substrate. While the eight ADH genes were deleted, it resulted a modest increase of ω-HFA accumulation. And the removal of the FAO1 gene showed a more significant effect. Additionally, simultaneous deletion of ADH and FAO1 further decreased DCAs production. These findings suggest that both Adh and Fao participate in the ω-oxidation of FAs, with Fao playing a more critical role, marking this as the rate-limiting step of DCAs production.
The final step of ω-oxidation is the conversion of the aldehyde into a carboxyl group to form DCAs, catalyzed by Faldh (Kim et al., 2020b; Lim et al., 2021; Seo et al., 2018). Faldh is present in the ER and peroxisomes, which also indicates that DCAs may be produced in both of these compartments. However, it is generally accepted that DCAs are produced in the ER.
[bookmark: OLE_LINK16]2.3. Beta-oxidation pathway
[bookmark: OLE_LINK29][bookmark: _Hlk166748531][bookmark: _Hlk166748520]In mammals, β-oxidation mainly occurs in the mitochondria and peroxisomes (Valm et al., 2017). However, in some lower eukaryotes, such as Y. lipolytica and C. tropicalis, β-oxidation occurs in peroxisomes (Kurihara et al., 1992; Liu et al., 2022; Zhao et al., 2023). FAs/DCAs need to be activated via an acyl-CoA synthetase (Acs) before entering cyclical β-oxidation (Figure 2). The β-oxidation process produces an acetyl-CoA and an acyl-CoA with two carbon atoms missing through a four-step reaction, which is catalyzed by acyl-CoA oxidase (Pox), 3-ketoacyl-CoA thiolase (Pot) and a multifunctional enzyme (Mfe) (Yu et al., 2023).
In this pathway, Pox initiates β-oxidation by catalyzing its rate-limiting step (Morais et al., 2007). Pox converts the acyl-CoA ester into trans-2-enoyl-CoA while simultaneously generating hydrogen peroxide, which is then detoxified by catalase (Chen et al., 2023). Y. lipolytica possesses six acyl-CoA oxidases (Pox1–6), each with a preference for different chain lengths (Haddouche et al., 2010; Wang et al., 1999b). Among them, Pox1/6 exhibit no observable activity, Pox2 is more active on long-chain FAs, Pox3 prefers short-chain FAs, while Pox4/5 exhibit weak activity on a wide range of substrates (Guo et al., 2012; Waché et al., 2002; Wang et al., 1999a).
[bookmark: OLE_LINK30]The subsequent two steps are facilitated by the Mfe, serving dual functions as an enoyl-CoA hydratase and a β-hydroxyacyl-CoA dehydrogenase, resulting in the formation of β-hydroxyacyl-CoA and β-ketoacyl-CoA, respectively (Petkevicius et al., 2022). In the concluding step of the β-oxidation pathway, the enzyme Pot catalyzed the reaction, generating an acetyl-CoA and an acyl-CoA which is shortened by a C2 unit (Berninger et al., 1993). This shortened acyl-CoA ester can undergo further cycles until it is completely degraded into acetyl-CoA. This acetyl-CoA can then be transported out of the peroxisome via a carnitine shuttle mechanism. In this process, carnitine-acetyltransferase (Cat) reversibly transfers the acetyl unit from acetyl-CoA to the carrier carnitine, and the acetyl-carnitine that is formed crosses the mitochondrial membrane to participate in the TCA cycle, where it contributes to ATP production (Messina et al., 2023; Strijbis and Distel, 2010).

3. Engineering strategies for increasing the yield of dicarboxylic acids
[bookmark: OLE_LINK33]In order to increase the production of DCAs in microorganisms, a number of novel engineering strategies are worth promoting. The following is an overview of common engineering strategies for DCAs production (Figure 3).
3.1. Promoter engineering
Promoters with dynamic transcriptional capacities or ideal characteristics are a precious tool in synthetic biology. Promoter engineering focuses on precise control of gene expression to optimize biosynthetic pathways, which in turn can increase DCAs production (Figure 3A).
In any host organism, employing strong and adjustable promoters is crucial for accurately regulating gene expression related to specific biosynthetic pathways. Several strategies for promoter engineering have been developed to increase the strength and flexibility of existing promoters. One such approach, hybrid promoter engineering, involves segmenting promoters into several components (including the core promoter, TATA box, and UAS sequences), which can then be recombined or duplicated to create a promoter with enhanced or adjustable activity (Lai et al., 2023; Xiong and Chen, 2020; Ye et al., 2024). Interestingly, introns can also have a positive effect on promoter activity (Gallegos and Rose, 2015; Hong et al., 2012). Additionally, the use of inducible promoters with designed transcription factor (TF) binding sites allows for expression to be triggered under specific conditions, thus making it possible for the effective separation of growth and product synthesis during fermentation (Cazier and Blazeck, 2021). In Y. lipolytica, the transcription of ALK1 is upregulated in response to alkane availability through a basic helix-loop-helix TF complex, composed of Yas1 and Yas2. Conversely, it is downregulated through Yas3, an Opi1-family transcription repressor (Endoh-Yamagami et al., 2007; Fukuda, 2013; Yamagami et al., 2004). Yas1 and Yas2 are constantly localized in the nucleus, binding to alkane-responsive element 1 (ARE1) in the ALK1 promoter (Kobayashi et al., 2013). In the absence of n-alkanes, Yas3 moves to the nucleus, binding to Yas2, and repressing ALK1 transcription. Conversely, the presence of n-alkanes induces Yas3 to remain in the ER, allowing ALK1 transcription to be activated (Hirakawa et al., 2009). Gaining a deeper insight into these TFs will aid in effectively controlling DCAs production under optimal conditions. Sun et al. provide a detailed report on promoter engineering in Y. lipolytica, which provides a theoretical basis for Y. lipolytica to become a superior biomanufacturing platform for producing DCAs (Sun et al., 2022).
[bookmark: _Hlk192078454]The above promoter engineering strategies have been used in the production of DCAs. Wang et al. (2018) replaced the promoters of cytochrome P450 and NADPH-cytochrome P450 reductase with the constitutively expressed promoter pGAP in Candida tropicalis, the yield of long-chain dicarboxylic acids significantly increased to 32.84 g/L, which was 11.40 times that of the original strain. Park et al. (2021) constructed synthetic FadR promoters in Y. lipolytica, it can decouple cell growth from product synthesis. These promoters activated the ω-hydroxylating pathway, resulting in titers of ω-hydroxy FAs concentrations reaching as high as 160.00 mg/L. In addition, researchers used the oxygen-dependent promoter Pnar to achieve high production of DCAs in Escherichia coli under aerobic-anaerobic shift cultivation (Yu et al., 2017). These successful examples of inducible promoters can provide a reference for high-yield DCAs production from HSs in oleaginous yeasts. However, most current studies mainly focus on simple promoter replacement, and subsequent studies should apply more promoter engineering strategies to the production of DCAs.
3.2. Enzyme engineering
The essence of DCAs biosynthesis is the conversion of substrates into DCAs using the intracellular enzymes of microorganisms. In this process, considerations such as enzyme activity, selectivity, and expression pattern are crucial. Therefore, further engineering of enzymes provides an effective strategy to enhance DCAs production by modifying the characteristics of metabolic nodes within the DCAs synthesis pathways (Figure 3B).
Firstly, new enzymes can be identified and designed. More specifically, computer technology can be used to identify key enzymes in the DCAs synthesis pathway and reconstitute them in a rational way (Bell et al., 2024; Xie and Warshel, 2023). In the initial step of the ω-oxidation, the combined action of Alk and Cpr is usually required. If a new enzyme with the functions of these two enzymes can be discovered or developed, it may provide a new idea for the improvement of ω-oxidation activity.
[bookmark: _Hlk193292171]Secondly, while optimizing enzyme screening and expression can help resolve challenges like low catalytic efficiency or limited stability and specificity. However, to further improve biocatalyst performance, additional protein engineering approaches, such as directed evolution and semi-rational or rational design, are necessary. Directed evolution simulates the natural evolutionary process of enzymes in a laboratory setting (Victorino da Silva Amatto et al., 2022). Typically, common methods used by researchers such as DNA shuffling, error-prone PCR, or the staggered extension process (StEP) to generate random mutations and construct libraries of mutants, after which high-throughput screening is employed to select enzymes with enhanced activity and functionality (Gargiulo and Soumillion, 2021; Markel et al., 2020; Packer and Liu, 2015; Victorino da Silva Amatto et al., 2022; Ye et al., 2018). By contrast, semi-rational or rational design employs a combination of synthetic biology and bioinformatics to pinpoint the enzyme's active site, offering a more targeted approach for enzyme engineering (Ali et al., 2020; Sequeiros-Borja et al., 2021). Meinhold et al. (2006) obtained a mutant that exhibited 52% selectivity for octane terminal positions by performing saturated mutagenesis on selected residues in the active site of cytochrome P450. This regional selectivity was specific to octane and did not transfer to other substrates.
[bookmark: OLE_LINK35]In the biosynthetic pathway of DCAs, chain length specificity of key enzymes is very important, as it can greatly promote the conversion of substrates into target DCAs rather than various by-products. For example, the genome of Y. lipolytica encodes six acyl-CoA oxidases (Pox1-6) and twelve cytochrome P450 monooxygenases (Alk1-Alk12) related to DCAs synthesis (Bigey et al., 2023; Zhang et al., 2023). They all have different substrate specificity and physiological roles, which also enables Y. lipolytica to specifically synthesize target DCAs to a certain extent, but the mechanisms of action and preferred chain lengths of these enzymes are still unclear. Further enzyme engineering will effectively solve this problem and provide novel biocatalysts with higher chain-length specificity.
3.3. Pathway engineering
[bookmark: _Hlk192706054]Different from the previous two engineering strategies, pathway engineering centers on optimizing and reconstructing complex biosynthetic pathways, often by introducing heterologous genes and synthetic elements. Generally, there are two primary strategies for increasing DCAs production. The first involves suppressing pathways related to FA metabolism, and the second relies on enhancing ω-oxidation through the increased expression of the pertinent enzymes (Figure 3C).
In living organisms, FAs are typically metabolized by β-oxidation for energy production rather than ω-oxidation. Since DCAs are often utilized as a carbon source for cell growth, it is crucial to tailor β-oxidation to exclude the chain-length of the substrate, thus preventing the degradation of DCAs. In Y. lipolytica, β-oxidation involves three enzymes: Pox, Pot, and Mfe. Pox is the rate-limiting enzyme catalyzing the initial step of the pathway, and has garnered significant attention. It is important to note that Y. lipolytica harbors six POX genes (POX1-6), and extensive studies have been used to test the chain-length specificity of the encoded enzymes. Wang et al. found that the POX2 gene and POX3 gene encode long-chain and short-chain oxidases, respectively (Wang et al., 1999a). To prevent adipic acid degradation, Lee et al. constructed six mutant strains through deleting each POX gene, and derived three POX double-knockout strains from the POX3-disrupted strain BSHF003. The BSHF024 strain (pox1pox3) produced the highest adipic acid titer up to 214.50 mg/L after 96 h of fermentation (Lee et al., 2024). Rational β-oxidation design based on the chain length selectivity of POX is therefore an effective strategy for the synthesis of DCAs with specific chain lengths.
Additionally, pathway engineering can target other crucial enzymes in the β-oxidation pathway downstream from Pox, such as Mfe, which, unlike Pox, does not have multiple isozymes in yeast. In Y. lipolytica, deleting the MFE2 gene boosted the formation of short-chain DCAs (C9), although the longer-chain DCAs continued to be consumed with no accumulation observed (Werner and Zibek, 2017). Continued in-depth research may lead to new metabolic engineering strategies that further enhance DCAs production by optimizing β-oxidation processes.
Enhanced DCAs production can be achieved by specifically inhibiting β-oxidation while boosting ω-oxidation. Within the latter pathway, the ω-hydroxylase complex, comprising a CYP from the CYP52 family and NADPH-dependent Cpr, catalyzes the first and most significant rate-limiting step (Figure 2). Y. lipolytica exhibits functional diversity among its CYP enzymes, containing 12 isozymes with varying substrate specificity and physiological roles (Alk1-Alk12) (Takai et al., 2012). Iwama et al. found that out of all Alk isozymes, only Alk3, Alk5, and Alk7 exhibit activity on C12 FAs, as demonstrated by individually expressing each ALK gene in a Y. lipolytica strain where all ALK genes had been deleted (Iwama et al., 2016). In addition, Cpr is responsible for electron transfer in this reaction and generally interacts with Alk. A recent study found that ALK5 overexpression resulted in the most significant increase of adipic acid production of Y. lipolytica, and proved that the introduction of CPR would further increase the product titer (Lee et al., 2024).
The second step of ω-oxidation is catalyzed by Fao or Adh, representing another rate-limiting step in the formation of DCAs. In Y. lipolytica, Fao is generally considered to play a major role in this reaction (Gatter et al., 2014). Lee et al. introduced one copy of the FAO gene into the POX1 locus of the strain (pox1pox3) through chromosomal integration to generate the new strain. In YPDP50 medium supplemented with methyl laurate, the new one produced 224.70 mg/L adipic acid, which was 46% more than the original (Lee et al., 2024). Another point of concern is that when FAs are converted into DCAs, the -oxidation leads to the oxidation of one NADPH molecule and the reduction of two NAD(P)+ molecules, which disrupts the redox balance. Sathesh-Prabu et al. (2018) found that the expression of a xylose reductase (XR) gene helped the engineered E. coli strain balance the cofactor supply, resulting in a 180% increase of the DCAs yield. Hence, cofactor regeneration is also very important for DCAs production.
The combination of - and ω-oxidation is currently the main method for the biosynthesis of DCAs from HSs. In the future, the rapid development of metabolic engineering will greatly promote the further optimization of this method.
3.4. Cell engineering
The engineering strategies discussed here can significantly increase DCAs productivity. Additionally, cell engineering plays a crucial role in enhancing strain stability, as it helps mitigate the stress associated with DCAs accumulation and increases the strain's resilience under strenuous fermentation conditions. This discussion will now concentrate on adaptive laboratory evolution (ALE) as a key approach for whole-cell engineering (Figure 3D).
ALE is an innovative engineering strategy that leverages the principles of natural selection, as proposed by Darwin, by applying artificial selection pressure to identify mutant strains with improved phenotypes (Chen et al., 2024). These strains often exhibit superior growth and enhanced tolerance to the target products, positioning ALE as a valuable adjunct to rational engineering strategies aimed at optimizing the balance between cellular growth and the production of high-value compounds. Furthermore, ALE influences various levels of gene and protein regulation, making it feasible to utilize omics techniques to analyze genotypic differences between evolved and parental strains. This helps elucidate genotype-phenotype relationships, providing deeper insights into gene functions and evolutionary mechanisms (Hirasawa and Maeda, 2023).
[bookmark: _Hlk192706295]Pereira et al. used ALE to significantly improve the tolerance of S. cerevisiae to glutaric, adipic and pimelic acid, after which whole-genome sequencing revealed that the most common mechanism for enhancing DCAs tolerance was the upregulation of multidrug transporters (PDR12 and QDR3) (Pereira et al., 2019). Cui et al. performed ALE on Y. lipolytica to restore the growth of an engineered strain and achieve high production of succinic acid (Cui et al., 2023). In general, cell engineering strategies can improve the resistance of strains to DCAs, resulting in higher yields without affecting their growth.
3.5. Fermentation engineering
Scale-up from shake-flask to fermenter culture is a critical step in the industrialization of DCAs production. Fermentation engineering realizes high product titers by optimizing fermentation conditions and process parameters (Figure 3E).
[bookmark: _Hlk192707198]In the bioconversion process of HSs into DCAs, a two-phase bioprocess is widely considered to be optimal (Lee et al., 2017; Lee et al., 2024), which takes advantage of a separation between growth and product synthesis. The growth phase is mainly optimized for the fast proliferation of strains. During this time, the pH is generally maintained at 5.0-5.5 (Jeon et al., 2019; Lee et al., 2019), so that the cells can make full use of glucose and other organic matter, and produce enzymes related to the generation of DCAs under the induction of n-alkanes. In the conversion phase, the pH is gradually increased to 7.5–8.0 (Lee et al., 2019), strain growth comes to halt, and HSs enter the cells for α-oxidation and -oxidation.
The expression of yeast CYP/Alk as well as Cpr can be induced by hydrocarbons and FAs, but this induction is also depend on the growth phase, the intracellular pH and oxygen availability (Liu et al., 2003; Rehm et al., 1983). Therefore, some important parameters in the fermentation process need to be optimized, such as the composition of the fermentation medium, pH, dissolved oxygen (DO) and temperature. Since HSs are not readily bioavailable, the addition of moderate emulsifiers can be used to disperse the substrate into fine particles which are more easily assimilated by microorganisms (Lee et al., 2018). Research has shown that adding H2O2 to the fermentation process can not only enhance the oxygen supply, but also induce CYP, the key enzyme of α- and -oxidation, to improve the yield of DCAs (Jiao et al., 2001). With the continuous production of DCAs, the pH gradually decreases, affecting product synthesis. Therefore, the pH of the fermentation broth should be strictly controlled to improve the yield of DCAs. Liu et al. (2004) proposed and optimized a pH control strategy for DCAs production, and found that CYP activity was the highest under the optimal pH conditions, while the DCAs concentrations obtained from n-dodecane, n-tridecane and n-tetradecane reached 166.00, 153.00 and 138.00 g/L, respectively. Since HSs need to be converted into DCAs by multi-step oxidation, it is necessary to provide a large amount of oxygen in the fermentation process to ensure the normal progress of fermentation. At the same time, the substrate feed rate is a crucial parameter for process optimization since high concentrations of the substrate can have toxic effects on the cells as well as the potential to cause foaming and fermenter overflow (Sugiharto et al., 2018). Jeon et al. (2019) maintained the pH at 5.5 in the growth stage, gradually increased it to 7.8 during the conversion stage, and successfully achieved a high yield of Sebacic acid in 5- and 50-L fermenters by controlling the substrate feed rate and DO level (Table 2).
Thus, fermentation optimization is crucial for DCAs industrialization, and along with the aforementioned fermentation engineering strategies, it is essential to systematically optimize the specific composition of the medium and fermentation conditions to achieve the maximum production of DCAs.
3.6. Downstream engineering
The separation and purification of DCAs from the fermentation broth is the last step of the production process. Efficient downstream processes can provide high-quality precursors for biobased materials such as nylon (Figure 3F).
The fermentation broth of DCAs is a typical four-phase system consisting of “gas-liquid (water phase)-oil (hydrophobic substrate)-solid (yeast)”, and its composition is complex, so the separation and purification of DCAs is a complex and challenging step. In this process, the reaction is usually terminated by heating the fermentation broth to induce cell lysis, after which the DCAs are converted into the corresponding sodium salts y adding concentrated sodium hydroxide. The solid and liquid phases are further separated by membrane filtration or centrifugation, the obtained liquid is decolorized with activated carbon, and the fermentation broth after decolorization is acidified and crystallized. Finally, DCAs are obtained through refining steps such as filtration, washing and drying (Gu et al., 2024).
[bookmark: _Hlk192707370][bookmark: _Hlk193288882]In situ product removal (ISPR) is an extraction technique that swiftly removes target compounds without harming cells, thereby preventing the final products from inhibiting cell growth (Yu et al., 2023). In the biological fermentation process of DCAs, with the continuous increase of DCAs concentration, the toxicity of DCAs to cells is also increasing, so the emergence of ISPR can solve this problem well. A growing number of studies have demonstrated the feasibility of ISPR in producing DCAs (Cheng et al., 2012; Panduric et al., 2017; Ruebenach et al., 2024). Li et al. developed an integrated fermentation system that combines DCAs fermentation with the expanded-bed adsorption (EBA) for in-situ separation. EBA is a coupled process that combines solid-liquid separation and product recovery into a single unit operation. They employed ISPR technology to enhance cell growth during the product inhibitory period of microbial fermentation, significantly increasing the yield of DCAs, with a final titer of 145.20 g/L, an average yield of 0.52 g/g, and a productivity of 1.30 g/L/h. In contrast to the fed-batch fermentation, which yielded 73.80 g/L of DCAs over 48 hours with a total yield of 0.57 g/g glucose and productivity of 1.54 g/L/h. The ISPR approach sustains similar production efficiency and yield while significantly enhancing the ultimate DCAs concentration (Li et al., 2011). On the other hand, the rapid development of biotechnology makes the separation of DCAs easier. Wang et al. changed the morphological characteristics of the production strain by regulating the expression of related genes to facilitate cell separation, which simplified the downstream process of microbial production and ultimately achieved cost reduction (Wang et al., 2019). In general, downstream processing is still a costly item in microbial production of DCAs, and additional studies are needed to develop more cost-effective DCAs separation strategies.

4. Challenges and future perspectives
Although useful engineering strategies and their corresponding challenges have been described previously, there are other obstacles in the efficient production of DCAs, which are briefly described below and provide prospects for future development.
At present, the production of DCAs is increasingly emphasizing green and efficient bioconversion. However, the bioconversion of HSs into DCAs still relies on petroleum-based feedstocks, such as alkanes, which are increasingly being depleted. Advances in synthetic biology have greatly broadened the substrate spectrum of chassis microorganisms. By reprogramming the metabolic pathways of E. coli, Li et al. finally realized the production of 15.26 g/L of medium-chain DCAs from waste cooking oil (Li et al., 2021). At the same time, FAMEs derived from vegetable oil are considered to be a suitable sustainable carbon source for the production of DCAs (Lee et al., 2019; Lee et al., 2024). Other green carbon sources, such as lignocellulose and sustainable C1 resources, require further studies before they can be considered for DCAs production.
As the DCAs “factory”, the chassis cell directly determines the efficiency of production. While C. tropicalis has been the primary strain used for bio-based DCAs production, it is a pathogenic yeast responsible for several human diseases and gene editing is often inefficient because of its diploid nature (Gu et al., 2024; O'Brien et al., 2021). By contrast, Y. lipolytica is an oleaginous yeast with generally recognized as safe (GRAS) status and has also been used in the production of DCAs due to its strong lipid accumulation capacity, unique oxidation pathway and excellent pH tolerance (Wang et al., 2023). Moreover, there is a rich molecular manipulation toolbox for Y. lipolytica, including Golden Gate, EasyClone YALI, CRISPR/Cas9, and many other methods (Egermeier et al., 2019; Holkenbrink et al., 2018). Additionally, microbial co-culture systems are another development direction for the efficient production of DCAs. They offer advantages such as a reduced metabolic burden, better balance of cofactor and energy supply, as well as greater stability and adaptability to environmental fluctuations (Bader et al., 2010; Peng et al., 2023).
[bookmark: _Hlk192769424][bookmark: _Hlk166747638][bookmark: _Hlk166747655]The entry of HSs into the cells, which is a prerequisite for DCAs synthesis, is generally thought to occur by passive transport (free diffusion and facilitated diffusion), active transport and endocytosis (Figure 2). The utilization of FAMEs and triacylglycerols relies on the release of extracellular lipases, which hydrolyze these esters into free FAs. Y. lipolytica possesses a variety of genes encoding lipases, including members of both the LIP and TGL families (Fickers et al., 2003; Pereira-Meirelles et al., 2000). Alkane uptake may require a direct interaction between cells and alkanes droplets, which is linked to protrusion formation (Fickers et al., 2005), and cell contact can be facilitated by the secretion of biosurfactants (emulsification) (Fukuda, 2023). Emulsification is facilitated by a small extracellular glycoprotein called liposan, which is produced in response to growth in the presence of HSs (F. Thevenieau, 2010). Although the uptake of hydrophobic molecules in yeasts was initially believed to be a passive process occurring through diffusion across the cell membrane, it is now understood to be an active process mediated by proteins (Claus et al., 2019). Extracellular FAs can also be transported into Y. lipolytica through a yet unidentified transporter, referred to as eFbp1-4p (Onesime et al., 2022; Soong et al., 2023). In Y. lipolytica, the ABC transporter YlABC1-4p is thought to be involved in alkane uptake and exhibits different substrate specificities (Thevenieau et al., 2007). Additionally, Y. lipolytica as a dimorphic yeast, the change of cell morphology may affect the absorption of alkanes (Zinjarde et al., 1998). However, the precise mechanism by which hydrophobic compounds traverse the membrane is still debated, but it can be used as a starting point to increase the yield of DCAs in future studies.
In the future, more environmentally friendly carbon sources as well as more efficient and safer chassis cells should be selected. In addition, it will be necessary to optimize every step of DCAs production under the guidance of metabolic and process engineering, so that the product yield can reach an economically viable level. In short, practical DCAs bioprocess development, including scale-up from the laboratory to the factory, must ensure high DCAs titers as well as stable, controlled biological processes. The rational engineering strategies reviewed in this paper can provide a reference for these endeavors. With the development of synthetic biotechnology, industrial-scale fermentation of engineered microorganisms will become the main source of DCAs in the future.

5. Conclusions
The production of medium-long chain dicarboxylic acids from renewable hydrophobic substrates using oleaginous yeasts as platform strains is in line with the concept of green and sustainable development. However, the current medium-long chain dicarboxylic acids production still cannot meet the requirements of industrialization. This paper reviewed the strategies of metabolic engineering and process optimization for improving the production of medium-long chain dicarboxylic acids, hoping to promote the development of medium-long chain dicarboxylic acids biosynthesis with the help of synthetic biology.
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Table 1. Production of medium-long chain dicarboxylic acids from different carbon sources
	Features
	Hydrophobic substrates
	Hydrophilic substrates

	Chassis cell
	Oleaginous yeasts (Yarrowia lipolytica, Candida tropicalis)
	Model microorganisms (Saccharomyces cerevisiae, Escherichia coli)

	Clear genetic background
	
	

	Abundance of genetic elements
	
	

	Ease of gene editing
	
	

	Simple metabolic pathways
	
	

	Degree of structural similarity to dicarboxylic acids
	
	

	Substrate toxicity to cell
	
	

	Oxygen requirement
	
	

	Fermentation yield
	
	

	Degree of commercialization
	
	

	Composition of fermentation system
	Four phases: gas-liquid (water phase)-oil (hydrophobic substrate)-solid (yeast)
	Three phases: gas-liquid (water phase)-solid (cells)

	The pH shift during fermentation
	Two-stage fermentation requires to increase pH
	It is generally not necessary to adjust the pH


The number of asterisks represents the relative level of development for different carbon sources; maximum: , intermediate: , minimum: .
Table 2. Summary of studies on dicarboxylic acid production by microorganisms using hydrophobic substances.
	Dicarboxylic acid
	Host
	Substrate
	Cultivation
	Titer
(g/L)
	Productivity
(g/L/h)
	Yield
(g/g)
	Metabolic engineering strategies
	Ref.

	Adipic acid
	Candida tropicalis
	Methyl laurate
	5 L, fed-batch fermentation
	12.10
	0.10
	NAa
	Deletion of AOX4; overexpression of AOX5
	(Ju et al., 2020)

	
	[bookmark: OLE_LINK8]C. tropicalis
	Fatty acids mixture (coconut oil)
	Fed-batch fermentation
	50.00
	0.38
	NA
	Deletion of POX4; overexpression of key enzymes of ω-oxidation
	(Thomas Beardslee, 2012)

	
	Yarrowia lipolytica
	Methyl laurate
	Shake flask, batch
	1.18
	NA
	NA
	Deletion of POX1 and POX3; introduction of an additional copy of ALK5-CPR1 with FAO1
	(Lee et al., 2024)

	Sebacic acid
	C. tropicalis
	Methyl decanoate
	5 L, continuous fermentation
	34.50
	0.64
	NA
	NA
	(Sugiharto et al., 2018)

	
	C. tropicalis
	Decanoic acid methyl ester
	5 L, fed-batch fermentation
	98.30
	0.57
	0.98b
	Overexpression of CYP52A19, CPR, and FAO1
	(Jeon et al., 2019)

	
	C. tropicalis
	Decanoic acid methyl ester
	50 L, fed-batch fermentation
	90.90
	0.68
	0.98b
	Overexpression of CYP52A19, CPR, and FAO1
	(Jeon et al., 2019)

	Undecanedioic acid
	Escherichia coli
	Ricinoleic acid
	Shake flask, batch
	53.60
	1.49
	0.83b
	Introduction of ADH, BVMO, MBP, ALDH
	(Kim et al., 2020a)

	Dodecanedioic acid
	Y. lipolytica
	Dodecane
	600 mL, fed-batch fermentation
	11.00
	NA
	NA
	Deletion of POX1-6 and overexpression of FAO1
	(Gatter et al., 2014)

	
	Candida viswanathii
	Dodecane
	7.5 L, fed-batch fermentation
	181.60
	1.59
	NA
	NA
	(Cao et al., 2017a)

	
	C. viswanathii
	Dodecane
	7.5 L, fed-batch fermentation
	129.70
	1.13
	NA
	NA
	(Cao et al., 2017b)

	
	C. tropicalis
	Dodecanoic acid methyl ester
	1 L, fed-batch fermentation
	66.00
	0.35
	0.80
	NA
	(Funk et al., 2017)

	
	Wickerhamiella sorbophila
	Methyl laurate
	5 L, fed-batch fermentation
	92.50
	0.83
	NA
	Deletion of POX1
	(Lee et al., 2018)

	
	C. viswanathii
	n-Dodecane
	3 L, fed-batch fermentation
	224.00
	1.87
	0.83b
	Overexpression of CYP52A19, CPRb, FAO, and POS5
	(Pham et al., 2023)

	
	C. tropicalis
	n-Dodecane
	5 L, batch fermentation
	166.00
	NA
	NA
	NA
	(Liu et al., 2004)

	
	C. tropicalis
	n-Dodecane
	15 L, fed-batch fermentation
	140.00
	0.90
	0.80b
	Deletion of POX4 and POX5
	(Picataggio et al., 1992)

	Tridecanedioic acid
	C. tropicalis
	n-Tridecane
	5 L, batch fermentation
	153.00
	NA
	NA
	NA
	(Liu et al., 2004)

	Tetradecanedioic acid
	C. tropicalis
	n-Tetradecane
	5 L, batch fermentation
	138.00
	NA
	NA
	NA
	(Liu et al., 2004)

	
	C. tropicalis
	Methyl tetradecanoate
	15 L, fed-batch fermentation
	210.00
	1.30
	1.00b
	Deletion of POX4 and POX5
	(Picataggio et al., 1992)


aThese values were not mentioned in the main text of the original reference. bMolar conversion.

Figures:

Figure 1. Overview of the production of dicarboxylic acids (DCAs) from different carbon sources and their applications. The abbreviations are as follows: FAMEs, fatty acid methyl esters; FAs, fatty acids.

Figure 2. The metabolic process of producing dicarboxylic acids (DCAs) from hydrophobic substances in oleaginous yeasts. Firstly, hydrophobic substrates cross the cell membrane through several mechanisms. Then, the hydrophobic substrates undergo α- and -oxidation to form DCAs inside the cell, followed by the degradation of DCAs in peroxisomes via -oxidation. Finally, the acetyl-CoA produced via -oxidation directly enters the mitochondria as acetyl-carnitine through the carnitine acyltransferase (CAT) shuttle system. The abbreviations are as follows: ABC1-4, n-alkane transporters; ACS, acyl-CoA synthetase; ADH, fatty alcohol dehydrogenase; CPR, NADPH-dependent cytochrome P450 reductase; CYP/ALK, cytochrome P450 monooxygenase; eFBP1-4, FA transporter; ER, endoplasmic reticulum; FALDH, fatty aldehyde dehydrogenase; FAMEs, fatty acid methyl esters; FAO, fatty alcohol oxidase; FAs, fatty acids; MFE, multifunctional enzyme; MIT, mitochondria; POT, 3-ketoacyl-CoA thiolase; POX, acyl-CoA oxidase. The green box illustrates the enzymes that participate in -oxidation; the purple box illustrates the enzymes that participate in α-oxidation; the blue box illustrates the enzymes that participate in -oxidation; the gray dashed line indicates the presumed DCAs production process.

Figure 3. Metabolic and process engineering strategies for producing dicarboxylic acids (DCAs) in oleaginous yeasts. (A): promoter engineering strategy, achieving precise gene regulation by adjusting promoter strength; (B): enzyme engineering strategy, mining new enzymes by taking advantage of bioinformatics approaches, enhancing enzyme activity or catalytic efficiency via random mutagenesis or rational design; (C): pathway engineering strategy, achieving high production of target DCAs by enhancing -oxidation and specifically regulating -oxidation; (D): cell engineering strategy, improving the stability and productivity of strains via adaptive laboratory evolution; (E): fermentation engineering strategy, improving the yield of DCAs by two-phase bioprocesses and optimization of fermentation conditions; (F): downstream engineering strategy, increasing product purity using effective separation systems.
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