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Abstract
Purpose: The FAE1 gene encodes an enzyme in plants that performs the first rate-limiting step of forming elongated fatty acid chains. Due to the importance of controlling the kind and the amount of fatty acids in diet, it is desirable to modify fatty acid content in oilseeds. The purpose of this study is to investigate the effect of FAE1 gene edition on fatty acid content of four crop plants.
Research methods: Relevant studies were retrieved from major scientific databases, including PubMed, Scopus, Web of Science, and Google Scholar, and they were critically analyzed to summarize the recent advances in CRISPR/Cas9-mediated editing of the FAE1 gene in oilseed crops.
Results: In this research, the results of CRISPR/Cas9-mediated editing of FAE1 in four crop plants were studied. In an experiment using the FAE1 gene of Arabidopsis thaliana, inactivation of the competitive pathway of VLCFA elongation led to the diversion of fatty acid metabolism to the biosynthesis of Hydroxy Fatty Acids (HFAs), leading to a greater proportion of HFAs, up to 31%, of the total amount of seed oil content. In Brassica napus, Camelina sativa and Brassica juncea, analysis of fatty acid composition in transgenic seeds showed the increased amount of oleic acid in mutants. It was accompanied by the significant decrease in the amount of VLCFAs such as erucic acid.
Conclusion: CRISPR/Cas9 system revolutionized the process of genetic improvement of oilseed crops via manipulation of genes controlling the biosynthesis of the fatty acids. Nevertheless, in order to fully utilize the potential of this technology, it is crucial to address such issues as editing accuracy, efficiency of transformation, etc.
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Introduction
The FAE1 (FATTY ACID ELONGATION1) gene was originally isolated from Arabidopsis thaliana and it was well analyzed during recent years. An enzyme named β-ketoacyl-CoA synthase (KCS) is produced by expression of FAE1 gene, which performs the condensation reaction where malonyl-CoA and acyl-CoA form elongated fatty acid chains (James et al., 1995; Millar and Kunst, 1997). Thus, the amount and substrates of FAE1 determine the level of Very Long Chain Fatty Acids(VLCFA) production and their chain length (Millar and Kunst, 1997). The amount of expression of this gene is not equal in all tissues. Developing seeds of Arabidopsis thaliana express a high level of this gene, while vegetative tissues, such as leaves, has showed low or no expression. Hence, FAE1 is considered a seed-specific condensing enzyme responsible for VLCFA biosynthesis regulation (James et al., 1995).
The phylogenetic analysis, retention of the FAE1 gene in different species from the Brassicaceae genus, as well as nucleotide variations in this gene in various plant taxa have been studied. Results of phylogenetic studies show that although homologs of FAE1 are retained in many Brassicaceae, nucleotide variations affect significantly the profile of seed fatty acids, especially the concentration of erucic acid (C22:1). Particular amino acid alterations in FAE1 are linked to plant phenotypes with either high or low erucic acid levels, indicating that the structure of the FAE1 gene influences the activity of enzymes involved in VLCFA biosynthesis. (Wu et al., 2013). In addition to plants, the expression of FAE1 has also been observed in yeast, indicating that this plant derived, membrane-bound condensing enzyme function in a microbial system (Millar and Kunst, 1997). 
FA synthesis in the plastid is facilitated by FAS, which adds two-carbon units sequentially (Rawsthorne, 2002). Once acyl-CoAs have been synthesized in the plastid, they are exported to the cytosol and join the acyl-CoA pool there (Jones et al., 1995; Salas and Ohlrogge, 2002). In the endoplasmic reticulum, VLCFAs are produced by the acyl-CoA elongase complex, which uses malonyl-CoA and acyl-CoA. The first step is the condensation of the two-carbon unit of malonyl-CoA with acyl-CoA, catalyzed by a 3-keto-acyl-CoA synthase (KCS), to form 3-keto-acyl-CoA. The keto group is then removed through three enzymatic reactions: KCR reduces 3-keto-acyl-CoA to 3-hydroxyacyl-CoA; a 3-hydroxyacyl-CoA dehydratase converts 3-hydroxyacyl-CoA to trans-2,3-enoyl-CoA; and finally, a trans-2,3-enoyl-CoA reductase converts trans-2,3-enoyl-CoA to an alcohol. In the case of Arabidopsis thaliana, the enzymes that catalyze the condensation reaction belong to a large multigenic family similar to the FAE1. Loss of function mutations in specific KCS-encoding genes lead to decreased amounts of VLCFA with particular chain length depending on the affected tissues in wich it is expressed, such as seeds (Kunst et al. 1992), cuticular waxes (Millar et al. 1999), or root suberin (Lee et al. 2009). A similar pattern was observed in rapeseed, where higher VLCFA accumulation was linked to increased elongase activity during embryo development. (Weselake and Taylor, 1999). The same correlation is observed for Arabidopsis seeds as the deposition. In Arabidopsis, FAE1 is the particular KCS responsible for elongating fatty acids that will eventually be integrated into the TAG in the seed (James et al. 1995). Inactivation of elongase function in the seed changes the fatty acid composition of the TAG, shown in the Arabidopsis thaliana mutants of the FAE1 gene, wherein there is significantly lower concentration of VLCFAs (Kunst et al. 1992). FAE1 mutants display a phenotype comparable to that of low-erucic-acid rapeseed, commonly known as canola (Chiron et al. 2015). Although each elongation cycle consists of four distinct catalytic steps, mutation screens led to the identification of the FAE1 gene, whose disruption causes VLCFA biosynthesis in the seed to drop to nearly zero. (James et al., 1995; Millar and Kunst, 1997).
Genome editing via CRISPR relies on nucleases that induce double-strand breaks (DSBs) (Pacesa et al. 2024). In 2007, CRISPR-Cas systems were discovered to function as an adaptive immune system in prokaryotes. (Barrangou et al. 2007; Pacesa et al. 2024). The adaptive immunity works through three stages: (i) adaptation, (ii) expression and (iii) interference. Adaptation is the stage at which foreign DNA sequence is integrated into the CRISPR locus on the chromosome of the host using Cas1 and Cas2 proteins (Sternberg et al. 2019). The expression stage encompasses the synthesis of guide RNA (gRNA) as well as the maturation of its precursor transcript. During the interference stage, the Cas protein, once bound to the mature gRNA, cleaves the invader DNA. (Moon et al. 2019)
The finding that Cas9 can be guided by RNA to cut DNA led to significant attempts to use this protein for genome editing purposes. This research came to fruition in early 2013 when several studies demonstrated that co-expression of Cas9 and appropriate sgRNAs in eukaryotic cells results in targeted genome modifications (Mali et al. 2013; Hwang et al. 2013). Constant development of CRISPR-based genome editing technology is driving improvements in its efficiency, flexibility, and precision. Although targeting specific crops and even organisms with CRISPR is becoming increasingly feasible, many barriers still need to be overcome. (Mao et al. 2019).
Since its first application in plant genome editing in 2013, the CRISPR/Cas9 system has become one of the most powerful tools for crop improvement and functional genomics. CRISPR/Cas9 has been extensively used in oilseed crops, thanks to its high precision and efficiency, to modify genes involved in fatty acid biosynthesis and to enhance seed oil quality (Ricroch et al., 2017; Liu et al., 2021; Ali and Zhang, 2023). Among these genes, Fatty Acid Elongase 1 (FAE1) has received significant attention because it catalyzes the conversion of C18 fatty acids into very-long-chain fatty acids (VLCFAs), especially erucic acid. (Shi et al. 2017; Shi et al. 2015; Shi et al. 2022)
CRISPR/Cas-mediated editing of FAE1 has been successfully applied in several oilseed crops, including Brassica napus, Camelina sativa, and Brassica juncea. In B. napus, simultaneous knockout of the two FAE1 homologs led to a near-total loss of erucic acid while increasing oleic acid with minimal effects on agronomic performance (Liu et al. 2022). Disruption of all three FAE1 homologs in Camelina sativa led to a marked reduction in VLCFAs and enhanced accumulation of beneficial C18 unsaturated fatty acids; moreover, the transgenic lines showed increased production of omega-3 long-chain polyunsaturated fatty acid (Han et al. 2022). In a similar way, low-erucic acid germplasm with improved nutritional quality was generated through CRISPR/Cas9-mediated knockout of BjFAE1 homeoalleles in B. juncea, without compromising plant growth or yield. (Patra et al. 2025).
Continued advances in CRISPR technology, together with improved delivery systems and multi-omics approaches, are expected to further accelerate the development of next-generation oilseed varieties with enhanced nutritional and industrial value (Ali and Zhang, 2023).
    Although CRISPR/Cas technology has achieved remarkable success in improving oilseed crops, its full potential remains unrealized because several challenges persist. Major bottlenecks continue to be the efficient delivery of CRISPR components and the regeneration of edited plants, especially in species characterized by low transformation efficiency, long generation times, or vegetative propagation. Furthermore, gene knockout approaches remain more efficient than precise genome modifications such as targeted gene insertion or sequence replacement. (Mao et al. 2019; Kocsisova and Coneva, 2023). Beyond these technical limitations, validation of edited plants in the field and the establishment of clear regulatory frameworks are essential for the commercialization and public acceptance of genome-edited crops (Menelih et al. 2025). Nevertheless, continuous advances in genome-editing technologies, together with improved delivery systems and molecular breeding strategies, are expected to further broaden the application of CRISPR for the genetic improvement of oilseed crops and the development of varieties with enhanced oil quality and agronomic performance (Ali and Zhang, 2023). This review aims to comprehensively overview the biological role of the FAE1 gene as well as recent advances in CRISPR/Cas-mediated editing of FAE1 in oilseed crops. The effects of FAE1 genome editing on fatty acid composition and oil quality are also summarized, and current challenges alongside future perspectives for developing oilseed varieties with improved nutritional and industrial properties are discussed.
Materials and Methods
     A comprehensive literature search was conducted to identify studies investigating CRISPR/Cas-mediated editing of the FAE1 gene in oilseed crops. Relevant articles published in English were retrieved from major scientific databases, including PubMed, Web of Science and Scopus. The search was performed using combinations of the following keywords: FAE1, Fatty Acid Elongase 1, CRISPR, CRISPR/Cas9, genome editing, oilseed crops, Brassica napus, Camelina sativa, Brassica juncea, Arabidopsis thaliana, erucic acid, very-long-chain fatty acids (VLCFAs), and fatty acid biosynthesis. Original research articles, review papers, and relevant reports focusing on the biological function of FAE1, its role in fatty acid metabolism, and CRISPR/Cas-mediated genome editing were included. Articles not directly related to FAE1 or lacking sufficient experimental evidence were excluded. We critically analyzed the selected studies and grouped them by crop species, genome-editing strategy, and their impact on fatty acid composition and oil quality.
Results and Discussion
Structure and molecular characteristics of the FAE1 gene
The microsomal fatty acid elongase (FAE) complex, which plays a key role in the biosynthesis of VLCFAs, requires the presence of an enzyme termed KCS, a product of the FAE1gene. The FAE1 gene was originally isolated from Arabidopsis thaliana and analyzed, and the results showed that it has significant homology to a number of other condensing enzymes such as chalcone synthase, stilbene synthase, and 3-ketoacyl-acyl carrier protein synthase III (KASIII). Based on such similarities, it can be inferred that FAE1 encodes a specific KCS, which initiates the very first reaction in the microsomal fatty acid elongation process (James et al., 1995; Millar and Kunst, 1997).
As a member of the KCS family, FAE1 shares the same structure as its homologues and functions as a catalytic subunit of the FAE enzyme. In the FAE microsomal system, VLCFAs are elongated through the repeated addition of two-carbon units from malonyl-CoA to preexisting C18 acyl-CoA chains, which are synthesized in plastids via the de novo FAS pathway. (Fehling and Mukherjee, 1991).
The incomplete dominance of wild-type FAE1 over the mutant fae1 suggests that the FAE1 activity is the limiting factor for VLCFA synthesis in Arabidopsis seeds. This is corroborated by the significant increase in the VLCFA levels in the seeds of transgenic plants. This suggests that, similar to the VLCFA biosynthesis in mutants, the VLCFA biosynthesis in wild types is also limited by FAE1 activity. Also, different p35S-FAE1 transgenic lines show variations in their leaf VLCFA levels, which may be due to variations in the expression level of FAE1. Therefore, it can be concluded that the extent of fatty acid utilization in VLCFA synthesis is dependent on the level of FAE1 activity. The results obtained in the present study follow the commonly seen regulation of metabolic pathways in which pathways are regulated from their commitment stage onwards (Millar and Kunst, 1997).
Gene expression analysis revealed that FAE1 exhibits tissue-specific expression. In Arabidopsis thaliana, its transcripts are predominantly found in developing seeds, whereas they are absent or scarce in vegetative tissues such as leaves. This expression pattern corresponds to the phenotypic changes observed in the FAE1 mutant, in which the fatty acid profile is altered in seeds while other tissues remain unaffected. FAE1 is therefore regarded as a seed-specific condensing enzyme that regulates VLCFA biosynthesis. (James et al., 1995).
Mutations in FAE1 cause a significant reduction in the level of seed VLCFAs (James and Dooner, 1990; Lemieux et al., 1990) and result in the malfunction of the processes responsible for the elongation of C18 to C20 and C20 to C22 acyl chains. It can be concluded that the product of FAE1 plays a role in both of these elongation reactions (Kunst et al., 1992).
Research has addressed phylogenetic analysis, the retention of the FAE1 gene among different species of the genus Brassicaceae, and nucleotide variations in this gene across various plant taxa. Results of phylogenetic studies show that although homologs of FAE1 are retained in many Brassicaceae, nucleotide variations affect significantly the profile of seed fatty acids, especially the concentration of erucic acid (C22:1). Specific amino acid changes in FAE1 are associated with high- and low-erucic acid phenotypes of plants, which mean that structure of the FAE1 gene affects the activity of enzymes involved in VLCFA biosynthesis (Wu et al., 2013).
The erucic acid composition of Brassicaceae seeds is likewise known to be genetically controlled and highly variable (Mandal et al. 2002; Xiao-qin et al. 2011). Since FAE1 is the major regulator of erucic acid biosynthesis, the present research sought to analyze genetic diversity and reconstruct phylogeny to determine the evolutionary history and path of the plant FAE1 gene. Furthermore, variant detection analysis and genotype–phenotype association studies were carried out to establish how these genetic variations influence erucic acid accumulation in plants. (Sun et al. 2013). 
The expression of FAE1 in yeast is the first example where a plant membrane-bound condensing enzyme can function in a microbial system. It indicates that not only the membrane system and the redox potential of the yeast are suitable for the enzyme, but also FAE1 can interact with yeast reductase and dehydrase components to carry out the process of VLCFA synthesis. This is surprising because it is generally accepted that elongase enzymes work in an organized complex (Bessoule et al., 1989; Fehling et al., 1992). Moreover, based on amino acid sequence, yeast does not possess proteins resembling FAE1. This implies that either the composition of the FAE complex is highly flexible, or FAE1 can interact with the other components of the elongase system without forming a complex. By expressing FAE1 heterologously in yeast and applying site-directed mutagenesis, researchers gain a powerful approach for investigating the structure and function of plant condensing enzymes, as well as the subcellular organization of the fatty acid elongation machinery. (Millar and Kunst, 1997).
In polyploid oilseed crops such as B. napus and C. sativa, duplicated copies of FAE1 have evolved due to duplications of the genome. These duplicateds genes play an important role in the regulation of VLCFA biosynthesis and increase the complexities in the process of genetic engineering. Thus, simultaneous editing of more than one allele of FAE1 genes is becoming an important approach to manipulate seed oil content using genome editing technologies, such as CRISPR/Cas systems (Ozseyhan et al., 2018).
Biosynthesis of fatty acids
FA synthesis in the plastid is facilitated by FAS through the sequential addition of two-carbon units (Rawsthorne, 2002). The process is initiated by acetyl-CoA carboxylase, which carboxylates acetyl-CoA to form malonyl-CoA (Sasaki and Nagano, 2004). Malonyl-CoA is subsequently converted to malonyl-ACP by malonyl-CoA:ACP transacylase (Lessire and Stumpe, 1983). The condensation of malonyl-ACP with acetyl-CoA, catalyzed by β-ketoacyl-ACP synthase III (KAS III), produces 4:0-ACP (Clough et al., 1992). Chain elongation from 4:0-ACP to 16:0-ACP is mediated by KAS I, whereas elongation from 16:0-ACP to 18:0-ACP is accomplished by KAS II (Shimakata and Stumpf, 1982). Desaturation of 18:0-ACP to 18:1-ACP takes place due to fatty acid biosynthesis 2 (FAB2; Lightner et al., 1994). Acyl-CoAs are detached from ACP by fatty acyl-ACP thioesterases A (FATA) and B (FATB), and then released from plastid to cytosol, where they become part of acyl-CoA pool (Jones et al., 1995; Salas and Ohlrogge, 2002). After that, acyltransferases in the endoplasmic reticulum transfer acyl-CoAs to glycerol-3-phosphate (G3P) to form triacylglycerol (TAG; Li-Beisson et al., 2013).
In this assembly process, glycerol-3- phosphate acyltransferase (GPAT) first acylates the sn-1 position of G3P to form lysophosphatidic acid (LPA; Shockey et al., 2016). This process is followed by LPAT adding another acyl-CoA to the sn-2 position of LPA, resulting in the formation of phosphatidic acid (PA). Phosphate at the sn-3 position of PA is then cleaved by PAP to produce diacylglycerol (DAG; Carman and Han, 2006). DGAT finally catalyzes the addition of acyl-CoA at the sn-3 position of DAG to produce TAG (Cases et al., 1998; Zou et al., 1999; Figure 1). The PUFAs found in TAG are synthesized in the membrane lipids phosphatidylcholine (PC; He et al., 2020). Oleic acid (18:1) is initially desaturated by FAD2 at the sn-2 position of PC, yielding linoleic acid (18:2), which FAD3 then desaturates to form linolenic acid (18:3) (Lemieux et al., 1990; Browse et al., 1993; Dar et al., 2017). By reversing the action of LPCAT, these fatty acids can be recovered from PC into the acyl-CoA pool (Lager et al., 2013); the recovered fatty acids are then directed toward TAG formation through the acyl-CoA pathway, using the ER acyltransferases discussed above (Zou et al., 1999; Kim et al., 2005; Shockey et al., 2016). In addition, an acyl-CoA-independent process exists in which PDAT transfers fatty acids from PC to DAG, thereby forming TAG. (Dahlqvist et al., 2000; Fig. 1A). 
In Arabidopsis, the enzymes rwsponsible for the condensation reaction belong to a large multigenic family similar to the FAE1. Loss of the function mutations in particular KCS-encoding genes lead to decreased amounts of VLCFA of particular chain length depending on the affected tissues such as seeds (Kunst et al. 1992), cuticular waxes (Millar et al. 1999), or root suberin (Lee et al. 2009). The same pattern was found in the case of rapeseed in which increased accumulation of VLCFAs is related to increased elongase activity during the embryo development (Weselake and Taylor 1999). A comparable correlation is observed in Arabidopsis seeds with respect to deposition. In Arabidopsis, FAE1 is the specific KCS responsible for elongating the fatty acids that are ultimately incorporated into seed TAG (James et al. 1995). Loss of this elongase function in the seed alters the fatty acid composition of TAG, as shown in Arabidopsis thaliana FAE1 mutants, which exhibit significantly reduced VLCFA levels (Kunst et al. 1992). These FAE1 mutants display a phenotype similar to that of low-erucic-acid rapeseed, commonly known as canola. (Chiron et al. 2015).
While each cycle of elongation involves four different catalysis steps, mutation screens identified the FAE1 gene that when disrupted results in near zero VLCFA biosynthesis in the seed (James et al., 1995). In addition, the deduced sequence of the protein shows homology to the condensing enzymes chalcone synthase, stilbene synthase, and 3-ketoacyl-ACP synthase III, with 17 conserved identical amino acids in a 50 residue conserved region typical of condensing enzymes (James et al., 1995). From these results, it was postulated that FAE1 encodes a β-ketoacyl-CoA synthase (KCS), the enzyme responsible for the first condensation step in the microsomal elongation system (James et al., 1995). Northern blot analyses revealed that the FAE1 gene is expressed in Arabidopsis seeds, whereas no expression was detectable in leaves (James et al., 1995). This expression pattern accounts for the observation that the FAE1 mutation affects fatty acid content only in developing seeds, with no off-target effects on vegetative or floral tissues. Accordingly, FAE1 is considered a seed-specific condensing enzyme. (Millar and Kunst, 1997). 
CRISPR
This led to the development of the technology of genome editing via the use of nucleases, which induce double-strand breaks (DSBs) (Pacesa et al. 2024). The need for various nucleases having long recognition sequences, which are capable of locating individual sequences within the eukaryotic genomes, led to the development of the nuclease enzymes, which were engineered to be complicated chimera, which comprised of nonspecific DNA endonucleases with repetitive DNA-binding domains. The first ones were the zinc-finger nucleases (ZFNs), which became available in the early 2000s, whereas transcription activator-like effector nucleases (TALENs) appeared around 2010-2011 (Joung and Sander. 2013; Wood et al. 2011). Though these discoveries provided possibilities for genome editing, their application was limited by the difficult process of their design and synthesis (Pacesa et al. 2024). 
The advent of RNA-programmable CRISPR-associated (Cas) nucleases, which displayed unprecedented programmability, targeting specificity, and versatility, enabled a true paradigm shift (Doudna and Charpentier, 2014). In 2007, CRISPR-Cas systems were found to function as an adaptive immune system in prokaryotes. (Barrangou et al. 2007). 
The adaptive immunity works through three stages: (i) adaptation, (ii) expression and (iii) interference. Adaptation is the stage at which foreign DNA sequence is integrated into the CRISPR locus on the chromosome of the host using Cas1 and Cas2 proteins (Sternberg et al. 2016). Expression stage involves the synthesis of guide RNA (gRNA) and its precursor transcript maturation. During the interference stage, the invader DNA is cleaved by the Cas protein once it has bound to the mature gRNA. More precisely, after recognizing the protospacer adjacent motif (PAM), the Cas–gRNA complex binds to the complementary sequence known as the protospacer. This binding induces a conformational change in the Cas protein, which activates its nuclease activity and results in precise cleavage of the target DNA (Moon et al. 2019). 
The finding that Cas9 can be guided by RNA to cut DNA led to significant attempts to use this protein for genome editing purposes. This research came to fruition in early 2013 when several studies demonstrated that co-expression of Cas9 and appropriate sgRNAs in eukaryotic cells results in targeted genome modifications (Mali et al. 2013; Hwang et al. 2013).
In addition to sequence complementarity, target recognition by Cas9 also involves presence of a small protospacer-adjacent motif (PAM) located in the non-target strand (NTS) immediately downstream of the target site. Identification of the PAM leads to local DNA duplex unwinding, followed by binding of guide RNA with the target strand (TS) in 5′→3′ orientation starting from PAM-proximal end, and leads to conformational rearrangement of Cas9 that activates nuclease domains (Sternberg et al. 2014; Cofsky et al. 2022). After activation, Cas9 cuts double-stranded DNA (dsDNA) three nucleotides upstream of PAM creating DSBs that are either blunt-ended or have 5′ single-nucleotide overhang (Jinek et al. 2012).
    DSB repair can occur through one of two main pathways: non-homologous end joining (NHEJ) or homology-directed repair (HDR) (Moon et al. 2019). NHEJ repairs breaks without a template and frequently introduces deletions and insertions, making it well suited for gene knockouts. HDR, by contrast, employs a donor DNA template with homology arms to repair or replace the mutated region accurately, thereby enabling substitutions and the insertion of new sequences (Wright et al. 2018). An alternative to conventional NHEJ is microhomology-mediated end joining (MMEJ), which joins breaks by exploiting homology between two short microhomology regions (5–25 nucleotides long), resulting in deletions of various sizes. (McVey and Lee, 2008).
The repair pathways show differential regulation depending on the cell cycle phase: HDR only occurs during S and G2 phases, while NHEJ is possible at all cell cycle stages.
Firstly, the assembly of required CRISPR components is needed: Cas proteins (either Cas9 or its derivatives) with guide RNAs (gRNAs) and possibly additional DNA templates. Then, they should be delivered into cells of interest. There are two major delivery routes – viral and non-viral ones. Non-viral ones include, for example, microinjection, electroporation, and chemical delivery methods (Lino et al. 2018).
The configuration of CRISPR components can vary according to the delivery system employed, taking the form of plasmid DNA, in vitro transcribed RNA, or a pre-assembled RNP complex (Adli, 2018).
There has been a great deal of effort put into the development of dedicated kits and tools that help in the delivery process (Adli, 2018).
  The technology of CRISPR-based genome editing is experiencing constant development that makes it more efficient, flexible and precise. The use of CRISPR in designing specific crops and even organisms is now becoming increasingly realistic; nevertheless, there are still many barriers to be overcome (Mao et al. 2019). 
  Since the first report in 1983 on plant transformation using an attenuated Agrobacterium strain, this method has been regarded as the gold standard for delivering genes into plants of various genera. Its robustness and user-friendliness are among its major advantages, particularly for Arabidopsis and closely related crucifers, in which transgenic plants can be readily obtained by selecting antibiotic-resistant seedlings derived from infected flowers—an approach that exploits the sexual reproduction route. For the engineered CRISPR system to function properly in plants, the corresponding constructs must be inserted into the T-DNA region of a binary vector and driven by plant-specific transcriptional regulation (Liu et al. 2015). Promoters showing high activity in meristematic cells are commonly used, as this approach leads to heritable mutations in the progeny of the first transgenic generation. In addition to transcriptional control of CRISPR/Cas machinery expression, post-transcriptional regulation is also possible (Mao et al. 2018).
In most other species of plants, on the other hand, the floral dip technique is inapplicable; here, transgenic plants need to be developed from calluses generated from explants. Both the Agrobacterium and the biolistic methods of transformation have been found to be extremely efficient in introducing the CRISPR system into cultured cells (Ran et al. 2017). Since regenerants are generated from these transformed cell lines, the efficiency of gene editing can be improved through the use of constitutive promoters or by prolonging the culture period (Mikami et al. 2015). Importantly, tissue culture makes possible the development of homozygous or biallelic gene-edited plants in the very first generation (Zhang et al. 2014; Ma et al. 2015).
These editing methods, common as they are, still raise concern among some scientists about transgene persistence throughout the process, even though a transgene-free end product can be segregated (Chen et al. 2018). Alternatively, in vitro transcribed (IVT) CRISPR components or assembled Cas9 RNPs could be delivered into regenerable cells (Liang et al. 2018). However, the plant cell wall represents a strong obstacle in the case of direct delivery via microinjection, lipofection, or electroporation. But alternatives do exist: for instance, Cas9 RNPs can be delivered into the wall-less lettuce protoplasts and further tissue regeneration (Woo et al. 2015), and biolistics has been used for the delivery of Cas9 RNPs or IVTs into the young embryos of maize and bread wheat (Svitashev et al. 2016; Liang et al. 2017).
RNP cargo offers two main advantages: it is immediately ready for editing and completely DNA-free, thereby removing any possibility of transgene integration. Its drawbacks include the difficulty of purifying the required protein for a custom gene editor and of delivering a sufficient quantity of non-denatured RNPs, given the limited delivery methods available (Kocsisova and Coneva, 2023).
Crispr on FAE1 in crop plants
In an experiment involving the FAE1 gene of Arabidopsis thaliana, inactivation of the competing VLCFA elongation pathway redirected fatty acid metabolism toward HFA biosynthesis; consequently, HFAs made up a larger proportion—up to 31%—of the total oil present in the seeds. Apart from increasing HFA content in the seeds, at FAE1 mutant plants exhibited an increase of 40% in seed size, seed weight, and total amount of oil synthesized in each seed, without altering germination percentage, seedling vigor, and mucilage in the seeds. Therefore, CRISPR/Cas9-based inactivation of FAE1 appears to be a potent way of directing carbon metabolism to valuable fatty acids and enhancing seed oil production without affecting the growth and development of plants (Park et al. 2022).
In rapeseed (Brassica napus), FAE1 is the enzyme that converts oleic acid derivatives into very-long-chain fatty acids (VLCFAs). The principal VLCFA formed through this process in B. napus is erucic acid (22:1), which is also the main factor in improving oil quality. Because B. napus is an allopolyploid, it possesses two copies of this gene: BnaA08.FAE1 and BnaC03.FAE1.
Recent studies have proven that CRISPR/Cas9 is highly efficient in editing the FAE1 locus in order to improve the nutritional quality of seed oils. For example, in one study, this technique was used to co-target BnFAE1 and BnFAD2 loci in the high-oil high-erucic acid cultivar CY2. The designed guide RNAs specifically targeted one BnFAD2 allele and two BnFAE1 alleles resulting in mutant plants harboring all of the mentioned mutations. Further analysis of fatty acid composition in edited seeds showed the increased amount of oleic acid from around 20% in wild-type seeds to 70-80% in mutants. This change was accompanied by a significant reduction in erucic acid and a slight decrease in polyunsaturated fatty acids, demonstrating that simultaneously modifying both the desaturation and elongation pathways is an efficient strategy for rewiring fatty acid metabolism (Shi et al. 2022).
Further investigations were done on the two homologous genes FAE1, i.e., BnaA08.FAE1 and BnaC03.FAE1, in three rapeseeds with high erucic acid content. The mutagenesis experiments showed that the elimination of BnaC03.FAE1 alone leads to a reduction in the erucic acid content of more than 10 percentage points, while the elimination of both the genes causes almost complete suppression of the erucic acid accumulation. Whenever erucic acid content decreased, oleic acid content rose, establishing the importance of FAE1 in directing carbon fluxes toward VLCFA synthesis. Although seed oil content declined slightly, no changes were observed in other major agronomic traits. (Liu et al. 2022). 
CRISPR/Cas-mediated editing of FAE1 in Camelina sativa
Camelina sativa, an oilseed plant with considerable potential for food, feed, and industrial applications, nonetheless produces seed oil that is far from optimal because of excessive undesired VLCFAs. As an allohexaploid, Camelina possesses three FAE1 homeologs—FAE1-A, -B, and -C—and achieving a substantial change in seed oil composition requires simultaneous editing of all three. In initial work, EMS mutagenesis disrupting FAE1-B alone reduced seed VLCFAs by more than 60%, indicating an additive contribution of each gene to the synthesis pathway. Subsequently, Ozseyhan et al. (2018) used the CRISPR/Cas9 system with an egg cell-specific promoter to disrupt all three FAE1 homeologs simultaneously, enabling homozygous FAE1 mutants to be developed in one generation. In these mutants, VLCFA content was greatly reduced to less than 2%, while the proportion of C18 unsaturated acids, especially oleic acid and ALA, increased significantly. Interestingly, no phenotypic changes in seed development or physiological traits were observed between the mutants and the wild type (Ozseyhan et al. 2018).
Taking advantage of this information, investigators utilized the FAE1 mutant as a metabolic engineering platform for improving omega-3 LC-PUFAs biosynthesis in transgenic Camelina. Since FAE1 and FAD2 have overlapping substrate specificity towards C18 fatty acids, blocking FAE1 function increases the concentration of available precursors for PUFA synthesis. Crossbreeding the CRISPR-generated FAE1 mutant with DHA1 transgenic lines resulted in DHA1 × FAE1 stacked genotype. As a consequence, disrupting FAE1 gene function provided two major advantages in this context, namely the elimination of undesired C20+ monounsaturated fatty acids, primarily erucic acid, along with the increased ALA content and omega-3 LC-PUFA production (Han et al. 2022).
CRISPR/Cas9-mediated editing of FAE1 in Brassica juncea
Erucic acid (EA, C22:1) biosynthesis in Brassica juncea seeds is mainly controlled by FAE1. This amphidiploid plant harbors two homeoalleles encoding for a functional protein, i.e., BjFAE1.1 and BjFAE1.2, which are involved in erucic acid biosynthesis. With the aim of producing low-erucic acid (LEA) mustard, researchers used the CRISPR/Cas9 system to mutate both homeoalleles in two high-erucic genotypes, PCR7 and JD6. Constructs carrying two guide RNAs enabled the generation of both mono- and bi-allelic knockout mutants. In case of bi-allelic mutants, erucic acid content was completely abrogated; in PCR7 mutant, it remained less than 0.5%, while it was undetectable in JD6. Oleic acid content was substantially elevated (around 30–35%), as well as essential fatty acids content, suggesting that there has been an alteration in the metabolic pathway where carbon gets diverted from the synthesis of VLCFA to produce other nutritious fatty acids (Patra et al. 2025).
 Taken together, this study proves FAE1 to be the primary gene controlling erucic acid production in B. juncea (Chiron et al. 2015).
Challenges and future perspectives of CRISPR/Cas-mediated genome editing in oilseed crops
CRISPR/Cas-based genome editing is an efficient tool for improving oilseed crops by fine-tuning genes involved in fatty acid synthesis, quality, productivity, and stress tolerance; nevertheless, its practical application is subject to a number of limitations. One limitation is that genome editing is prone to undesired off-target effects which occur when guide RNA (sgRNA) binds to genomic DNA sequences similar in structure to the target one and causes double-stranded breaks that lead to genetic modifications. These off-target effects may be associated with gene silencing, appearance of genome structural rearrangements or expression of other genetic loci. Therefore, optimization of algorithms for designing sgRNAs, increasing target specificity and development of more precise genome editing tools should become priorities of current research (Li et al. 2024; Hsu et al. 2013; Karimi et al. 2026).
Another critical limitation in the field of genome editing is its variable efficiency in different plants. There are multiple factors affecting genome editing results, such as properties of the sgRNA itself, chromatin structure, delivery methods and cell type.
It should be noted, however, that precise modifications via HDR are generally considerably less efficient than the NHEJ mechanism, which typically generates random indels. In addition, the reliability of the obtained results can be reduced by mosaic mutations in transgenic plants, inefficient delivery of the Cas machinery, and the diversity of DNA repair processes (Karimi et al. 2026; Mehravar et al. 2019). This problem is particularly significant for oilseed crops, since many of them possess complex genomic structures, polyploidy, or genotypes that make transformation difficult.
One of the main obstacles in extending CRISPR technology to oilseed crops is development of universal and effective transformation and regeneration protocols. While gene editing has already been successfully performed on some species, including Brassica napus, Camelina sativa, and Arabidopsis thaliana, a lot of economically important oilseed crops, such as sunflower, safflower, and oil palm, are still difficult to transform. Development of universal transformation platforms, transformation without tissue culture, improved vectors, as well as new methods such as in planta transformation could solve these problems (Mehravar et al. 2019).
Further advancements in genome editing technology will greatly depend upon going beyond traditional knockout using CRISPR/Cas9 techniques and adopting a more advanced precision approach. Site-specific nucleotide modifications can now be achieved through newer approaches such as base editing and prime editing, which introduce no double-strand breaks and require no integration of foreign DNA into the target sequence. Such approaches have great potential in the modification of quantitative traits influencing fatty acid composition, quality of oils, and nutrition. For instance, base editing has been used to modify AhFAD2A/B genes in peanuts to increase oleic acid content (Anzalone et al. 2019; Mishra et al. 2020; Neelakandan et al. 2022).
A major factor challenging the introduction of CRISPR-edited oilseed crops is regulatory uncertainty. Unlike classical GMOs, many genome-edited plants carry only small indels or SNPs—modifications that could arise naturally or through mutagenic processes. Moreover, CRISPR-mediated editing can be achieved without transgene integration by expressing CRISPR components or delivering RNP complexes (Shu et al. 2012). Yet the positions of national regulators differ significantly. For example, some countries do not consider some of transgene-free genome-edited plants as GMOs, while stricter regulators consider them as GMOs equivalent to classical GM crops (Waltz, 2016; Callaway, 2018; Cyranoski and Ledford; 2018). Lack of international regulations may affect global trade and delay commercialization of CRISPR-edited plants. Thus, it is vital to develop science-based regulatory systems to distinguish transgene-free genome-edited crops from classical GMOs in order to facilitate the adoption of CRISPR-edited oilseed crops (E. P. C. 2001; C. of J. of the E. Union. 2018). 
A promising future direction for CRISPR lies in integrating multiple omics disciplines, such as genomics, transcriptomics, proteomics, and metabolomics. Together with genome editing, comprehensive molecular characterization would make it simpler to identify important regulators of fatty acid metabolism, lipid accumulation, nutritional composition, and adaptation to the environment. Such approaches can lead to simultaneous improvement of different traits, such as higher oil production, fine-tuning of fatty acids, increased tolerance to stress, and optimized overall plant performance via multiplex genome editing (Menelih et al. 2025).
Public perception and acceptance, beyond technical and regulatory challenges, will shape the further development of genome-edited crops. To build consumer trust and understanding—particularly regarding nutritionally improved oilseeds—information must be provided about their safety, benefits, and differences from transgenic counterparts (Menelih et al. 2025).
At the moment, there is no universal way of delivery for genome editing which would suit all oilseed crops. The best method to use, whether it is pollen-mediated approaches such as HI-EDIT, transformation of protoplasts with CRISPR ribonucleoproteins (RNPs), transport of editing molecules via grafting, or the use of viral vectors, would depend mostly on the biology and regeneration capabilities of the targeted species. However, some difficulties still exist, namely host limitations, size of cargo, editing frequencies, and ability to obtain non-chimeric plants. Since technologies evolve rapidly, in the future a combination of methods will probably be used instead of a standard platform (Kelliher et al., 2019; Tsanova et al., 2021).
Broadly speaking, the CRISPR/Cas system revolutionized genetic improvement of oilseed crops by enabling manipulation of the genes that control fatty acid and oil biosynthesis. To exploit the full potential of this technology, however, it is essential to address issues including editing accuracy, transformation efficiency, plant field performance, regulatory problems, and public opinion.
Going forward, the synergistic interaction between editing technologies and gene discovery techniques based on multi-omics, combined with enhanced delivery methods, can facilitate the rapid development of oilseed varieties that exhibit enhanced nutrition, increased industrial applications, and environmental adaptability.
Conclusions
This review highlights a consistent pattern across four oilseed species (Arabidopsis thaliana, Brassica napus, Camelina sativa, and Brassica juncea): CRISPR/Cas9-mediated knockout of FAE1 effectively redirects carbon flux from very-long-chain fatty acids (VLCFAs) toward beneficial C18 unsaturated fatty acids, with B. napus exhibiting the most dramatic shift (oleic acid increasing from ~20% to 70–80%). Although this efficacy is well established, commercialization continues to face persistent bottlenecks—most notably the inefficient simultaneous editing of multiple homeologous alleles in polyploid crops and genotype-dependent transformation challenges. Realizing the technology's full potential will require future efforts to prioritize precise tools such as base and prime editing, optimized ribonucleoprotein (RNP) delivery systems, and the establishment of harmonized, science-based regulatory frameworks that distinguish transgene-free edited crops from classical GMOs. Ultimately, while FAE1 editing represents a revolutionary strategy for nutritional enhancement, its successful translation from laboratory research to field application will hinge on continuous technological refinement and clear policy guidance.
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