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Farnesene – Nature’s Bioactive Ally : From Plant Defense to Sustainable Jet Fuel and Human Health Benefits

ABSTRACT
Farnesenes are C₁₅ isoprenoids comprising six structurally related α- and β-isomers. These sesquiterpene volatile compounds play a crucial role in plant defense mechanisms and are associated with insect attraction, as well as the development of superficial scald in apples and pears during cold storage. Farnesenes hold substantial economic importance across various industries, including bioenergy, food, cosmetics, and pharmaceuticals. Additionally, they have been recognized as promising alternatives to conventional jet fuels due to their high cetane number, low greenhouse gas emissions, and superior cryogenic properties. Farnesene occurs naturally in several plant species, including rose, rosemary, citrus, apple, cannabis, gardenia, and basil. However, its biosynthesis in plants is inherently limited, yielding insufficient amounts for industrial demands. To address this, metabolic engineering has been used to develop microbial cell factories for farnesene production. Modified microorganisms like Saccharomyces cerevisiae, Escherichia coli, and Pichia pastoris have been engineered to enhance farnesene biosynthesis, providing a sustainable alternative for commercial production.
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1. Introduction
Plants synthesize a diverse array of metabolites, including phenols and terpenes, which serve essential biological functions as phytohormones, protein modification reagents, antioxidants, and more. Terpenes are simple hydrocarbons composed of five-carbon isoprene units arranged in various structural configurations. When terpenes undergo modifications, such as the introduction of functional groups or oxidation-induced alterations in methyl group positioning, they are referred to as terpenoids. Based on the number of carbon units, terpenoids are categorized into monoterpenes, sesquiterpenes, diterpenes, sesterterpenes, and triterpenes (Pichersky, 2018).
Sesquiterpenes, comprising 15 carbon atoms, represent the most abundant subgroup of terpenoids (Breitmaier, 2006; Fraga, 2013). These compounds, formed by the assembly of three isoprene units, exist in linear, cyclic, bicyclic, and tricyclic forms. Acyclic sesquiterpenoids are commonly found in essential oils and insect pheromones. Notably, farnesene, an acyclic sesquiterpenoid, has gained attention as a potential alternative to diesel and jet fuel due to its favorable fuel properties (Wang et al., 2011). Monocyclic sesquiterpenoids play a significant role in the pharmaceutical and fragrance industries. For instance, humulene, a monocyclic sesquiterpenoid, exhibits anti-allergic and anti-inflammatory properties (Fernandes et al., 2007). Bi- and tricyclic sesquiterpenoids also possess valuable bioactive properties. Nootkatone, present in trace amounts in certain plant essential oils, is widely used in the food, cosmetic, and pharmaceutical industries due to its distinct grapefruit-like aroma. Additionally, it functions as an insect repellent and pesticide (Dolan et al., 2009; Furusawa et al., 2005).
Farnesene (C₁₅H₂₄), a sesquiterpene isoprenoid, is predominantly found in essential oils derived from sweet orange, rose, and other citrus species. It consists of six structurally related α- and β-isomers (Satyal et al., 2015). Structurally, α-farnesene is identified as 3,7,11-trimethyl-1,3,6,10-dodecatetraene, while β-farnesene is characterized as 7,11-dimethyl-3-methylene-1,6,10-dodecatriene, with the primary distinction being the position of a single double bond. Farnesene exhibit diverse biological activities, including antibacterial properties, as observed in the phytoalexin calcidiol, and serve as alarm pheromones (Crock et al., 1997). Advancements in understanding the structure and function of farnesene have expanded their application potential across agriculture and industrial sectors, highlighting their significant commercial and scientific relevance (George et al., 2015).  In this review, we will explore various aspects of farnesene, including its sources, microbial production, and more.
2. Significance of Farnesene 
Farnesene has a molecular weight of 204.35 g/mol and an exact mass of 204.187800766 Da. The density of farnesene ranges from 0.834 to 0.845 g/cm³, while its refractive index varies between 1.490 and 1.500. It is a colorless to pale greenish-yellow liquid with a characteristic fruity aroma. Farnesene is insoluble in water, slightly soluble in ethanol, and highly soluble in benzene (Lewis, 2016; Chickos, 2020).
Farnesene plays a significant role in insect communication, particularly as a component of the alarm pheromone in aphids. Exposure to farnesene induces avoidance behaviors, as well as disruptions in aphid growth and reproduction. Due to these properties, farnesene has been widely explored as a biopesticide in agricultural pest management (Bowers et al., 1972).
Beyond its biological functions, farnesene possesses desirable characteristics for industrial applications. Its conjugated diene structure enables its use as a substitute for various olefins and as a direct monomer in polymerization processes. Farnesene-derived polymers exhibit unique properties such as reduced rolling resistance, improved compression and permanent set, and enhanced softness (You et al., 2017). Additionally, farnesene serves as a precursor in the synthesis of lubricants, surfactants, and cosmetic products.
Farnesene also holds promise as a sustainable biofuel. Its hydrogenated derivative, farnesane, exhibits a high cetane number, optimal density, and low cloud point, making it a highly efficient alternative to conventional fuels with enhanced energy value (George et al., 2015). Furthermore, farnesene serves as an intermediate in the biosynthesis of isophytol, a key precursor of vitamin E (Ye et al., 2022). Compared to traditional chemical synthesis, the biotechnological production of isophytol using farnesene reduces carbon emissions by approximately 60%, offering a more environmentally friendly approach.
However, natural extraction of farnesene from plants is limited due to its low yield and the influence of seasonal and environmental factors. Chemical synthesis has also been explored, but challenges such as resource constraints, high production costs, low efficiency, and environmental concerns persist. Microbial biosynthesis presents an optimal solution for large-scale farnesene production. Genetic engineering of Escherichia coli and Saccharomyces cerevisiae has significantly enhanced farnesene biosynthesis, utilizing strategies such as multi-enzyme assembly systems, dynamic metabolic pathway regulation, organelle engineering, and systems biology tools. Additionally, advancements in synthetic biology have enabled the efficient conversion of inexpensive or waste substrates into farnesene through artificial biosynthetic pathways, further improving its commercial viability (Liu et al., 2023; García-Gómez et al., 2016) (Fig 1).
[image: ]Fig 1: Uses of Farnesene


3. Metabolism 
Isoprenoids are classified based on the number of carbon atoms in their structures: hemiterpenoids (C₅), monoterpenoids (C₁₀), sesquiterpenoids (C₁₅), diterpenoids (C₂₀), and triterpenoids (C₃₀). The biosynthesis of isoprenoids relies on two universal C₅ precursors, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). These precursors are synthesized via two distinct metabolic pathways: the 1-deoxy-D-xylulose-5-phosphate (DXP) or 2-methyl-D-erythritol-4-phosphate (MEP) pathway and the mevalonate (MVA) pathway. Collectively, these routes are often referred to as the MEP pathway (Kuzuyama, 2012).
Farnesyl pyrophosphate (FPP), the direct precursor for farnesene biosynthesis, is synthesized through the condensation of IPP and DMAPP. The distribution of these pathways varies among organisms: the MEP pathway is predominantly present in eubacteria, algae, cyanobacteria, and apicomplexan parasites, whereas the MVA pathway is mainly found in archaea and eukaryotes, including the cytosol and mitochondria of plants and fungi. In higher plants and algae, these pathways operate in distinct subcellular compartments, with the MEP pathway functioning in plastids and the MVA pathway localized to the cytoplasm (Thulasiram, 2006; Perez-Gil, 2024).
The synthesis of IPP from glucose follows two different metabolic processes, each differing in carbon yield and energy requirements. The MEP pathway begins with glyceraldehyde 3-phosphate (GAP) and pyruvate, achieving an 83% carbon yield for IPP biosynthesis. Conversely, the MVA pathway starts with the condensation of three acetyl-CoA molecules to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). Although the MVA pathway has a lower carbon yield than the MEP pathway, it is more energy-efficient and requires fewer reducing equivalents (Chung et al., 2013). The stoichiometric equations for IPP biosynthesis via these pathways are as follows:
MEP pathway:
Glucose + 2 ATP + 3 NADPH + NAD⁺ → IPP + CO₂ + 2 ADP + 3 NADP⁺ + NADH
MVA pathway:
1.5 Glucose + 2 NADPH + 6 NAD⁺ → IPP + CO₂ + 2 ADP + 2 NADP⁺ + 6 NADH
The distinct metabolic characteristics of these pathways play a crucial role in determining optimal metabolic engineering strategies for enhancing farnesene production.
4. Sources of Farnesene
Farnesene is naturally present in a diverse range of botanical sources. It is a prominent constituent of essential oils derived from chamomile, rose, and various other floral species. The volatile oil content in ginger (Zingiber officinale) rhizome powder ranges from 2% to 3%, with farnesene comprising a minor fraction (Karunakaran et al., 2019). Rosemary (Rosmarinus officinalis) essential oil contains several bioactive compounds, primarily monoterpenes such as 1,8-cineole, borneol, pinene, limonene, camphene, sabinene, myrcene, linalool, terpinen-4-ol, α-terpineol, and cis-β-farnesene (Juhás et al., 2009).
The β-farnesene content varies among citrus species, with concentrations reported as follows: pummelo (0.02%), sweet orange (0.19%), grapefruit (0.08%), sour orange (0.03%), kaffir lime (1.71%), Volkamer lemon (0.08%), lemon (0.29%), lime (0.12%), and mandarin ((Jabalpurwala et al., 2009). Cannabis sativa and Matricaria chamomilla essential oil are also rich sources of farnesene (Satyal, 2015). The chemical composition of M. chamomilla essential oil varies significantly based on geographical origin, soil pH, and harvest conditions. Studies indicate that samples from Iran and Nepal contain higher concentrations of (E)-β-farnesene compared to those from other regions (Ayoughi et al., 2011; Rafieiolhossaini et al., 2012; Heuskin et al.,2009).
Seasonal variations also influence farnesene content. In basil (Ocimum basilicum) essential oil, farnesene was one of the predominant components during winter (6.3%) and spring (5.8%), but its concentration dropped to trace levels in summer (Al-Maskri et al., 2011). Farnesene is the major terpene component in gardenia (Gardenia jasminoides) flowers (Wang et al., 2004) and is abundantly present in apple (Malus domestica) peel, where it plays a crucial role in plant defense mechanisms.
5. Microbial production of farnesene
Microbial synthesis of α-farnesene from renewable raw materials presents a viable alternative to petroleum-based production (H. Liu et al., 2021). Metabolic engineering has been widely applied to optimize microbial strains for farnesene biosynthesis (Tang et al., 2021; Liu et al., 2022). Escherichia coli (E. coli) has been engineered to produce farnesene using glucose and isopropyl β-D-1-thiogalactopyranoside (IPTG), but this approach is costly. A newly developed E. coli strain F13, capable of utilizing whey powder bi-functionally as both a substrate and an inducer, achieved β-farnesene production of 2.41 g/L in shake flasks—65.1% higher than conventional IPTG and glucose-based methods (Ding et al., 2021). Furthermore, fusing the genes for farnesyl pyrophosphate (FPP) synthase and farnesene synthase in E. coli significantly improved farnesene yields from an initial 1.2 mg/L to 380.0 mg/L (Wang et al., 2011).
Recent advances have also enhanced α-farnesene production in Pichia pastoris through dual regulation of cytoplasmic and peroxisomal pathways. This dual regulation strategy in P. pastoris X33 resulted in α-farnesene production of 2.18 ± 0.04 g/L—1.3 times and 2.1 times higher than strains engineered solely with peroxisomal or cytoplasmic modifications, respectively (J. Liu et al., 2021).
Additionally, Yarrowia lipolytica has emerged as an optimal microbial host for the synthesis of acetyl-CoA-derived compounds, including terpenoids and polyketides, due to its high acetyl-CoA flux (Gao et al., 2018). By integrating codon-optimized genes for farnesene synthase, truncated HMG-CoA reductase (tHMG1), isopentenyl-diphosphate isomerase (IDI), and FPP synthase (ERG20), Y. lipolytica successfully produced 259.98 mg/L of β-farnesene (Yang et al., 2016).
6. Genes involved in farnesene production
Plants have co-evolved with insects to produce various secondary metabolites to protect themselves (Hu et al., 2021). These metabolites exhibit toxicity, antifeedant activity, and antibiosis effects on pests (Adeyemi, 2010). The terpenoids are the most structurally diverse group and the enzymes required for the synthesis of terpenes [ Terpene synthases (TPSs)] have been identified. TPS10 is the gene coading for TPS in corn, while in rice the TPS coading genes are TPS46 and TPS23. These genes play an important role in the indirect defence against insect pests (Yuan et al., 2008). MYC, AP2/ERF, bZIP, and WRKY are some transcription factors that control the synthesis of terpenes in plants. The jasmonic acid response to secondary metabolite build up depends on MYC2. For the purpose of controlling the production of sesquiterpenes in Arabidopsis thaliana, AtMYC2 binds to the promoters of AtTPS11 and AtTPS21 (Song et al., 2022). AaMYC2 interacts to G-box-like motifs in the promoters of the genes CYP71AV1 and DBR2 in Artemisia annua. (Shen et al., 2016). The transcription factor CitERF71 directly binds the CitTPS16 promoter in the Newhall sweet orange fruit, indicating that it likely plays a role in the transcriptional regulation of E-geraniol synthesis (Li et al., 2017). 
7. Farnesene as Aphid repellent
β -Farnesene, a sesquiterpene produced by various plant species, including certain potatoes (Avé et al., 1987) , serves as a key component in aphid alarm signaling. Aphids detect β -Farnesene via major rhinaria, triggering rapid withdrawal responses (Bowers et al., 1977). 
Aphids pose a significant threat to crops by feeding on phloem sap, transmitting plant viruses, and secreting honeydew, which promotes mold growth (Fan et al., 2015). They rely on plant volatiles and pheromones for host communication (Webster, 2012). In most aphid species, β -Farnesene is a primary alarm pheromone, while in Sitobion avenae, it is the sole alarm volatile, inducing winged progeny formation (Francis et al., 2005). 
β -Farnesene binds to odorant-binding proteins (OBPs) and olfactory receptors (ORs), exhibiting repellent, aphicidal, and synergistic properties. However, its instability due to conjugated double bonds limits application (Qin et al., 2019). Studies on Rhopalosiphum padi infestation in rice indicate β -Farnesene emission reduction in susceptible lines, with tps46 influencing resistance (Sun et al., 2017). Genetic engineering could regulate plant β -Farnesene emissions to deter aphids (Beale et al., 2006; Gao et al., 2015), though additional volatiles may modulate its efficacy (Bruce et al., 2005; 2015).
Conventional breeding and transgenic approaches have shown limited success in aphid resistance. Expression of lectins and protease inhibitors failed to provide effective protection (Bhatia et al., 2011; Bala et al., 2013). Overexpression of FPS1 in Arabidopsis accelerated leaf senescence, while FPS2 expression influenced sesquiterpene profiles in response to aphid infestation (Bhatia et al., 2015). Studies in Sorghum bicolor revealed novel sesquiterpenes, with transgenic FPS2 plants producing volatiles that elicited aphid agitation (Zhuang et al., 2012; Bhatia et al., 2015). Thus, metabolic engineering of β -Farnesene synthase genes presents a promising approach for aphid control (Yu et al., 2012).
RNA interference (RNAi) targeting β -Farnesene genes offers another strategy to mitigate aphid damage. Plant-mediated RNAi downregulation of Orco in S. avenae disrupted olfactory signal transduction, impairing pheromone and volatile detection (Fan et al., 2015). Combining semiochemicals such as β -Farnesene and methyl salicylate (MeSA) effectively reduced aphid populations in wheat (J Liu et al., 2021). Additionally, β -Farnesene affected Spodoptera exigua, increasing larval mortality and disrupting development, likely through interference with juvenile hormone metabolism (Sun et al., 2022; Xu et al., 2021).
Stable β -Farnesene analogs, such as 4r, exhibit repellent and aphicidal activities comparable to pymetrozine (Qin et al., 2016). Aphid alarm pheromones also attract parasitoids like Diaeretiella rapae, enhancing biological control (Qin et al., 2022). Two β -Farnesene synthase genes (AaFS1 and AaFS2) identified in Artemisia annua facilitated β -Farnesene production in transgenic tobacco, repelling aphids and attracting predators, highlighting a potential eco-friendly aphid management strategy (XiuDao et al., 2012).
8. Farnesene as bio jet fuel
Air travel is essential for global trade, tourism, and business, with international air travel will increase by an average of 4.3% per annum over the next 20 years (Future of Aviation, n.d.). Aviation fuel traditionally comes from crude oil (EIA, n.d.), but sustainable aviation fuel (SAF), derived from renewable sources, offers an alternative that meets ASTM jet fuel standards (Wang et al., 2024).
Metabolic engineering enables microbial farnesene synthesis, a promising biojet fuel candidate (You et al., 2017). The aviation industry aims for carbon neutrality by 2030 and a 50% emissions reduction by 2050, requiring "drop-in" biofuels compatible with existing infrastructure (Santos et al., 2018). Isoprenoid-based compounds, such as farnesane and pinene dimers, are potential replacements (Walls & Rios-Solis, 2020). Biojet fuels, produced via alcohol-to-jet, oil-to-jet, syngas-to-jet, and sugar-to-jet pathways, face challenges in feedstock supply, process efficiency, and commercialization (Wang et al., 2016).
Recent studies have engineered E. coli for high-yield farnesene production (Zhu et al., 2014). Moreover, Cupriavidus necator and Rhodobacter sphaeroides show promise for microbial terpenoid biosynthesis (Milker et al., 2021; Orsi et al., 2021). Ralstonia eutropha has successfully converted CO2 into β-farnesene, supporting carbon valorization efforts (Lee et al., 2021).
Techno-economic assessments of farnesane from bagasse show 47% lower emissions than fossil fuels, with sugarcane emerging as a key biomass source (Escalante et al., 2022). Computational studies confirm favorable pyrolysis and combustion properties (Goncalves et al., 2022). Biojet fuels enhance thermodynamic efficiency and reduce emissions, with farnesane approved for 10% blending in Jet A-1 (Oßwald et al., 2016). Optimizing microbial hosts and metabolic pathways remains crucial for commercial viability.
9. Benefits to Human Health from Farnesene
Farnesene-containing oils have anti-inflammatory and anti-allergenic properties, like aspirin and ibuprofen (Rautela et al., 2024). Vitamin E, used in natural and synthetic forms, is traditionally synthesized via isophytol, a complex, hazardous process. Microbial fermentation of farnesene offers a novel route for isophytol production, enhancing vitamin E synthesis (Muthulakshmi et al., 2023). Chamomile essential oil, rich in terpenoids, flavonoids, and coumarins, has medicinal uses, including anti-inflammatory, antibacterial, and antispasmodic effects. It treats IBS, stomach ailments, and insomnia (Dai et al., 2022). Chamomile also has larvicidal activity against Culex quinquefasciatus, a Rift Valley fever vector (Al-Khalaf, 2011). 
Farnesene is a precursor for farnesane, a promising jet fuel (Oßwald et al., 2016). It also has bactericidal and anti-inflammatory properties with pharmacological relevance (Rautela et al., 2024). Industrially, farnesene is crucial in plastics and rubber production, especially in liquid farnesene rubber, a sustainable monomer from sugarcane (You et al., 2017).
10. Conclusion 
Farnesene has diverse applications in microbial production, agriculture, biojet fuel, and pharmaceuticals, contributing to sustainability and environmental protection. Its microbial synthesis enhances efficiency, while its role as an aphid repellent and plant defense mechanism provides eco-friendly agricultural solutions. The biofuel potential of farnesene supports renewable energy efforts, reducing greenhouse gas emissions. Future research should focus on sustainable production methods, microbial biosynthesis, and renewable feedstocks to align with global environmental goals.
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