SUSPHIRE Sexy Plant literature review
Use of insect pheromones in agriculture
Pest insects
Moths are among the most damaging pests of food and fiber crops, and are capable of adapting fast and evolving resistance to insecticides1. 
Insect pheromones as insecticides
Conventional insecticides are not discriminative between pest and other non-target insects and can in many cases be harmful to other organisms, including humans, and detrimental to plants that are dependant on beneficial insects for pollination1. Therefore, species-specific control systems (such as pheromones) have been developed1. Pheromones 
can be used for mating disruption, achieved with release of synthetic pheromone into the fiels, masking or competing with natural female-produced pheromones1. Additionally, thay can be applied as lures for mass-trapping or in push-and-pull systems that combine repellants from the crop with attractive lures in other areas1. They can be also used for monitoring purposes, contributing to rationalization and decrease in use of concentional pesticides1. 
Characteristics of insect pheromones and their synthesis
Insect sex pheromones
Male finding in moths typically involves species-specific female-produced pheromones, usually consisting of long-chain fatty acid derivatives (alcohols, acetates, aldehydes) as single components or as multi-component blends1. Moth sex pheromones are synthesized de novo from fatty-acyl precursors by series of deasturations, chain elongations and chain shortenings, followed by reductions, oxidations or transesterifications1. Reactions are carried out in the female pheromone gland with specialized enzymes, most known being fatty-acy desaturases (FAD) and pheromone gland fatty-acyl reductases (pgFAR)1. FADs carry out desaturations at various positions (Δ9, Δ11, Δ14) in Z or E configuration, either highly specifically or with different substrates and functionalities1. Also pgFARs can be highly specific or more promiscuous1.
Insect alarm pheromones
Apart from sex hormones,aphids also use alarm pheromones, causing aphids in the vicinity to stop feeding ant to move away when attacked by predators2. Alarm pheromone for many species consists of the sesquiterpene (E)-β-farnesene and can also act by increasing the proportion of winged aphid progeny and with attracting pest predators and parasitoids2. It has a potential in pest control as increased mobility of aphids can improve the uptake of contact pesticides or transmission of biological control agents2. Furthermore crop plants could begenetically modified to produce Eβf as a repellent. For example, wild potato Solanum berthaultii releases endogenous Eβf and causes repulsion of aphids2. 
Production of synthetic insect pheromones
Sex pheromones are produced commercially in ton quantities to control the proliferation of numerous insect pests3. Synthesis and synthetic transformations of natural precursosrs (such as plant fatty acids) is laborous and long, as insects have developed unusual desaturases forming double bonds in the uncommon Δ11 position3. Additionally, the male's detection system is highly discriminatory fort he position and geometry of double bonds3. Chemical synthesis requires harmful reactants (e.g. pyridinium chlorochromate for transformation of alcohols to aldehydes) and generates chemical waste1. 
Semi-synthetic and fully biosynthetic production of insect pheromones
First semi-synthetic preparation of sex pheromones was reported by Nešnerova et al.3, by preparing genetically modified Nicotiana tabacum plants, expressing acyl-CoA Δ11Z-desaturase from cabbage looper  moth and producing (Z11)-hexadecen-11-en-1-olate (Z11-16:CoA) derivatives at up to 6% of total fatty acids. Additionally they developed procedure for isolation of monoenic FA and their one-pot chemical transformation to active sex pheromones (monoenic acetates, aldehydes and alcohols)3. 
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Production of alarm pheromones in Arabidopsis thaliana has been reported for different volatiles: nerolidol, attracting spider mites, achieved with expression of nerolidol synthase; blend of sesquiterpenes attractive to wasps parasitizing maize herbivores, achieved with expression of maize terpene synthase tps10 and Eβf, affecting aphid Myzus persicae and its parasitoid Diaeretiella rapae, produced by expression of Eβf synthase gene2.
Hagstrom et al.1 have functionally characterized a FAD with Δ11-activity (AseΔ11) and a pgFAR (AseFAR) from the turnip moth (Agrotis segetum) and used them for heterologous expression of pheromone biosynthetic pathway in yeast, producing Z11-16:OH. Analyses showed that both genes had promiscuous activity, since expression resulted in production of products with shorter carbon chains1. Increased production could be achieved by using more specific enzymes or developing ones with directed evolution1. Fusion of both coding regions for better substrate chanelling did not result in increased production, probably due to the fact that enzymes are already colocalized in the ER1.  For biological assays with tobacco budworm (Heliothis virescens), they used oxidized yeast extracts with aldehydes, main components of budworm's pheromone blend. To discard the need for any chemical post-processing, alcohol oxidases and acetyltrasnferases from moths for synthesis of aldehydes and acetates need to be indetified1. 
Ding et al. Used transient expression with Agrobacterium tumefaciens infiltration for production of Z11-16:OH, E11-14:OH and Z11-14:OH and their corresponding acetates in Nicotiana benthamiana4. To create a pool of 14:CoA they expressed plastidial thioesterase CpFATB2 from Cuphea palustris and tested several Δ11-deasturases and reductases from different moth species. Additionaly they used plant-derived acetyltransferase gene EaDAcT (from Euonymus alatus) to produce acetate pheromones from alcohol pheromones4. Among the tested desaturases AtrΔ11 showed high substrate specificity toward 16:CoA and among reductases HarFAR had high conversion rates. The reduction step was much less efficient in comparison with the desaturation. Conversion rates of reduction were improved with addition of ER retention signal (KKYR) to the C-teminal of the enzyme. Acetate production with EaDAcT was low in terms of absolute amounts and in relation to the amoiunt of precursor alocohol. This should be further improved with identification and use of insect acetlytransferase. 
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Experimental observations
Beale et al. reported high variability of Eβf levels in different transgenic plants and that Eβf emissions varied more with the age of the plant than among the tested lines2. They observed  no phenotypic differences beetwen wild-type and transgenic lines, opposed to changes in metabolism found by overexpression of nerolidol synthase2. Nevertheless, they do report lower sesquiterpene levels in transgenic lines, presumably due to higher consumption of common substrate, farnesyl diphosphate2. 
Future improvements
Important impovement for complete biosynthesis would be controlled expression of enzymes producing the optimal blend of pheromones for specific species4. For example, conversion of alcohols to acetates should probably be almost complete, as acetates are the major pheromone components4. Temporal expression control would also be beneficial4. For improved production, modifications of plant endogenous lipid metabolism could also be beneficial4. 
Plant biosynthetic pathways in moth pheromone synthesis
De novo fatty acid biosynthesis
In plants, de novo fatty acid biosynthesis takes place in the chloroplast with sequnential, two carbon atom elongations of the acyl chain esterified to acyl carrier protein (ACP) catalysed by the fatty acid synthase complex4. Plastidial thioesterases cleave acyl groups from ACP, which are then transported through the plastidial envelope and acylated to CoA at the outer envelope.The acyl-CoAs are then utilized fort he synthesis of extraplastidic lipids by enzymes localized in the endoplasmic reticulum4.  
Sexy plants
The Sexy Plant – iGEM 2014, Team Valencia_UPV
Team Valencia engineered Nicotiana benthamiana plants to produce and release three moth sex pheromones, which affect a broad number of Lepidoptera species5. They used enzymes tested by Ding et al.4 (AtrΔ11 desaturase, HarFAR reductase and EaDAcT acetylase – obtained by gene synthesis after codon optimisation for N. benthamiana) and planned on adding alcohol oxidase (FAO) to produce the aldehyde component (Z11-16:Ald), as was described in Hagström et al.1. All heterologous genes combined would enable production of 3 sex pheromones: Z11-16:OH, Z11-16:OAc and Z11-16:Ald. Unfortunatelly, they were unable to amplify FAO from genomic DNA of yeast Candida tropicalis. Nevertheless, they could still identify a small peak in engineered plants chromatograms that was absent in the controls and had a mass spectrum that matched that of Z11-16:Ald. They proposed that conversion (with very low rate!) was probably performed by an endogenous alcohol oxidase from N. benthamiana (http://solcyc.solgenomics.net/gene?orgid=BENTH&id=GJZM-8047).
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In the final system, heterologous genes were under control of PCPS2 promoter, enabling glandular trichome specific expression. Glandular trichomes are epidermal organs that release volatile compound into the air and contain higher concentrations of secondary metabolites than an average cell in the plant. They also included a switch for inducible expression of pheromone synthesis that was based on a constitutively expressed Cu2+-responsive transcription factro, inducing transcription when plants were sprayed with CuSO4.
Appart from biosyntetic pathways they also developed two biosafety modules.
SXPv1.0
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Supplementary
Nucleotide sequences of heterologous genes in SXPv1.0 from Registry of Standard Biological Parts
>BBa_K1554001_AtrΔ11_desaturase_from_Amyelois_transitella_coding_sequence
ATGGTTCCTAATAAGGGTTCTTCTGATGTCTTGTCCGAACATTCTGAGCCACAGTTCACTAAGCTGATCGCCCCTCAAGCCGGACCAAGGAAGTATAAGATCGTGTACCGAAACTTACTGACTTTCGGATATTGGCACCTTTCTGCTGTTTATGGCTTGTACCTTTGTTTCACTTGTGCTAAATGGGCAACGATTTTGTTTGCCTTTTTTCTTTACGTGATAGCTGAAATTGGGATTACTGGTGGAGCTCACAGACTTTGGGCACATAGAACTTACAAGGCTAAACTGCCCCTAGAAATT CTTCTTCTCATTATGAACTCCATAGCTTTTCAAGATACTGCATTTACTTGGGCCAGGGACCATAGACTTCACCACAAATACTCAGATACTGATGCAGATCCTCACAACGCAACCCGGGGTTTTTTTTATTCCCACGTTGGGTGGTTGTTGGTCAAAAAGCATCCAGAGGTTAAGGCTAGAGGAAAGTACTTGTCTCTCGATGACTTAAAGAATAACCCGCTATTGAAGTTCCAAAAAAAATACGCCATACTCGTAATTGGAACCTTATGTTTTTTGATGCCTACGTTCGTCCCGGTATAC TTTTGGGGTGAAGGCATCTCTACTGCATGGAACATCAATCTTTTACGATATGTCATGAACTTAAATATGACTTTCCTAGTCAACTCTGCTGCCCATATATTTGGGAACAAGCCGTATGATAAATCAATAGCTTCTGTGCAAAATATATCAGTTTCCCTGGCTACATTTGGGGAGGGTTTCCATAATTATCATCACACATATCCCTGGGATTATCGTGCAGCAGAACTTGGAAACAATAGATTGAATATGACAACCGCCTTTATTGATTTCTTCGCCTGGATAGGTTGGGCATATGATCTA AAGTCTGTGCCACAAGAGGCTATTGCAAAACGGTGCGCAAAAACTGGAGATGGTACTGATATGTGGGGTAGGAAACGTTGA
>BBa_K1554002_HarFAR_reductase_from_Helicoverpa_armigera_coding_sequence
ATGGTTGTGTTGACTAGCAAGGAGACAAAGCCTAGCGTCGCTGAATTTTACGCTGGAAAAAGTGTTTTTATTACTGGGGGTACTGGGTTTCTCGGTAAGGTTTTCATTGAGAAACTCTTGTATTCTTGTCCAGATATAGAAAACATTTACATGTTGATCAGGGAAAAAAAAGGTTTATCAGTTAGTGAGAGGATCAAGCAGTTTCTTGACGACCCTCTGTTTACCAGGTTGAAGGATAAGAGGCCTGCTGATCTTGAGAAAATCGTCCTTATTCCTGGCGACATTACTGCTCCCGACTTG GGTATTAACAGTGAGAACGAAAAAATGCTTATAGAAAAGGTGAGTGTTATCATACACTCAGCAGCTACCGTCAAGTTCAATGAGCCATTGCCTACCGCTTGGAAGATCAATGTCGAGGGTACACGGATGATGTTAGCACTTAGCAGACGGATGAAGAGAATAGAGGTTTTCATCCATATCTCTACCGCTTACACAAATACAAACAGGGAGGTGGTTGATGAAATTTTGTACCCTGCACCTGCTGACATTGACCAAGTTCACCAGTACGTGAAAGATGGTATCTCTGAAGAAGATACTGAG AAGATCCTCAATGGAAGGCCCAATACATATACTTTCACCAAGGCTCTGACCGAGCATTTAGTTGCTGAGAACCAAGCTTATGTGCCAACCATTATCGTTAGGCCGAGTGTTGTTGCTGCTATAAAGGACGAGCCACTTAAAGGATGGCTGGGCAATTGGTTTGGCGCTACCGGATTGACAGTTTTTACCGCAAAGGGACTAAACAGGGTCATTTATGGTCATTCCTCATACATAGTTGATCTTATTCCTGTAGATTACGTTGCTAATTTAGTTATCGCCGCAGGAGCCAAGTCTTCAAAA TCTACAGAATTGAAAGTGTATAATTGCTGCTCTTCAAGCTGCAACCCAGTGACCATTGGGACGTTAATGAGTATGTTCGCTGACGACGCTATAAAGCAGAAAAGTTATGCAATGCCGTTACCGGGTTGGTACATATTTACCAAGTATAAGTGGCTTGTGCTACTGTTGACTTTCTTATTTCAGGTCATTCCTGCTTATGTTACAGATCTCTCTAGGCATCTGATTGGTAAATCCCCACGTTATATCAAGCTCCAATCCCTGGTTAATCAGACTAGATCATCTATAGATTTCTTTACCAAC CACAGCTGGGTTATGAAGGCCGACCGGGTGAGGGAGTTGTACGCATCACTGTCTCCCGCCGATAAATACCTATTCCCGTGTGATCCTACCGATATAAATTGGACTCATTATATACAGGATTATTGTTGGGGTGTGAGGCACTTCTTGGAAAAGAAATATCGGTGA
>BBa_K1554003_acetytransferase_from_Euonymus_alatus_coding_sequence
ATGATGGATGCACATCAGGAAATAAAGAACTTCATCAAGGTGTGGGTTCAAGCAATGGTTTGCTTATCTTATGCTTATTACTTCTCCAGTAGGCTACCAAAGGGTTTGCTTCGGCTTCTTTCACTTTTGCCAGTGTTGTACTTACTTTTGATCGCACCTTTGAATATCAGCTCATTCATCTTATCAAGTATAACGGGATTTTTTCTAGCTTGGCTTACCACCTTTAAGGTCATTAGCTTTGCATTCGATCAAGGCCCATTATACCCATTACCTCAGAATCTTCTTCATTTTATCTCAATT GCTTGTCTCCCCATAACAATTAAAAGAAATCCAAGCCCAAAATTGAAATCTACAACTAATCCATCACCAATCAGTCATCTTCTTAAAAAAGCCTTTATGAGTTTTCCATCCAAGGTGCTATTCCATTGGGTTATCGCTCATCTGTACCAATACAAAAAATATATGGACCCGAACGTTGTGCTCGTGATATATTGTTGTCATGTTTACGTGATGTTGGATATCAGTTTGAGTCTTTGCGCCACTTTAGCAGAGTTCCTTTGTGGTTTTGATGTTGAACCTCAGTTCAAGGAACCATATTTA GCCACTTCTTTGCAGGACTTCTGGGGACGGAGGTGGAACATTATAGTCTCTTCAGTCTTGAGGTCTACTGTTTATGCACCGACGCGTAACATCGCTTCATACCTCATAGGCTCCAGGTGGGCCTACTTCCCTGCCATTATCGCAACGTTCGTTGTCTCTGGGGTGATGCATGATGTCGTATATTATGTTTATATGATGCACATGTATCCCAAGTGGGATATGACCGGACATTTTGTATTGCACGGTATTTGTGAAGCCCTGGAAGTGGAGATGAAATGCAAAAGATCTCGATCAGATAAA TGGAGGAGACACCCTGCCGTCGACTGGGTGATGGTTATGGGGTTCGTTATGGGAACCTCTGTGTCTTTGTTATTTGTACCTCTTCTAAGAGACAATGTTGACCAAATAGTGGCTGAAGAATATTCTATTCTTTTTAATTTCGTTAGGGAAAAAATCGTTATGTTGGGTACAAGATTCGTGTGCGGCAATTGA
>BBa_K1021001_NptII_coding_sequence_neomycin_ph	osphotranferase
ATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTCCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGGATCC
>dsRed
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Pests cause great economical loss in agriculture and impede an optimal use of the resources. Sexy Plant rises as a pest

control strategy based on the use of mating disruption by sex pheromones. The release of sex pheromones impedes
*‘nale moths to find their females, avoiding crop-damaging larvae to be born.
L

The Sexy Plant is engineered to produce and release three moth sex pheromones which affect a broad number of
Valencia_UPVanidoptera species (moths). We implemented previous work by Ding et al. [1] to produce the first two pheromones (Z11-
16:0H and Z11-16:0Ac). Inspired by Hagstrém et al [2], we planned the introduction of a Fatty Acid reductase to transform
Z11-16:0H to Z11-16:Ald. As result, the sexy plant will be able to produce three sex pheromones involved in moth's

mating disruption (Figure 1).
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Figure 1. Biosynthetic pathway of moth sex pheromones. Sex pheromones are bordered in purple.

Biosafety is a major concern in our project. For that reason, we have developed a biosafety module which allows an easy
identification of the plant by identity preservation and prevents the plant to spread its genetic material via pollen.
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