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Available online at www.sciencedirect.com

ScienceDirect
Insect infestation is a major problem in agriculture and forestry

addressed primarily with insecticide sprays or genetically

modified plant breeds. The problem has aggravated in the last

decade due to the emergence of resistance among key insect

pests and the removal of multiple insecticides from the market

due to their toxicity. Pheromone-based methods for pest

management have been in use for over 30 years, though primarily

for high-value fruits due to the high cost of the chemical synthesis

and pheromone application. As biotechnology solutions for

pheromone production are emerging, pheromones will become

an economically competitive technology for pest management

also in low-value row crops. This review describes the advances

in the discovery of pheromone biosynthetic pathways and the

recent engineering of yeasts and plants for recombinant

production of pheromones.
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Introduction
According to the Food and Agriculture Organization

(FAO), agricultural productivity needs to rise by 70%

until 2050 to provide sufficient food for the growing

population on a limited amount of land and water. At

the same time, climate change and the evolution of insect

resistance makes pest control increasingly difficult [1,2].

Insect pest control is currently mainly accomplished by

spraying chemical insecticides and using genetically mod-

ified (GM) crops. However, insects are rapidly developing

resistance to both insecticides and GM crops, such as

crops containing genes from Bacillus thuringiensis (Bt

crops), and cause significant losses [2–4]. Moreover, insec-

ticides and GM crops are not allowed in organic farming,

while consumer demand for organic products is rising
www.sciencedirect.com 
rapidly [5]. Finally, the regulatory demands and financial

penalties for the use of insecticides are continuously

increasing.

There is a real and urgent need for new effective, eco-

nomic, sustainable, and safe solutions for pest control

among growers, consumers, and agro-chemical compa-

nies. The Integrated Pest Management (IPM) concept

has been advanced for 50 years, for example, by FAO and

the European Commission (Directive 2009/128/EC of the

European Parlament and of the Council of 21 October

2009; https://eur-lex.europa.eu/legal-content/EN/ALL/?

uri=CELEX:02009L0128-20091125). Within IPM, Mat-

ing Disruption (MD) with sex pheromones that act by

preventing insect reproduction is considered one of the

most promising and scalable solutions. The MD was

shown effective against many species of moths whose

larvae damage a wide variety of crops [6]. This method is

highly efficient, environmentally friendly and safe (Euro-

pean Commission, Directive 91/414/EEC). Additionally,

compared to large number of resistance cases reported to

chemical instecticides, so far only a single documented

case of resistance to MD with pheromones is reported [7].

However, chemically synthesized pheromones with a cost

ranging from 500 to several thousand dollars per kg are too

expensive for row crop application, and until now, MD

has been largely limited to a niche market of pest control

in high-value fruits [8,9]. In order to enable wider appli-

cation of pheromones, it is essential to develop novel

more cost effective production methods.

Compared to chemical synthesis, biotechnological micro-

bial and plant-based production has several important

advantages. Firstly, cheap renewable feedstocks, such as

sugars or glycerol, are used in microbial bio-production

instead of the expensive fossil-derived starting chemicals

whilecarbondioxide serves as carbon source for plants [10��

,11��]. Secondly, the biotechnological production typically

involves a single-step bio-conversion with living cells as the

only catalyst. In some cases, the fermentation/plant-

derived products are additionally processed via one or

two chemical steps [11��]. In constrast, chemical synthesis

of lepidopteran pheromones typically involves multiple

steps, each involving chemical catalysts, often expensive

as for metathesis [12]. Thirdly, as biotechnological produc-

tion uses the insect biosynthetic enzymes, the product

profile in regard of stereoisomer ratios and major/minor

pheromone component ratios will often be similar to the

one naturally produced in insect pheromone glands.

This review highlights the recent advances in discovery

of the biosynthetic pathways towards sex pheromone
Current Opinion in Biotechnology 2020, 65:259–267
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260 Chemical biotechnology
biosynthesis in moths and biotechnological production of

pheromones by recombinant yeast and plants.

Pheromone pathway discovery
Because of their economic importance in pest manage-

ment, sex pheromones of Lepidoptera females are the

best studied insect pheromones. Since identification of

the first sex pheromone bombykol in 1959, sex pher-

omones from more than 600 species of Lepidoptera

have been identified and attraction of male moths to

pheromone compounds have been reported for at least

twice as many species [13]. The majority of the lepi-

dopteran sex pheromones are fatty alcohols, aldehydes

or fatty alcohol acetates of 10–18 carbon chain length

with one to three double bonds [14]. Their biosynthesis

starts from the ubiquitous fatty acid metabolite palmi-

toyl-CoA, which is modified by fatty acid desaturases

(FADs), chain shortening via peroxisomal b-oxidation
or chain elongation. Subsequently, fatty acid reduc-

tases (FARs), acetyltransferases or fatty alcohol oxi-

dases produce the volatile pheromone components

from the fatty acyl precursors (Figure 1). The varying

specificity of the enzymes and their combinations allow

to generate an amazing diversity of these so-called

Type I pheromones, which constitute approximately

75% of all known moth pheromones with different

chain lengths, double bond and functional group varia-

tions [13–15].
Figure 1

Graphical representation of interplay between biochemical reactions involve

by certain type of enzyme. FAS: fatty acid synthase.
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The biosynthetic pathways towards many pheromones

have been deciphered by studying the fate of labelled

pheromone precursors in pheromone glands of female

moths and analyzing their incorporation into pheromones.

Examples include pheromones from important agricul-

tural pests such as Cydia pomonella [16], Amyelois transitella
[17], Helicoverpa zea [18], or Spodoptera exigua [19]. In the

case of C. pomonella, it was concluded that the main sex

pheromone component 8E,10E-dodecadien-1-ol (E8,
E10-12:OH) is produced from palmitic acid, which is

shortened by b-oxidation to dodecanoic acid followed

by E9 desaturation and conversion of the monounsatu-

rated intermediate into the doubly unsaturated precursor,

which is finally reduced to the alcohol [16]. Experiments

with labelled hexadecanoic and (Z)-11-hexadecenoic
acids in A. transitella demonstrated that the sex phero-

mone component 11Z,13Z-hexadecadienal (Z11,Z13-16:
Ald) is produced from palmitic acid, which first undergoes

D11 desaturation followed by D13 desaturation, reduction

and oxidation [17]. Regarding H. zea, labelling showed

that the major sex pheromone component, (Z)-11-hexa-
decenal (Z11-16:Ald) is produced by D11 desaturation of

palmitic acid while the minor components, (Z)-9-hexa-
decenal (Z9-16:Ald) and (Z)-7-hexadecenal (Z7-16:Ald)
are derived from stearic acid by D11 and D9 desaturation

respectively, followed by chain shortening [18]. In a

recent study, labelling experiments in combination with

functional assays confirmed a D12 desaturation pathway

towards the main sex pheromone of S. exigua, 9Z,12E-
Current Opinion in Biotechnology
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Recombinant production of insect sex pheromones Petkevicius, Löfstedt and Borodina 261
tetradecadienyl acetate (Z9,E12–14:OAc). Biosynthesis

of this compound starts from palmitic acid, which is

desaturated at D11 position by the desaturase SexiDes5

followed by chain shortening, which results in Z9-14:
Acid. This intermediate is then used by SexiDes5 and

converted into Z9,E12–14:Acid, which further undergoes

reduction and acetylation leading to Z9,E12–14:OAc [19].

The discovery of the biosynthetic enzymes is now com-

monly accomplished by comparative analysis of gene

expression in the female pheromone glands versus control

tissue, which could be the total body or abdomen or labial

palps [20–22]. The genes that are overexpressed in the

pheromone glands are annotated to identify enzymes that

are candidate genes to be involved in pheromone biosyn-

thesis, such as desaturases, reductases, and so on (Fig-

ure 1). The enzymes are expressed in heterologous hosts,

such as yeast Saccharomyces cerevisiae [21], insect cells [23],

or plants [11��] and functionally assayed. Transcriptome

data from pheromone glands have been reported for

multiple lepidopterans, such as the turnip moth (Agrotis
segetum), the almond moth (Ephestia cautella), the pink

bollworm (Pectinophora gossypiella), the diamondback

moth (Plutella xylostella), the beet armyworm (Spodoptera
exigua), and the tobacco cutworm (Spodoptera litura)
[20,21,24–27]. Transcriptomes from more Lepidoptera

and other insects can be found in InsectBase database

(http://www.insect-genome.com), which currently con-

tains transcriptomes from 116 insects [28]. Apart from

attempts to obtain the data on RNA level, genome

sequencing of insects is gaining more and more attention.

In 2019, 1,219 insect genome-sequencing projects have

been registered with the National Center for Biotechnol-

ogy Information (NCBI) [29]. The biggest individual

project related to insect genomes today is The i5K
Initiative, which started at 2011 and aims to sequence

5000 high-priority insects genomes. I5K database cur-

rently contains genomes from 74 species and is continu-

ously updated (https://i5k.nal.usda.gov/) [30].

Most of the enzymes involved in moth pheromone bio-

synthesis characterized so far are fatty acyl-CoA desa-

turases (FADs) and fatty acyl reductases (FARs). Accord-

ing to the review by Tupec et al., more than 50 FADs and

20 FARs are functionally characterized [31]. FADs can

have different specificities and introduce double bonds in

various positions. The most common desaturation

appears to be in positions D9 and D11, however in some

lepidopteran insects less common desaturation reactions

occur. D5 and D6 desaturases acting on myristic acid were

found in the genus Ctenopseustis [32,33], a D8 desaturase

obtained from Dendrolimus punctatus showed activity

towards C12, C14 and C16 saturated fatty acids [34],

and a D10 desaturase was found in Planotortrix octo
[35]. In a study by Xia et al., multi-functional D11/D12
desaturases from S. exigua and S. litura were characterized

[19]. A multi-functional D11/D13 desaturase acting on
www.sciencedirect.com 
palmitic acid was found in Thaumetopoea pityocampa
[36]. A desaturase from Ostrinia nubilalis showed D14
activity on palmitic acid when expressed in insect cells

[37]. A range of FARs from the genera Agrotis, Bicyclus,
Bombyx, Helicoverpa, Heliothis, Ostrinia, Spodoptera, and

Yponomeuta have been functionally characterized [31].

The specificity of the reductases differs a lot. A few

reductases have a limited range of substrates, such as

Ostrinia nubilalis reductases pgFAR-Z and pgFAR-E with

a strong preference for Z11-14:CoA and E11-14:CoA,
respectively [38] or reductase pgFAR from Bombyx mori
with a preference towards E10,Z12-16:CoA [39]. Reduc-

tases from Helicoverpa spp. and Heliothis spp. can act on a

broad range of C8 to C16 fatty acids while having prefer-

ence for C14 substrates [40]. Four reductases from Spo-
doptera species characterized by Antony et al. showed

different selectivity for C14 and C16 fatty acids where

SexpgFAR I from S. exigua and SlitpgFAR I from S.
littoralis were selective for C16 fatty acids while C14

fatty acids were preferred substrates for SexpgFAR II

and SlitpgFAR II [41]. Other reductases, such as AseFAR

from Agrotis segetum or reductases Yev-pgFAR, Ypa-

pgFAR, and Yro-pgFAR from the genus Yponomeuta have

a broad substrate range [21,42].

A large fraction of moth pheromones are fatty alcohol

acetates or fatty aldehydes. Fatty alcohol acetates are

postulated to be produced by esterification of fatty alco-

hols by acetyltransferases. Presently, however, no insect

acetyltransferases have been identified that act on fatty

alcohols. Ding et al. expressed 34 genes potentially coding

for acetyltransferases found in A. segetum, however, none

of the candidates were able to convert fatty alcohols into

acetates in S. cerevisiae [21]. Interestingly, some back-

ground acetylation was detected in S. cerevisiae host and

was later found to be due to Atf1p, a promiscuous acet-

yltransferase contributing to production of acetate esters

by the yeast [43].

Regarding aldehyde-producing enzymes, gene candi-

dates have been proposed, but none of them are cloned

and characterized [26]. Similarly, some b-oxidation
enzymes that are supposedly involved in the biosynthesis

of multiple pheromones of shorter chain lengths have

been identified, but not yet characterized [24,26].

Production of insect pheromones in yeasts
The high cost of chemical synthesis of pheromones

encouraged the development of microbial cell factories

for the production of pheromones by fermentation of

cheap renewable feedstocks.

By expressing a Z11-desaturase and a fatty acyl-CoA

reductase from A. segetum in S. cerevisiae, Hagström

et al. produced 0.195 mg/L of (Z)-11-hexadecenol (Z11-
16:OH) [10��]. The product was extracted and oxidized to

the corresponding aldehyde (Z11-16:Ald). The aldehyde
Current Opinion in Biotechnology 2020, 65:259–267
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262 Chemical biotechnology
elicited specific electrophysiological response from male

antennae of the tobacco budworm Heliothis
virescens. While the titer was several orders of magnitude

lower compared to what is required for economical pher-

omone production at scale, this study was the first proof-

of-concept that lepidopteran pheromones can be made

from simple carbon feedstock as glucose by recombinant

yeasts.

High-level production of lepidopteran pheromones was

achieved through metabolic engineering of oleaginous

yeast Yarrowia lipolytica [44��] (Figure 2). Target com-

pounds were Z11-16:Ald, the main sex pheromone com-

ponent of cotton bollworm Helicoverpa armigera and (Z)-9-
tetradecenyl acetate (Z9-14:OAc), which is the sex pher-

omone of fall armyworm Spodoptera frugiperda. The

screening of enzyme combinations was accomplished in

S. cerevisiae. The combination of a desaturase from A.
transitella (AtrD11) and a reductase from H. armigera
(HarFAR) was the most efficient for the production of

Z11-16:OH, which could be chemically oxidized to Z11-
16:Ald. For the production of Z9-14:OAc, a combination

of a desaturase from Drosophila melanogaster (DmeD9), the

reductase HarFAR, and the acetyltranferase Atf1p from S.
cerevisiae gave the best result. The assembled pathways

were subsequently expressed in oleaginous yeast Yarro-
wia lipolytica, which was selected as the host for the
Figure 2

Overview of metabolic engineering strategies applied for insect pheromone 

HFD: fatty aldehyde dehydrogenase, FAO: fatty alcohol oxidase, GPAT: glyc

peroxisomal biogenesis factor 10.
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production of moth pheromones due to its high levels

of cytosolic acetyl-CoA and intracellular lipids, which

both can serve as precursors for moth pheromone biosyn-

thesis. In Y. lipolytica, the degradation of fatty acids and

alcohols appeared to be one of the main obstacles for

pheromone production in high titres. This problem was

solved by deleting genes that are involved in fatty alcohol

and fatty acid degradation. Deletion of peroxisomal bio-

genesis factor 10 encoded by the PEX10 gene eliminated

the formation of peroxisomes, in which b-oxidation of

fatty acids takes place. Deletions of fatty aldehyde dehy-

drogenases encoded by HFD1-4 genes and fatty alcohol

oxidase FAO1 reduced the oxidation of fatty alcohols into

aldehydes and acids. A combination of deletions resulted

in a 19-fold increase of the Z11-16:OH titer. Another

obstacle for pheromone production in Y. lipolytica was the

chanelling of a large fraction of pheromone precursors

fatty acyl-CoAs into storage lipids. This was solved by

truncating the promoter of the GPAT gene coding for the

glycerol-3-phosphate acyltransferase, which resulted in

38% increase of the production. Finally, increasing the

copy number of the desaturase and reductase genes led to

9.7-fold titer increase. In a 10 L bioreactor this strain

produced 2.6 g/L of Z11-16:OH. The versatility of the

same platform strain with decreased fatty alcohol degra-

dation and decreased storage lipid formation was demon-

strated by expressing the pathway towards Z9-14:OH,
Current Opinion in Biotechnology
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erol-3-phosphate acyltransferase, ER: endoplasmic reticulum, PEX10:
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resulting in 4.9 mg/L titer. In vivo produced alcohols can

be efficiently converted into acetates chemically by acet-

ylation, as shown by Ding et al. [11��] leading to Z9-14:

OAc, which is the main sex pheromone component of S.
frugiperda. In order to improve the supply of tetradecenyl-

CoA precursor, the ketoacyl synthase domain of fatty acid

synthase FAS2 was point-mutated as in [44��], resulting in

73.6 mg/L of Z9-14:OH or a 15-fold titer increase in Y.
lipolytica [Holkenbrink et al]. A pheromone mixture con-

taining aldehyde obtained from microbially produced

Z11-16:OH performed as well as a conventionally pro-

duced commercial lure in field trapping experiments

targetting H. armigera, clearly showing the potential of

microbially produced moth pheromones in pest

management.

Instead of the direct production of fatty alcohol phero-

mones in the cell, an alternative approach was described,

where the yeast cells are engineered for desaturation and

the desaturated fatty acids are accumulated as lipids

(Publication Number: WO/2017/214133). The yeast bio-

mass is then dried, lipids extracted, transesterified, dis-

tilled, and chemically reduced to the corresponding desa-

turated fatty alcohols. In addition, exogenous fatty acids

can be supplied to the yeast fermentation medium in

order to boost the production of unsaturated pheromone

precursors.
Figure 3

Overview of metabolic engineering strategies applied for insect pheromone 

reticulum, TAGs: triacylglycerides, WEs: wax esters, ATF: acetyltransferase.

www.sciencedirect.com 
Production of insect pheromones in plants
Insect pheromones can be produced in plants and it has

been proposed to use the plants as natural dispensers of

insect pheromones in pest management [45]. Plants can

also be used for production of pheromone precursors that

can be subsequently extracted and transformed into

active pheromone compounds (Figure 3, Table 1). The

model plant Nicotiana benthamiana [11��] has been used to

validate functionality of insect gene products in plants by

transient expresion while the oil crop Camelina sativa has

been engineered for accumulation of pheromone precur-

sors by stable transformation [46�].

The first example of functional expression of lepidop-

teran enzymes in plants was reported by Nešn�erová et al.,
where a D11 insect desaturase was introduced into Nico-
tiana tabacum for semi-synthetic preparation of plant-

derived Z11-16:OAc. The acetate made from the plant-

produced precursor was proven to be effective and

attracted the cabbage moth Mamestra brassicae in field

trials [47��]. Ding et al. reconstructed the full pathway

towards Z11-16:OAc in Nicotiana benthamiana by transient

expression [11��]. Additionally, other unsaturated fatty

acetates such as (E/Z)-11-tetradecenyl acetates (E/Z11-
14:OAc) were biosynthesized. Eleven different genes

were assayed in different constructs. For production of

Z11-16:OAc, the most suitable combination consisted of a
Current Opinion in Biotechnology

production in plants. FAS: fatty acid synthase, ER: endoplasmic

Current Opinion in Biotechnology 2020, 65:259–267
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Table 1

List of insect pheromones that have been produced in yeast and plants and proven to be biologically active. AveD11: Argyrotaenia

velutinana desaturase, HarFar_KKYR: reductase from Helicoverpa armigera with modified ER retention signal, EaDAcT: Euonymus alatus

acetyltransferase, AtrD11: Amyelois transitella desaturase, PDesat-TnD11Z: Trichoplusia ni desaturase, AseD11: Agrotis segetum desa-

turase, AseFar: Agrotis segetum reductase, pgFAR: pheromone gland-specific reductase from Bombyx mori, FatB: acyl carrier protein

thioesterase

Insect pheromone Platform Expressed genes Characterization of compound Reference

E11-14:OAc Nicotiana benthamiana AveD11, HarFar_KKYR, EaDAcT Pheromone blend containing plant-derived

E11-14:OAc attracted Y. evonymella and Y.

padella

[11��]

Z11-14:OAc Nicotiana benthamiana AveD11, HarFar_KKYR, EaDAcT Pheromone blend containing plant-derived

Z11-14:OAc attracted Y. evonymella and Y.

padella

[11��]

Z11-16:OAc Nicotiana benthamiana AtrD11, HarFar_KKYR, EaDAcT Pheromone blend containing plant-derived

Z11-16:OAc attracted Y. padella

[11��]

Z11-16:OAc Nicotiana tabacum PDesat-TnD11Z Plant-derived semi-synthetic Z11-16:OAc

attracted M. brassicae

[47��]

Z11-16:Ald Yarrowia lipolytica AtrD11,

HarFar

Pheromone blend containing yeast-derived

Z11-16:Ald (semi-synthetically produced from

Z11-16:OH) was confirmed to be biologically

active against H. armigera based on

electroantennogram assay and field trapping

experiments

[44��]

Z11-16:Ald Saccharomyces cerevisiae AseD11, AseFar Oxidized yeast extracts containing Z11-16:Ald

elicited electrophysiological signal when tested

on H. virescens

[10��]

E10,Z12–16:OH Saccharomyces cerevisiae pgFAR Yeast cells producing E10,Z12–16:OH evoked

stereotypical male mating behaviour of B. mori

[39]

Z11-16:OH

Z11-16:Ald

Z11-16:OAc

Camelina sativa FatB, Z11 Desaturase Mixture of plant-derived pheromones

(semisynthetically produced from plant-

prodced precursor) was as attractive as

conventionally produced pheromone in Plutella

xylostella trapping experiment

[46�]
desaturase from A. transitella (AtrD11), a reductase from

H. armigera with modified C-terminus endoplasmic retic-

ulum retention signal (HarFAR_KKYR), and an acetyl-

transferase from the burning bush Euonymus elatus
(EaDAcT). Plants expressing these three genes yielded

2 mg of Z11-16:OAc per 1 g of leaf tissue. Best production

of E/Z11-14:OAc was achieved when a thioesterase

derived from Cuphea palustris (CpFATB2), a desaturase

from Argyrotaenia velutinana (AveD11), HarFAR_KKYR

and EaDAcT were used yielding 2.4 mg of E/Z11-14:OAc

mixture per 1 g of leaf tissue. To obtain sufficient

amounts of acetates for field tests of biological activity

of the plant-derived pheromone compounds, the alcohol

fraction from genetically modified plants was acetylated

by reaction with acetyl chloride. The plant-derived ace-

tate mixtures were as attractive and specific as chemically

produced pheromones for trapping of the small ermine

moth species Yponomeuta padella and Y. evonymella [11��].

Apart from being direct sources of insect pheromones

plants hold an opportunity for accumulation of pheromone

precursors in the forms of triacylglycols (TAGs) or wax

esters (WEs). The oil crop Camelina sativa was investigated

as a potential platform due to its short life cycle and

capability to accumulate up to 49% of oil in seeds

[48,49]. Additionally, transformation protocols are well-
Current Opinion in Biotechnology 2020, 65:259–267 
established [50]. Engineered C. sativa expressing palmi-

toyl-acyl carrier protein-specific thioesterase together with

a D11desaturase accumulated Z11-16:Acid at>20%of total

fatty acid content in the seed oil, corresponding to around

40 g Z11-16:Acid per kg seeds. The pheromone precursor

obtained from the seeds of the engineered plant was

chemically converted into the corresponding alcohol, alde-

hyde and acetate and the mixture was proven to be as

effective as their chemically produced equivalent in trap-

ping experiments targeting Plutella xylostella [46�].

Perspectives
Increasing resistance towards Bt crops and insecticides

with additional negative impact on the environment is a

strong motivation to develop alternative approaches in

pest management. Microorganisms and plants can pro-

vide platforms for sustainable and commercially viable

production of insect pheromones but there are challenges

to overcome before this technology is ready for the

market [10��,11��] (Holkenbrink et al. [44��]). So far only

relatively simple moth pheromones with a carbon length

of 16 or 14 atoms and a double bond in position D9 or D11
have been produced recombinantly. Among these pher-

omones are Z11-16:Ald, a pheromone of cotton bollworm

and rice stem borers, and Z9-14:OAc, the main phero-

mone component of the fall armyworm. These
www.sciencedirect.com
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pheromones are intended for pest control in cotton, rice,

soybean, and maize, which are all row crops and where

chemically synthesized pheromones are not applicable

due to the high cost. There is also a need to establish

biotechnological production of more challenging phero-

mone molecules, the ones that contain multiple double

bonds or require chain shortening and other modifica-

tions. Examples are pheromones of codling moth, grape-

vine moth, oriental fruit moth that are already used for

fruits protection. If low-cost production of these phero-

mones via biotechnology is established, it will enable a

much wider use of pheromones and reduction of insecti-

cide residues in fruits. In order to establish efficient

microbial and plant factories for a wider spectrum of

biological pheromone production, including a number

of economically important pheromones with 12-carbon

backbone (C12) and unusual double bond positions,

elucidation of insect biosynthetic pathways and enzymes

responsible for them is crucial. This can be largely facili-

tated by ongoing insect genome projects such as i5k [30].

A bottleneck in recombinant pheromone production is

functional characterization. Currently, it is based on het-

erologous expression in hosts, mostly S. cerevisiae, where

analysis rely on a low throughput combination of extrac-

tion of fatty acids or alcohols and gas chromatography–

mass spectrometry. Up to now, many desaturases and

reductases are cloned and characterized [31] while func-

tionality of candidate b-oxidation enzymes, acetyltrans-

ferases and alcohol oxidases remains to be investigated

and confirmed. Combination of genome and transcrip-

tome sequencing efforts together with new high through-

put screening technologies would open the door to an

immense variety of insect compounds that could be

produced in a bio-based manner. For an economically

viable process the native metabolism of the production

hosts have to be shifted towards desired precursors. This

was done for C14 and C16 compounds in yeasts and plants

by implementing various metabolic engineering strate-

gies such as elimination of fatty acid/alcohol degradation,

redirection of carbon flux from TAGs to acyl-CoAs, or

implementation of chain-specific thioesterases [46�,44��].
Further studies towards efficient in vivo supply of pre-

cursors will be crucial for cost-effective production. Apart

from enzyme discovery and metabolic engineering of

production hosts, upscaling plays an important role in

development of sustainable biological pheromone pro-

duction for pest management. Regarding microbial pro-

duction, technical aspects such as determination of opti-

mal fermentation conditions and downstream processing

are key points to consider, while in plant-based phero-

mone production downstream processing as well as regu-

latory affairs regarding genetically modified crops [51] are

very important to address.
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12. Turczel G, Kovács E, Merza G, Coish P, Anastas PT, Tuba R:
Synthesis of semiochemicals via olefin metathesis. ACS
Sustain Chem Eng 2019, 7:33-48.
Current Opinion in Biotechnology 2020, 65:259–267

http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0025
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0060


266 Chemical biotechnology
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preparation of sex pheromones. Green Chem 2004, 6:305-307

First genetically modified plant was constructed able to produce lepi-
dopteran sex pheromone precursor.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0215
https://www.biorxiv.org/content/10.1101/2020.07.15.20504
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0225
http://dx.doi.org/10.1016/j.pbi.2019.12.003
http://dx.doi.org/10.1016/j.pbi.2019.12.003
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30107-5/sbref0235


Recombinant production of insect sex pheromones Petkevicius, Löfstedt and Borodina 267
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