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Introduction 

Plants produce a wide range of structurally diverse natural products. These natural 

products play key roles in the interaction of plants with organisms in their environment. 

They, for example, act as defence compounds against herbivores and pathogens, or as 

attractants of insects for pollination. They also provide a natural resource for humans and 

are used as medicine (e.g. artemisinin and parthenolide), pigments (e.g. β-carotene and 

lycopene), fragrance (e.g. limonene and linalool) and flavours (e.g. vanillin and menthol).  

 

Figure 1: Schematic representation of plastidial and cytosolic terpenoids. Examples of different plant derived 

terpenoids and plant organs (seed, fruit, leaf or root) containing these terpenoids are shown. 

Plant natural products can be divided into several classes such as nitrogen-containing 

(e.g. alkaloids, glucosinolates and cyanogenic glucosides) and nitrogen-free metabolites 

such as terpenoids, phenolics and flavonoids [1]. Among these, the terpenoids are the 
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most diverse class, constituting almost 12% of all known plant metabolites [2] and 

possessing many different functions in plants. Low molecular weight volatile terpenoids 

are involved in plant protection mechanisms during biotic and abiotic stresses [3,4] and 

when emitted from flowers can act as pollinator attracting signals [5]. Terpenoids can be 

antifeedant compounds that protect the plant against insects, such as for example, 

geranyllinalool in Nicotiana obtusifolia [6] and can be an activator signal for systemic 

acquired resistance [7]. Several terpenoids, such as gibberellins, abscisic acid and 

strigolactones are plant hormones and act as signalling molecules in physiological 

processes. Strigolactones, for example, are a regulator of plant axillary bud outgrowth 

and thus branching [8]. In addition to their role as plant hormone, strigolactones are also 

secreted into the soil surrounding the plant’s roots where they recruit the symbiotic 

arbuscular mycorrhizal fungi. 

Biosynthesis of Terpenoids 

Biosynthesis of the basic building blocks of terpenoids 

Terpenoids are produced from the universal building blocks, isopentenyl diphos-

phate (IPP) and dimethylallyl diphosphate (DMAPP). IPP and DMAPP are synthesized 

through two different biosynthetic pathways. One of these occurs in the plastids and 

supplies mostly the substrates for the production of monoterpenoids (often present in 

essential oils), diterpenoids and tetraterpenoids (carotenoids) (Figure 2). The other 

pathway, known as the mevalonate (MVA) pathway takes place in the cytosol. The IPP 

and DMAPP derived from this pathway are mostly used as substrates in the production 

of sesquiterpenoids and triterpenoids.  

The condensation of the IPP and DMAPP building blocks produced by the MEP and 

MVA pathways provides the prenyl diphosphate substrates such as C10 (geranyl 

diphosphate, GPP), formed by condensation of IPP and DMAPP through enzymatic 

activity of geranyl diphosphate synthase (GPS) or C15 (farnesyl diphosphate, FPP), 

formed from condensation of GPP and IPP by farnesyl diphosphate synthase (FPS) 

(Figure 2). GPP and FPP are the universal precursors of monterpenoids (C10) and ses-

quiterpenoids (C15), respectively. Geranylgeranyl diphosphate synthase (GGPS) ca-

talyses the condensation of FPP with IPP, which results in the formation of the C20 

precursor of the diterpenes, geranylgeranyl diphosphate (GGPP), while dimerization of 

two FPP molecules and removal of the diphosphate groups through the activity of 

squalene synthase (SQS) results in biosynthesis of squalene (C30) [9]. Squalene mono-

oxygenase or epoxidase adds an oxygen group to the squalene, resulting in production of 

2,3-oxidosqualene, the precursor of triterpenoids (C30) as well as sterols and steroids in 

plants. Dimerization of two GGPP molecules and elimination of the two diphosphate 

groups by phytoene synthase (PS) results in the formation of a C40 compound, phytoene, 

the precursor of the tetraterpenoids or carotenoids (Figure 2). 

Biosynthesis of monoterpenoids (C10) 

Monoterpenoids are C10 compounds derived from GPP. Monoterpenoids are well-

known for their biological activity, but also for their strong odour and aromatic properties 

[10]. These compounds are used for various applications such as fragrances, drinks, food 

additives, perfumes and cosmetics [11]. Geraniol (isolated from rose flowers) and linalool 

(from coriander; Figure 1) are two of most important monoterpenoids used in the flavour 

industry which is reaching to annual consumption of 5000 tons/year [12]. 

Monoterpenoids in plants are often induced upon biotic and/or abiotic stress conditions 

and they are supposed to possess properties to enable plants to deal with these stresses 
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[13]. 1,8-Cineole, for example, is toxic to certain insects and is produced by Artemisia 

annua upon infestation by the root feeding insect, Diuraphis noxia [14]. GPP synthase 

(GPS), the enzyme responsible for synthesis of the monoterpenoid precursor GPP, was 

first characterised from the essential oil glands of sage [15]. Formation of monoterpenoids 

takes place through the activity of enzymes called monoterpene synthases (sometimes 

also called monoterpene cyclase if catalysing the formation of a cyclic monoterpene). 

 
Figure 2: Terpenoid biosynthesis pathways. Biosynthesis of monoterpenoids (C10), diterpenoids (C20) and 
teteraterpenoids (C40) takes place in the plastids (in green) while the biosynthesis of sesquiterpenoids (C15) 

and triterpenoids (C30) is localized in the cytosol (in white). 

The DDxxD motif for Mg2+ cation binding is conserved among all terpene synthases, 

which allows their identification [16]. A single monoterpene synthase often catalyses 

formation of several monoterpenoids from GPP. For example, a promiscuous 

monoterpene synthase enzyme, CsTPS2FN, isolated from Cannabis sativa encodes the 

formation of (+)-α-pinene, (+)-β-pinene, myrcene, (-)-limonene and β-phellandrene [17]. 

As detailed above, it is generally assumed that the plastids are the major organelle for 

production of monoterpenoids and their substrate, GPP. Intriguingly, however, exchange 
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of mitochondrial produced GDP to the plastids for production of monoterpenoids has 

been demonstrated [18]. 

Biosynthesis of sesquiterpenoids (C15) 

Sesquiterpenoids are produced from FPP, again through the catalytic activity of 

terpene synthases, in this case called sesquiterpene synthases. Sesquiterpenoids are often 

aromatic, and constituents of plant essential oils. The sesquiterpene β-caryophyllene 

(Figure 1) has been reported to be present in many plant species; it is the major essential 

oil component of basil (Ocimum spp.), oregano (Origanum vulgare L.) and rosemary 

(Rosmarinus officinalis) [19] (Figure 1) and, together with humulene, is the main 

sesquiterpene obtained from cannabis plants and responsible for its odour [20]. β-

caryophyllene is widely used in frozen dairy, chewing gums and beverages [21]. Zingi-

berene, a sesquiterpene present in ginger (Zingiber officinale) is a spider mite repellent 

(Figure 1) [22]. In chamomile (Matricaria chamomila) it was shown that sesquiterpene 

biosynthesis starts in the plastids with GPP that is exported to the cytosol where IPP is 

added [23]. Interestingly, results from transient expression of a sesquiterpene synthase 

from feverfew (Tancetum parthenium) show that addition of mitochondrial targeting to a 

sesquiterpene synthase will result in higher sesquiterpene biosynthesis, presumably 

because mitochondrial FPP is accessed [24]. Indeed, localization of one of the Ara-

bidopsis FPP synthases in the mitochondria has been demonstrated [25]. Protein localiza-

tion studies using GFP fusions of cis-FPS, and santalene and bergamotene synthase (SBS) 

suggest that biosynthesis of these unusual sesquiterpenoids take place in the plastids using 

IPP and DMAPP from the MEP pathway [26]. 

Sesquiterpene lactones are a sub-class of the sesquiterpenoids with over 4000 dif-

ferent known structures. Sesquiterpene lactones are mainly colourless, bitter, compounds 

found mainly in plant species in the Asteracea [27]. Their biological properties such as 

antibacterial (e.g. vernolide [28]), antifungal (8α-hydroxy-4-epi-sonchucarpolide [29]), 

anticancer (e.g. parthenolide [30]) make them of interest for medical use. Sesquiterpene 

lactones are classified in six bicyclic or tricyclic classes named guianolides, 

pseudoguaianolides, xanthanolides, eremophilanolides, eudesmanolides and ger-

macranolides [31]. Costunolide may then serve as the precursor of the other ger-

macranolides (e.g parthenolide) and/or guaianolides (e.g. the main constituents of bitter 

compounds in chicory and endive). Further modification of sesquiterpene lactones is 

carried out by double bond reductases and glycosyl transferases [32,33].  

Biosynthesis of diterpenoids (C20) 

With more than 10,000 different natural plant derived structures, the diterpenoids 

are one of the most diverse classes of plant secondary metabolites [34]. They are also part 

of plant primary metabolism as plant growth regulators such as the gibberellins are 

diterpenes [35]. Many diterpenoids have medicinal properties, such as taxol (Figure 1), 

which is isolated from the Pacific yew (Taxus brevifolia) [36], and is used for the treat-

ment of ovarian and breast cancer [37]. Cafestol (Figure 1) and the structurally related 

kahweol are two diterpenes from Coffea arabica that induce apoptosis in malignant 

pleural mesothelioma (MPM) cancer cells [38]. A valuable compound for the fragrance 

industry is cis-abienol which is an aromatic diterpene isolated from fir trees (Abies bal-

samea). Cis-abienol is an important oxygen containing diterpenoid serving as the pre-

cursor of Ambrox® in perfume formulations [39] and the major labdane type diterpenoid 

responsible for the fragrance of tobacco leaves. Biosynthesis of cis-abienol proceeds in 

two sequential steps. First a diterpene synthase converts GGPP to 8-hydroxy-copalyl 
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diphosphate and then a kaurene synthase like enzyme converts the latter into cis-abienol 

by removing the diphosphate group [40].  

Biosynthesis of triterpenoids (C30) 

This class of specialized metabolites constitutes more than 20,000 identified plant 

compounds so far [41]. Triterpenoids show a lot of diversity in plant families. Saponins, 

glycosylated triterpenoids, are, for example, found in Quillaja saponaria (a native 

Chilean tree) and Camellia oleifera. Saponins are used in detergents, shampoos and 

emulsifiers due to their foaming properties [42,43]. Many plants produce saponin type 

triterpenoids during normal growth (e.g. apple fruit peel, producing ursolic acid [44]), 

however their saponin levels strongly depends on plant species, organs and develop-

mental stage [45]. Butelin, isolated from the bark of Butela spp., is another natural 

triterpenoid which is used in cosmetic products such as hair conditioners [46]. Many 

triterpenoids are used to cure major diseases such as cancer and HIV. Celastrol, a 

triterpenoids isolated from Tripterygium wilfordii exhibits Tat inhibitory action [47]. 

‘Tat’ is a virus encoded protein which is required for HIV genome transcription. Triter-

pene synthases convert 2,3-oxidosqualene through a Chair-Boat-Chair (CBC) or the 

Chair-Chair-Chair (CCC) conformation into the different triterpene skeletons. An ex-

ample of a triterpene synthase is β-amyrin synthase [48] responsible, for example, for β-

amyrin biosynthesis in tomato (Figure 1). P450s and glycosyl transferases play an im-

portant role in further decoration of triterpenoids, for example, for the production of the 

triterpene glycoside glycyrrhizin.  

Biosynthesis of tetraterpenoids (C40) 

The tetraterpenoids contain 750 different reported structures [49]. The carotenoids 

[50](tetraterpenoids) are the most common natural pigments and also possess antioxidant 

properties. Carotenoids are industrially used as dyes and colorants, in the food industry 

(e.g. β-carotene), as nutraceuticals and in the pharmaceutical industry, as well as in 

cosmetics [51] (Figure 1). They are mostly present in photosynthetic organisms [50] and 

often are responsible for red, orange and yellow colours [52]. Carotenoids are essential 

and play a vital role in photosynthesis. Carotenoid biosynthesis starts with the activity of 

phytoene synthase making pre-phytoene diphosphate [53]. Phytoene synthase then 

converts pre-phytoene diphosphate to 15-cis-phytoene. Several other enzymes namely a 

desaturase and an isomerase are involved to produce trans-lycopene. Cyclisation is the 

next step; activity of an α-cyclase results in α-carotene biosynthesis, while a β-cyclase 

can convert trans-lycopene to β-carotene. Another class of naturally occurring 

carotenoid-derived terpenoid type molecules are the strigolactones. Their biosynthesis 

starts with isomerization of β-carotene by D27 [54]. Then a carotenoid cleavage (CCD7) 

cleaves the resulting 9-cis-β-carotene which then results in production of 9-cis-β-apo-10-

carotenal and β-ionone [55]. Then, another carotenoid cleavage enzyme, CCD8, converts 

9-cis-β-apo-10-carotenal into carlactone [54]. This ubiquitous strigolactone precursor 

will be oxidised by a cytochrome P450, the MAX1 homologs, which results in the 

formation of carlactonoic acid or ent-2-epi-5-deoxystrigol [56,57]. 

Heterologous production of terpenoids in plants and micro-organisms  

As explained above, the terpenoids are very important compounds from medicinal, 

nutraceutical and nutritional point of view. However, commercialization of these com-

pounds is often restricted due to their low concentrations in the plant and their high 

structural complexity which makes chemical synthesis approaches too costly [58]. In 

addition, some of the plant species that produce attractive molecules grow slowly, may 
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have a low yield, are threatened by extinction, or are susceptible to environmental con-

ditions. Several approaches have been followed in the last decades to overcome these 

limitations. In an approach called metabolic engineering, scientists use alternative or-

ganisms (expression platforms) to optimize production of these metabolites. Terpenoid 

production in microbial systems, for example, is an appealing approach. Rapid growth 

and regeneration (e.g. 1 to 3 days for Escherichia coli and Saccharomyces cerevisiae, 

respectively) and well established tools for transformation make them suitable organisms 

for metabolic engineering purposes. However, ectopic expression of plant derived genes 

(enzymes) in these microbial platforms comprise some limitations which needs to be 

solved for a successful engineering strategy. For example, neither E. coli nor S. cerevisiae 

contain plastids. Hence in order to prevent possible miss-folding of the enzymes in these 

platforms, removal of a possible plastid targeting signal is suggested [59]. The subcellular 

targeting strategy used by plants makes expressing cytochrome P450s in micro-organisms 

even more challenging. S. cerevisiae, however is a suitable expression platform for 

cytochrome P450s as it is a eukaryotic microorganism containing endoplasmic reticulum, 

the maturation and activity site of cytochrome P450s. Another advantage of yeast is the 

ability of in vivo recombination of DNA fragments, such that several DNA fragments 

(harbouring homologous flanking regions) can be recombined upon transformation into 

yeast in a so called transformation associated recombination (TAR) [60]. Almost all 

required precursors for the biosynthesis of the different terpenoids are produced in yeast. 

Carotenoid and diterpenoid production in yeast is achieved often by overexpression of a 

GGPP synthase as yeast produces GGPP in small quantities. Carotenoids biosynthetic 

pathway genes have been successfully expressed in yeast [61]. Overexpression of genes 

such as HMGR, the rate limiting enzyme in the MVA pathway, has been shown to 

enhance the pool of precursor for the biosynthesis of, for example, sesquiterpenoids and 

triterpenoids. Alternatively, down regulation of competing pathways like sterol 

biosynthesis through down regulation of ERG9 (squalene synthase) [62] are molecular 

strategies which are implemented for successful engineering programs. Successful in-

vivo production of artemisinic acid and costunolide in WAT11 yeast (optimal yeast strain 

for expression of recombinant cytochrome P450s) is reported by introduction of 

sesquiterpene synthases (amorphadiene synthase and germacrene A synthase) and P450s 

(amorphadiene oxidase (for artemisininc acid). 

Metabolic engineering can also be pursued in the plant species that is already making 

the attractive product by overexpression of biosynthetic pathway genes or downregulation 

of competing pathways. However, this homologous engineering - optimization and 

boosting of metabolic pathways in the original plant species - is sometimes difficult and 

time consuming. Hence, other in planta expression systems have been explored for 

heterologous expression of genes involved in the biosynthesis of secondary metabolites. 

Here we discuss a number of examples of such hosts that have been used for metabolic 

engineering and reconstruction of terpenoid biosynthesis pathways. Overexpression of 

taxadiene synthase, which converts GGDP to taxadiene - a precursor of the anti-cancer 

molecule taxol (Figure 1) - has been studied in Nicotiana benthamiana. Taxadiene was 

produced to an astonishing yield of 27 µg/g dry weight [63]. An example of successful 

reconstruction of a full biosynthetic pathway is the biosynthesis of parthenolide in N. 

benthamiana. The transient co-expression of germacrene A synthase (GAS), germacrene 

A oxidase (GAO), costunolide synthase (COS) and parthenolide synthase (PTS) yielded 

1.4 mg/g fresh weight parthenolide in the leaves [30]. Artemisinin was also successfully 

synthesized in N. benthamiana, by transient expression of five biosynthestic pathway 

genes, amorphadiene synthase (ADS), amorphadiene oxidase (ADO), alcohol 
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dehydrogenase 1 (ALDH1), artemisinic aldehyde double-bond reductase (DBR) and 

aldehyde dehydrogenase 1 (ALDH1). Physcomytrella patens is another plant expression 

platform which recently has raised a lot of interest for metabolic engineering of valuable 

terpenoids. Novel and relatively easy transformation technology [64] has made this 

platform a suitable putative heterologous system for bulk production of terpenoids. 

Successful artemisinin production in P. patens was shown recently with a yield of 

0.21 mg/g dry weight [65]. This yield was obtained upon co-expression of the same five 

biosynthesis pathway genes mentioned above, ADS, ADO, ALDH1, DBR and ALDH1. 

Yield in these heterologous production platforms is still quite low. A better knowledge of 

the natural site of biosynthesis and accumulation, the chemical properties of the 

terpenoids produced, and the mechanisms involved in their transport (from the 

biosynthesis site to the accumulation site) will provide novel solutions to be implemented 

in metabolic engineering programs [66,67]. 

Acknowledgements 

Arman Beyraghdar Kashkooli was funded by the Iranian Ministry of Science Research and 

Technology. Pictures used in Figure 1 were provided by Nafiseh Geshnizjani and Ayoub Nalousi. 

The Momordica charantia image was provided by Europa Ayurveda Centrum Company, Witharen, 

the Netherlands. 

References 

1.  Wink M. (2010) Introduction. Annual Plant Reviews Volume 39: Functions and 

Biotechnology of Plant Secondary Metabolites: Wiley-Blackwell. pp. 1-20. 

2.  Springob K., Kutchan T.M. (2009) Introduction to the different classes of natural products. 

Plant-Derived Natural Products: Springer. pp. 3-50. 

3.  Loreto F., Dicke M., Schnitzler J.P., and Turlings T.C. (2014) Plant, cell & environment 37: 

1905-1908. 

4.  Bleeker P.M., Diergaarde P.J., Ament K., Schütz S., Johne B., Dijkink J., Hiemstra H., de 

Gelder R., de Both M.T., and Sabelis M.W. (2011) Phytochemistry 72: 68-73. 

5.  Byers K.J., Bradshaw H., and Riffell J.A. (2014) Journal of Experimental Biology 217: 614-

623. 

6.  Jassbi A.R., Zamanizadehnajari S., and Baldwin I.T. (2010) Phytochemistry 71: 1115-1121. 

7.  Chaturvedi R., Venables B., Petros R.A., Nalam V., Li M., Wang X., Takemoto L.J., Shah J. 

(2012) The Plant Journal 71: 161-172. 

8.  Cardoso C., Zhang Y., Jamil M., Hepworth J., Charnikhova T., Dimkpa S.O., Meharg C., 

Wright M.H., Liu J., Meng X. (2014) Proceedings of the National Academy of Sciences 111: 

2379-2384. 

9.  Blagg B.S., Jarstfer M.B., Rogers D.H., Poulter C.D. (2002) J Am Chem Soc 124: 8846-8853. 

10.  Bakkali F., Averbeck S., Averbeck D., Idaomar M. (2008) Food and Chemical Toxicology 

46: 446-475. 

11.  Aharoni A., Jongsma M.A., Bouwmeester H.J. (2005) Trends in plant science 10: 594-602. 

12.  Schwab W., Fischer T.C., Giri A., Wüst M. (2015) Applied microbiology and biotechnology 

99: 165-174. 

13.  Holopainen J.K., Gershenzon J. (2010) Trends in Plant Science 15: 176-184. 

14.  Tripathi A.K., Prajapati V., Aggarwal K.K., Kumar S. (2001) Journal of Economic 

Entomology 94: 979-983. 

15.  Croteau R., Purkett P.T. (1989) Archives of biochemistry and biophysics 271: 524-535. 

16.  Bohlmann J., Meyer-Gauen G., Croteau R. (1998) Proceedings of the National Academy of 

Sciences 95: 4126-4133. 

17.  Booth J.K., Page J.E., Bohlmann J. (2017) PLOS ONE 12: e0173911. 

18.  Dong L., Jongedijk E., Bouwmeester H., Van Der Krol A. (2016) New Phytologist 209: 679-

690. 



 

 

Arman Beyraghdar Kashkooli et al. 10 

19.  Fidyt K., Fiedorowicz A., Strządała L., Szumny A. (2016) Cancer Medicine 5: 3007-3017. 

20.  Nissen L., Zatta A., Stefanini I., Grandi S., Sgorbati B., Biavati B., Monti A. (2010) 

Fitoterapia 81: 413-419. 

21.  Flavoring, Association E.M. (1997) FEMA Database: Beta-Caryophyllene (FEMA No. 2252). 

Washington, DC: Flavor and Extract Manufacturers Association. 

22.  Maluf W.R., Campos G.A., das Graças Cardoso M. (2001) Euphytica 121: 73-80. 

23.  Adam K.-P., Thiel R., Zapp J. (1999) Archives of biochemistry and biophysics 369: 127-132. 

24.  Liu Q., Majdi M., Cankar K., Goedbloed M., Charnikhova T., Verstappen F.W.A., de Vos 

R.C.H., Beekwilder J., van der Krol S., Bouwmeester H.J. (2011) PLOS ONE 6: e23255. 

25.  Cunillera N., Boronat A., Ferrer A. (1997) Journal of Biological Chemistry 272: 15381-

15388. 

26.  Sallaud C., Rontein D., Onillon S., Jabès F., Duffé P., Giacalone C., Thoraval S., Escoffier 

C., Herbette G., Leonhardt N., Causse M., Tissier A. (2009) The Plant Cell 21: 301-317. 

27.  Picman A.K. (1986) Biochemical Systematics and Ecology 14: 255-281. 

28.  Rabe T., Mullholland D., van Staden J. (2002) Journal of Ethnopharmacology 80: 91-94. 

29.  Skaltsa H., Lazari D., Panagouleas C., Georgiadou E., Garcia B., Sokovic M. (2000) 

Antifungal activity. Phytochemistry 55: 903-908. 

30.  Liu Q., Manzano D., Tanic N., Pesic M., Bankovic J., Pateraki I., Ricard L., Ferrer A., de Vos 

R., van de Krol S., Bouwmeester H. (2014) Metab Eng 23: 145-153. 

31.  Lepoittevin J.P., Berl V., Giménez‐Arnau E. (2009) The Chemical Record 9: 258-270. 

32.  Zhang Y., Teoh K.H., Reed D.W., Maes L., Goossens A., Olson D.J., Ross A.R., Covello P.S. 

(2008) Journal of Biological Chemistry 283: 21501-21508. 

33.  Chadwick M., Trewin H., Gawthrop F., Wagstaff C. (2013) International Journal of Molecular 

Sciences 14: 12780-12805. 

34.  Zerbe P., Hamberger B., Yuen M.M.S., Chiang A., Sandhu H.K., Madilao L.L., Nguyen A., 

Hamberger B., Bach S.S., Bohlmann J. (2013) Plant Physiology 162: 1073-1091. 

35.  Martínez C., Espinosa-Ruiz A., Prat S. (2016) Annual plant reviews 49: 285-322. 

36.  Goodman J., Walsh V. (2001) The story of Taxol. Nature and politics in the pursuit of an anti-

cancer drug 8. 

37.  Suffness M. (1995) Taxol: science and applications: CRC press. 

38.  Lee K.-A., Chae J.-I., Shim J.-H. (2012) Journal of Biomedical Science 19: 60. 

39.  Zerbe P., Chiang A., Yuen M., Hamberger B., Hamberger B., Draper J.A., Britton R., 

Bohlmann J. (2012) Journal of Biological Chemistry 287: 12121-12131. 

40.  Sallaud C., Giacalone C., Töpfer R., Goepfert S., Bakaher N., Rösti S., Tissier A. (2012) The 

Plant Journal 72: 1-17. 

41.  Thimmappa R., Geisler K., Louveau T., O'Maille P., Osbourn A. (2014) Annual Review of 

Plant Biology 65: 225-257. 

42.  Chen Y.-F., Yang C.-H., Chang M.-S., Ciou Y.-P., Huang Y.-C. (2010) International journal 

of molecular sciences 11: 4417-4425. 

43.  Copaja S., Blackburn C., Carmona R. (2003) Wood science and technology 37: 103-108. 

44.  Yamaguchi H., Noshita T., Kidachi Y., Umetsu H., Hayashi M., Komiyama K., Funayama S., 

Ryoyama K. (2008) Journal of Health Science 54: 654-660. 

45.  Moses T., Papadopoulou K.K., Osbourn A. (2014) Critical Reviews in Biochemistry and 

Molecular Biology 49: 439-462. 

46.  Patocka J. (2003) J Appl Biomed 1: 7-12. 

47.  Narayan V., Kodihalli R.C., Chiaro C., Cary D., Aggarwal B.B., Henderson A.J., Prabhu K.S. 

(2011) Journal of molecular biology 410: 972-983. 

48.  Brendolise C., Yauk Y.K., Eberhard E.D., Wang M., Chagne D., Andre C., Greenwood D.R., 

Beuning L.L. (2011) The FEBS journal 278: 2485-2499. 

49. Rodriguez‐Amaya D.B. (2015) Food Carotenoids: Chemistry, Biology, and Technology: 1-

23. 

50.  Stange C. (2016) Carotenoids in nature: biosynthesis, regulation and function: Springer. 

51.  Zakynthinos G., Varzakas T. (2016) Current Research in Nutrition and Food Science 4: 38-

51. 



 

 

Terpenoid biosynthesis in plants 11 

52.  Alcaíno J., Baeza M., Cifuentes V. (2016) Carotenoid Distribution in Nature. Carotenoids in 

Nature: Springer. pp. 3-33. 

53.  Dogbo O., Laferriére A., d'Harlingue A., Camara B. (1988) Proceedings of the National 

Academy of Sciences 85: 7054-7058. 

54.  Alder A., Jamil M., Marzorati M., Bruno M., Vermathen M., Bigler P., Ghisla S., 

Bouwmeester H., Beyer P., Al-Babili S. (2012) Science 335: 1348-1351. 

55.  Bruno M., Hofmann M., Vermathen M., Alder A., Beyer P., Al-Babili S. (2014) FEBS Letters 

588: 1802-1807. 

56.  Abe S., Sado A., Tanaka K., Kisugi T., Asami K., Ota S., Kim H.I., Yoneyama K., Xie X., 

Ohnishi T. (2014) Proceedings of the National Academy of Sciences 111: 18084-18089. 

57. Zhang Y., Van Dijk A.D., Scaffidi A., Flematti G.R., Hofmann M., Charnikhova T., 

Verstappen F., Hepworth J., Van Der Krol S., Leyser O. (2014) Nature chemical biology 10: 

1028-1033. 

58.  Misawa N. (2011) Current opinion in biotechnology 22: 627-633. 

59.  Schalk M., Pastore L., Mirata M.A., Khim S., Schouwey M., Deguerry F., Pineda V., Rocci 

L., Daviet L. (2012) Journal of the American Chemical Society 134: 18900-18903. 

60.  Larionov V., Kouprina N., Graves J., Chen X., Korenberg J.R., Resnick M.A. (1996) Specific 

cloning of human DNA as yeast artificial chromosomes by transformation-associated 

recombination. Proceedings of the National Academy of Sciences 93: 491-496. 

61.  Verwaal R., Wang J., Meijnen J.-P., Visser H., Sandmann G., van den Berg J.A., van Ooyen 

A.J.J. (2007) Applied and Environmental Microbiology 73: 4342-4350. 

62.  Ro D.-K., Paradise E.M., Ouellet M., Fisher K.J., Newman K.L., Ndungu J.M., Ho K.A., 

Eachus R.A., Ham T.S., Kirby J. (2006) Nature 440: 940-943. 

63.  Hasan M.M., Kim H.-S., Jeon J.-H., Kim S.H., Moon B., Song J.-Y., Shim S.H., Baek K.-H. 

(2014) Plant cell reports 33: 895-904. 

64.  King B.C., Vavitsas K., Ikram N.K.B.K., Schrøder J., Scharff L.B., Hamberger B., Jensen 

P.E., Simonsen H.T. (2016) Scientific reports 6: 25030. 

65.  Khairul Ikram N.K.B., Beyraghdar Kashkooli A., Peramuna A.V., van der Krol A.R., 

Bouwmeester H., Simonsen H.T. (2017) Frontiers in Bioengineering and Biotechnology 5. 

66.  Wang B., Kashkooli A.B., Sallets A., Ting H.-M., de Ruijter N.C.A., Olofsson L., Brodelius 

P., Pottier M., Boutry M., Bouwmeester H., van der Krol A.R. (2016) Metabolic Engineering 

38: 159-169. 

67.  Fu X., Shi P., He Q., Shen Q., Tang Y., Pan Q., Ma Y., Yan T., Chen M., Hao X., Liu P., Li 

L., Wang Y., Sun X., Tang K. (2017) Front Plant Sci 8: 723. 

 


