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ABSTRACT  

 
In conifers, the constitutive or induced production of terpenoids, either as oleoresin or emitted 

as volatile compounds, plays an important role in the physical and chemical defence responses 

against pathogens and herbivores. In addition to a wealth of traditional uses spanning over 

centuries, a considerable upsurge of interest has been recently observed for plant terpenoids as bio-

products and green chemicals for many possible innovative applications, including biopesticides 

and biofuels.  

Because structural and functional diversity of plant terpenoids mostly relies on the action of 

terpene synthases, the key enzymes in their biosynthetic pathway, novel and in-depth knowledge 

of the evolutionary diversification of members of terpene synthases family in the conifers, their 

modular structure, and their putative functions appear to be important not only for a deeper 

understanding of their physiological and ecological roles in the forests, but also to foster metabolic 

engineering and synthetic biology tools for the production of high-value terpenoid compounds. 

The research activities carried out in the present Thesis aimed to gain insight into the ecological 

and functional roles of mono- and di- terpenes from a non-model conifer species, endemic of the 

southernmost Italian forests, namely Pinus nigra subsp. laricio (Poiret) Maire, Calabrian black 

pine, in terms of relationships with its biotic environment and overall plant performance. 

In such context, an extensive characterization and phylogeny of all the known terpene 

synthases from different Pinus species were conducted, which, for such genus, can be seen as the 

first effort to explore the evolutionary history of a large family of genes and their products involved 

in specialised metabolism. 

In addition, the quali-quantitative analysis of the di- and mono- terpenoid compounds in 

different Calabrian pine tissues was carried out. Concomitantly, we report about the first attempt 

to isolate full-length complementary DNAs and the corresponding genomic sequences encoding 

for diterpene- and monoterpene synthases involved in the specialized metabolism of Calabrian 

pine, by using a strategy based on the phylogeny of the available sequences of the corresponding 

genes in different Pinus species. The matching among gene expression analyses and the profiles 

of di- and mono- terpenoids from different tissues appeared to be consistent with the potential roles 

of the isolated diterpene- and monoterpene synthases in Calabrian pine. 

Finally, to better understand the potential roles of terpenoids in plant defence, two experimental 

tests were conducted under natural or semi-natural conditions on Calabrian pine adult plants or 

saplings facing the infestation brought about by the lepidopteran Thaumetopoea pityocampa, 

whose larvae are popularly known as the pine processionary moths. In such contest, the 
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determination of the quali-quantitative profiles of terpene synthase genes and terpenoid 

metabolites was of help in obtaining a more realistic and reliable scenario of the plant-insect 

interaction dynamics, to better understand the defence mechanisms that plants deploy in their 

native environment against their natural enemies. In prospect, these knowledges could contribute 

for improving and diversifying the forest managements, as well as to develop the bio-control 

strategies in a range of possible contexts, including forestry, agroforestry and urban greenery, so 

complying with the commitments of the United Nations Agenda 2030 and its sustainable 

development goals.   
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RIASSUNTO 

 
Nelle conifere, la biosintesi costitutiva o inducibile di composti terpenoidi, sia come oleoresina 

che come composti volatili emessi, gioca un ruolo importante nelle risposte di difesa di tipo fisico 

e chimico contro patogeni ed erbivori. In aggiunta agli usi tradizionali noti da secoli, è stata 

recentemente osservata una consistente ripresa di interesse verso i terpenoidi vegetali, mano a 

mano che la ricerca scientifica sia di base che applicativa ne suggeriva nuovi possibili impieghi 

aventi il pregio della ecocompatibilità e della sostenibilità, come nella produzione di biopesticidi 

e biocombustibili. Poiché la diversificazione strutturale e funzionale dei terpenoidi si basa 

sull’azione delle terpene sintasi, enzimi chiave nella loro biosintesi, una conoscenza nuova e 

approfondita della diversificazione evolutiva dei membri della famiglia delle terpene sintasi nelle 

conifere, della loro struttura modulare e delle loro funzioni presunte sembra essere importante non 

solo per una più profonda comprensione dei loro ruoli fisiologici ed ecologici, ma anche per 

favorire l'ingegneria metabolica e gli strumenti di biologia sintetica per la produzione di composti 

terpenoidi di elevato valore. 

Le attività di ricerca del presente progetto di dottorato mirano ad approfondire i ruoli ecologici 

e funzionali dei mono- e di- terpeni in una conifera non-modello, endemica degli ecosistemi 

forestali meridionali, quale il pino nero calabrese o pino laricio (Pinus nigra subsp. laricio (Poiret) 

Maire), dal punto di vista dell’interazione con l’ambiente biotico e delle prestazioni complessive 

della pianta. 

In tale contesto è stata condotta un'ampia caratterizzazione e filogenesi di tutte le terpene sintasi 

conosciute di Pinus spp., da considerare come il primo tentativo di esplorare la storia evolutiva 

della grande famiglia di geni che in questo genere sono coinvolti nel metabolismo specializzato 

dei terpenoidi. 

È stata inoltre condotta un’analisi quali-quantitativa dei composti di- e mono- terpenoidi 

contenuti in diversi tessuti della specie studiata, portando a termine contestualmente il primo 

tentativo noto di isolare dal DNA complementare ottenuto dagli stessi tessuti i trascritti completi 

e le corrispondenti sequenze genomiche che codificano per le diterpene- e monoterpene sintasi 

coinvolte nel metabolismo specializzato dei terpenoidi. A tale scopo, è stata adottata una strategia 

basata sulla filogenesi delle di- e mono- terpeni sintasi disponibili in banca dati per diverse specie 

del genere Pinus. L’espressione tessuto-specifica dei geni isolati appariva correlata coi 

corrispondenti profili dei metaboliti di- e monoterpenoidi, rivelandosi coerente coi i ruoli 

potenziali delle diterpene- e monoterpene sintasi isolate in pino laricio. 
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Infine, per meglio comprendere il ruolo potenziale dei terpenoidi nella difesa delle piante, sono 

state condotte due prove sperimentali in condizioni naturali o semi-naturali, aventi come oggetto 

di studio le interazioni tra il pino laricio ed il lepidottero Thaumetopoea pityocampa, la cui larva 

è la ben nota processionaria del pino. In tale contesto, la determinazione dei profili quali-

quantitativi dei geni delle terpene sintasi e dei corrispondenti terpenoidi ha consentito di definire 

scenari realistici ed affidabili sulle dinamiche delle interazione pianta-insetto, utili per una 

migliore comprensione dei meccanismi di difesa che le piante mettono in atto nel loro ambiente 

naturale. In prospettiva, l’aumento delle conoscenze in questi ambiti potrebbe contribuire a 

migliorare e diversificare le opzioni di gestione forestale, come anche promuovere strategie di bio-

controllo da impiegare nei settori della selvicoltura, dell’agro forestazione e del verde urbano, in 

linea con gli obbiettivi di sviluppo sostenibile dell’Agenda 2030 delle Nazioni Unite. 
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GENERAL INTRODUCTION 

 

TERPENOIDS IN PLANTS 

 

➢  Distribution and roles 

Terpenoids are one of the largest and more heterogeneous set of chemical substances produced 

by almost all plants. All the existing terpenoids (more than 40,000) are formed from the two basic 

five-carbon (C5) isoprenoid units, namely isopentenyl diphosphate (IPP) and its isomer 

dimethylallyl diphosphate (DMAPP). 

Based on the number of isoprenoid units, terpenoids can be divided into hemiterpenoids (C5), 

monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), triterpenoid (C30), tetraterpenoid 

(C40) or polyterpenoids (C5n) (Tholl and Lee, 2011). 

In terms of storage of these compounds, plants can be divided into storing and non-storing ones 

(Kopaczyk et al. 2020). In the former case, terpenes are deposited into specific structures, such as 

resin ducts, resin blisters or resin cells. In the non-storing plants, instead, mostly volatile terpenoids 

are produced, which are emitted immediately after biosynthesis (Blanch et al. 2009; Kopaczyk et 

al. 2020).  

Generally, terpenoids account for 1–2 % of tissue dry weight in plants, although in some 

species values as high as 15–20% have been measured (Blanch et al. 2009). Moreover, the profile 

of terpenes typically varies within species, or even among individual plants (Komenda and 

Koppmann, 2002). 

Although terpenoids are not directly involved in growth and development (Bartwal et al. 2013), 

they play important roles in general (i.e., primary) metabolism as precursors of phytohormones, 

growth regulators (gibberellins, cytokinins, abscisic acid, brassinosteroids, and strigolactones), 

photosynthetic pigments (carotenoids), fundamental components of membranes (phytosterols) and 

electron carriers. On the other hand, in the specialised (i.e., secondary) metabolism, they are 

involved in plant/environment and plant/plant interactions (Zhou 2012; Tholl 2015; Abbas et al. 

2017), by acting as essential components of the plants defence mechanisms to overtake stress.  

Besides their role in the interaction with antagonists of plants, the constitutive and induced 

volatile terpenoids can act as allospecific or conspecific plant-to-plant signals, to promote defence 

responses in nearby plants, or even behave as systemic cues, to alert healthy organs or tissues of 

the same plant (Heil 2014; Tholl 2015). 
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Due to their functional diversity, terpenoid products provide plants with adaptative strategies 

for different environmental conditions, and bring benefits to long-term thanks to same co-

operators, such as pollinators (Boncan et al. 2020). In this context, several studies demonstrated 

that volatile terpenoids emitted from flowers and fruits can be involved in mutualistic interactions 

with plant pollinators and seed dispersal agents (Abbas et al. 2017). Floral volatiles cause specific 

behavioural responses in the respective pollinators, based on the prevailing context and 

composition of the emissions (Wright and Schiestl 2009). Long-distance floral scent emissions 

mainly contribute to the guidance of pollinators to flowers, particularly in night-emitting plants, 

for which scent intensity will have to compensate for the limited visibility of flowers under low 

illumination (Dudareva et al. 2013). 

There is increasing evidence that some tree species can cope with rapidly changing leaf 

temperatures through the production of isoprene and monoterpenes. The change in isoprene 

emission capacity through the canopy is similar to that of the xanthophyll cycle intermediates, 

suggesting that isoprene and monoterpene emission may protect plants against excess of heat, just 

as the xanthophylls do against excess of light (Loreto et al. 1998, Loreto & Velikova 2001). Using 

isoprene may be an effective way of changing membrane properties rapidly enough to track leaf 

temperature. 

Isoprenoids can also mediate below-ground plant-host interactions. Indeed, as precursors of 

strigolactones, they have a crucial role as extracellular signals in the recruitment of arbuscular 

mycorrhizal fungi within the rhizosphere (Akiyama et al. 2005). Defensive interactions have also 

been reported, as in the case of the diterpene hydrocarbons known as rhizathalenes, produced by 

Arabidopsis roots as antifeedant against root-damaging herbivores (Vaughan et al. 2013).  

 

➢  Terpenoids and abiotic stress in conifers 

The terpene-related defenses undoubtedly contributed to the evolutionary success of conifer trees 

(Celedon and Bohlmann, 2019). It has been shown that some types of stress conditions can enhance 

or inhibit the production of terpenes (Kopaczyk et al. 2020). Biotic or abiotic stimuli from the 

environment (Fig. 1) may induce defense mechanism based both on the emission of volatile 

terpenoids (mono- and sesqui-), and/or on the production of oleoresins, i.e., fragrant mixtures of 

volatile and non-volatile terpenoids (mono-, sesqui- and di-terpenoids).  
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Fig. 1. The principal environmental stimuli affecting the qualitative and quantitative terpene profiles of conifer 

species. (Adapted from Kopaczyk et al. 2020). 

 

 

Both primary and secondary metabolism could be affected by abiotic stress factors such as 

drought, air and soil pollution, high or low temperatures, high light intensity, salinity and 

mechanical damage (Bartwal et al. 2013; Kopaczyk et al. 2020). 

Drought condition represents one of the most important stress factors that can cause a very 

strong impact on the physiology and survival of the plant. It appears that under typical drought 

stress conditions of hot Mediterranean summer days with decreased photosynthetic rates and 

stomatal conductance at midday, an important part of photosynthetic C fixation is still used for 

terpene production and emission (Blanch et al. 2009). Some conifer trees, such as Pinus sylvestris 

(Scots pine), are more tolerant to poor water supply conditions, as they usually grow in areas 

suffering from drought, while other species are more sensitive to such conditions, being 

accustomed to moist soil (e.g., Picea abies, Norway spruce) (Turtola, 2005). As a matter of fact, 

monoterpene concentration in P. sylvestris significantly increased under severe drought and their 

levels were almost twice as high as in control trees (Turtola et al. 2003). In a study conducted on 

Pinus halepensis (Aleppo pine), drought stress provoked a 54% increase in total terpene 

concentration (Blanch et al. 2009), and a negative correlation between terpene concentrations and 

relative water contents was observed. Taken together, the above findings suggest that an increase 

in terpene concentrations can be expected in conifers facing the warmer and drier conditions 

expected for the next decades in the Mediterranean region as consequences of global changes 

(Kopaczyk et al. 2020). 
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The biosynthesis and emission rate of terpenoids in conifers have also been shown to be 

modulated by the combination of environmental temperature and irradiance. In a study conducted 

by Gleizes and co-workers (1980) on Pinus pinaster (maritime pine), the synthesis of α- and β-

pinene was found to be responsive to changes in irradiance, but not that of sesquiterpene 

hydrocarbons. In Japanese red pine (Pinus densiflora) monoterpenes emission from leaves was 

found to be dependent from both irradiance and temperature, because high levels of the former 

causes and increase of the latter (Yokouchi and Ambe, 1984). On the other hand, Pinus elliottii 

(slash pine) showed no significant differences in monoterpene emission rates under different 

irradiance conditions, and even in the dark (Tingey et al. 1979). 

Focusing on temperature effects, it has been noted by Sallas et al. (2003) that terpenoid 

concentration is increased by elevated temperature in P. sylvestris seedling, showing major 

response than total phenolic compounds. Regarding low temperature, it is well known that chilling 

or freezing can influence primary metabolism by inhibiting photosynthesis in P. sylvestris, Pinus 

banksiana (jack pine) or P. abies, which may also affect the biosynthesis of “secondary” 

metabolites (Kopaczyk et al. 2020). 

The availability of nitrogen and carbon nutrients in the environment, in combination with other 

abiotic and biotic stresses, can influence the synthesis of terpenoids in plants. For example, in 

needles of P. sylvestris the concentrations of resin acids (diterpenoids) were higher in nitrogen-

fertilised plants than in the control ones of the same age (Björkman et al. 1998). In Aleppo pine 

(P. halepensis), plants growing on a calcareous soil showed a higher concentration of total 

monoterpenes (in particular sabinene, 3-carene and terpinene) than plants growing on siliceous 

soil (Ormeño et al. 2008). On the other hand, in a previous study on P. halepensis and P. sylvestris, 

fertilisation treatment or nutrient availability showed no significant effect on terpenoids levels 

(Heyworth et al. 1998; Blanch et al. 2009). In addition, by analysing the response of silver fir 

(Abies alba) to nitrogen fertilization, no effect was found on terpene concentrations in the needles 

(Ormeño and Fernandez, 2012). Taken together, the above results suggest that not all the secondary 

metabolites are influenced by soil nutrients availability. According to the ecology of each species, 

its tolerance to nutrients’ deficiency may vary. Moreover, the variation of the final emission of 

volatiles may be due to possible interactions with other environmental factors, such as water deficit 

or light intensity, or biotic factors, e.g., leaf age or herbivore/pathogens attack (Ormeño and 

Fernandez, 2012).  

Air pollution is definitely a negative environmental factor whose effects on plants’ ecosystems 

structure and function have been amply demonstrated worldwide during the last decades. Different 

studies confirmed a strong relationship between air pollution and the changes of terpenoids 
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amounts in plant tissues. In P. abies, for example, the concentration of monoterpenes in needles 

exposed to air pollution was found to be significantly higher than in control needles exposed to 

clean air (Jüttner, 1988). The terpenoids concentrations in P. sylvestris trees from two industrial 

areas (oil refinery and cement factory) were studied in Lithuania (Kupcinskiene et al. 2008); the 

results showed the same trend for the two different polluted areas: in polluted trees terpenes were 

much more concentrated than in not polluted ones. Air pollution has an effect also on the type of 

terpenes produced by plants: in Pinus nigra (black pine) plants growimg in an urban environment 

only 12 terpenes were detected, whereas the number increased up to 15 in plants growing in a 

nearby rural site (Supuka et al. 1997). Undoubtedly, exposure of conifer trees to air pollutants 

alters the intensity of terpenoids emission, although the pollution-dependent molecular pattern of 

terpenoids biosynthesis is still far from being unravelled (Kopaczyk et al. 2020). 

 

➢ Terpenoids and biotic stress in conifers 

Terpenoids are also known to mediate plant-insect (e.g., pollinators, predators, parasites, and 

herbivores) interactions (Boncan et al. 2020). These secondary metabolites seem to be directly or 

indirectly involved in these ecological dynamics. As mentioned above, conifer species can react 

to biotic stress with the production of oleoresin and/or with the emission of volatile terpenoids, 

which work to the advantage of the plants and at the expenses of the pests. The bark beetles 

(Scolytinae) are among the most important parasites able to endanger plant stability and altering 

its terpenes concentration. For instance, infestation brought about by the white pine weevil 

(Pissodes strobi) on spruce trees (Picea spp.) caused a rapid increase of monoterpene olefin levels, 

traumatic resin duct formation (Byun-McKay et al. 2006; Nicole et al. 2006) and traumatic resin 

accumulation (Miller et al. 2005). Under weevil attack, changes in relative concentrations of most 

bark monoterpenes and sesquiterpenes were observed, showing a different response in bark tissues 

from needle ones (Nicole et al. 2006). The molecular and biochemical mechanisms underlying 

these phenomena have become an area of active research in recent years. There is evidence that 

the weevil-induced changes in the expression of terpene synthases are spatially differentiated and 

involve primarily cortical and traumatic resin ducts (Kopaczyk et al. 2020).  

Others biotic stressing factor challenging plant survival are represented by pathogenic fungi. 

In P. abies inoculated with the blue stain fungus Ceratocystis polonica the average total terpenoids 

concentration in the phloem was significantly higher than in unwounded or only mechanically 

wounded plants parts (Viiri et al. 2001; Zhao et al. 2011; Mageroy et al. 2019). At variance with 

these results, in Pinus spp. seedlings inoculated with Heterobasidion annosum, the causal agent of 
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the annosus root rot, and subsequently with Sphaeropsis sapinea, the causal agent of the diplodia 

tip blight, the total terpene accumulation was suppressed by about 50% comparing to seedlings 

infected only with H. annosum (Bonello et al. 2008).   

A study conducted by Steele et al. (1998) on grand fir (Abies grandis) showed that in response 

to wounding, oleoresin components are produced at different times: monoterpenes first, having a 

toxic effect on attacking insects, then sesquiterpenes and diterpenes (resin acids) to heal the wound. 

 

 

➢ Utilizations of terpenoids  

The interest for terpenoids stems from the important role they play not only in plants’ 

metabolism and ecology, but also in technological terms. Indeed, gymnosperm diterpenoids are 

employed to produce solvents, flavours, fragrances, pharmaceuticals and a large selection of 

bioproducts (Zulak et al. 2010; Zerbe et al. 2013). Examples are the antitumor compound 

pseudolaric acid B obtained from the roots of Pseudolarix amabilis (golden larch; Mafu et al. 

2017), the anticancer drug taxol present in yew (Taxus spp.; Croteau et al. 2006), and cis-abienol, 

a molecule of interest in the fragrance industry extracted from balsam fir (Abies balsamea; Zerbe 

et al. 2012).  

Specific terpenes have been also identified as specialty biofuels that meet current industrial 

and chemical requirements, including viscosities, flash points and freezing points, high energy 

densities, and high volumetric net heats of combustion. Plants belonging to Eucalyptus genus were 

frequently used for such purpose (Mewalal et al. 2017). 

Moreover, terpenoids could also have a potential in agroforestry biotechnology. In fact, terpenoids 

that attract herbivores could also function as bioherbicides, allowing management of weed growth 

in paddies or any agricultural fields (Boncan et al. 2020). In addition, with the support of 

nanotechnologies, these compounds could be also encapsulated and used to trap insect pests 

(Boncan et al. 2020). Another promising area of current research is about the use of terpenoids as 

biological pesticides for the control of pests and pathogens in the context of urban forestry and 

urban greenery (Foti et al. 2020).   
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CALABRIAN PINE [Pinus nigra subsp. laricio (POIRET) MAIRE] 
 

➢ Taxonomy 

 

Pinus nigra subsp. laricio (Poiret) is one of the six subspecies of P. nigra J.F. Arnold (black 

pine). On the basis of Euro+Med Plantbase (Raab‐Straube, 2014) classification the six Pinus nigra 

subspecies are: Pinus nigra subsp. mauretanica, Pinus nigra subsp. salzmannii, Pinus nigra subsp. 

laricio, Pinus nigra subsp. nigra, Pinus nigra subsp. dalmatica and Pinus nigra subsp. pallasiana; 

their distributions are shown in Fig. 2. 

 

Fig. 2.  Distribution of Pinus nigra subspecies considering the classification of Euro+Med Plantbase. 

 

Pinus nigra subsp. pallasiana (Lamb.) Holmboe is present essentially in Turkey and Greece, 

covering a surface of around 2.5 milion ha. 

Pinus nigra subsp. nigra is present in Italy (Appenines), northern Greece and Balkan Mountains, 

covering around 800,000 ha. 

Pinus nigra subsp. dalmatica (Vis.) Franco is found in Croatia and Dinaric Alps. 

Pinus nigra subsp. mauretanica (Maire et Peyerimh.) Heywood is localized in mountainous area 

of Morocco and Algeria. 

Pinus nigra subsp. salzmannii (Dunal) Franco is distributed for more than 350.000 ha in Spain, 

but it is also present in the Pyrenees and the Cévennes in France with fragmented populations. 
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Finally, Pinus nigra subsp. laricio (Poiret) Maire is found in Corse, and in southern Italy with a 

natural range extending from Calabria to Sicily (Nicolaci et al. 2014). 

 

➢ Distribution, botanic traits and ecology 

Black pine has a very fragmented distribution range which is the results of different factors 

that have occurred over the time, such as the competition with other tree species, human activity 

and the climate warming at the onset of the Holocene. Glacial refugia were localized in Spain, 

Corse, North Africa, Balkans and Italy. After glaciation, black pine had a quickly expansion giving 

rise to the “age of pine”. This expansion stopped around 5000 B.C. because of the diffusion of 

other species like spruce (Picea spp.) and beech (Fagus spp.); after this period, a regression and 

fragmentation of the black pine distribution range have occurred.  

During the mid-19th century, the large use of such species for reforestation allowed the 

expansion of its distribution range. Currently, black pine covers a large expanse of over 3.5 million 

hectares (Isajev et al. 2004). Its widest distribution worldwide is in Turkey, with more than 2.5 

million hectares (Enescu et al. 2016). 

In Italy it is present in more than 200,000 ha (INFC, 2010) considering both reforestation and 

natural stands. Outside of Europe, it was also introduced in the United States (where it is known 

as Austrian pine) in 1759, and has now become naturalised in parts of New England and the Great 

Lake States. 

Its altitudinal range goes from 350 m in Italy to 2200 m a.s.l. in the Taurus Mountains, even if 

the optimal altitudinal range is between 800 to 1500 m a.s.l. 

Pinus nigra is an evergreen conifer species that at maturity reaches 15-25 (35) m of height. Its 

bark is usually dark greyish brown to black (from here its Latin name “nigra”) and becomes 

increasingly fissured with age. Needles are in pairs 8-15 (19) cm long, 1-2mm in diameter, straight 

or curved, and finely serrated. They normally persist on the tree for 3-4 years (exceptionally up to 

8); they are dark green coloured, with pointed apex but not always pungent (Enescu et al. 2016). 

The canopy in young individual is pyramidal, while in mature trees becomes irregularly 

shaped. Macrosporophylls develop at the apex of the branch of the year, in group of 2-4 (5), with 

a green colour that at maturity becomes reddish. Cones are sessile and horizontally spreading, 4–

8 cm long, 2–4 cm wide, and yellow-brown in colour; they ripen from September to October of 

the second year, and open in the third year after pollination. 

Black pine can grow in either extremely dry or humid habitats, showing a considerable 

tolerance to temperature fluctuations. It is a light-demanding species, but it shows higher shade 

tolerance than Scots pine (P. sylvestris). It is resistant to drought and wind. Thanks to its ecological 
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flexibility, it is one of the most widely used tree species for reforestation worldwide. In addition, 

it is very efficient in the colonization of degraded soils, and its adventitious roots are suitable to 

be exploited for deep reinforcement and soil strength enhancement. It grows in pure stands or in 

association with other broadleaved or conifer species, in particular P. sylvestris. It is also 

commonly found in association with other pines such as dwarf mountain pine (Pinus mugo), 

Aleppo pine (Pinus halepensis), Italian stone pine (Pinus pinea) and Heldreich pine (Pinus 

heldreichii) (Enescu et al. 2016). 

 

➢ Pinus nigra subsp. laricio in Italy 

Pinus nigra subsp. laricio includes two varieties: var. Corsicana (the Corsican pine) and var. 

Calabrica (Calabrian pine). The first is found in Corse covering a surface of around 45.000 ha 

from 1000 to 1800 m a.s.l.. Calabrian pine is endemic to southern Italy with a natural range 

extending from Calabria to Sicily, even if a population is also present in Tuscany, in the province 

of Pisa, arising from a reforestation program. In Abruzzo National Park, in the locality of Villetta 

Barrea, there is a stand of Villetta Barrea’s black pine that is a transition between P. laricio and P. 

nigra subspecies (Pinus nigra subsp. nigra var. Italica). In Sicily, Calabrian pine is present only 

on the Etna volcano, with an altitudinal range from 1200 up to 2000 m a.s.l.. 

In Calabria, Calabrian pine is mostly present in two different areas: the Sila mountains, 

covering around 37.000 ha, and the Aspromonte mountains, covering 3.000 ha within an altitudinal 

range 900-1600 m a.s.l.. In both Sicily and Calabria, annual rainfall, in areas where Calabrian pine 

is present, are from 1400 to 1800 mm, of which 80-120 mm falling during the summer. 

The annual use of Calabrian pines in Calabria is around 60.000 m3 and the plantations are managed 

with different strategies: selection cuttings that allow the formation of complex uneven-aged 

structure, but also strip (30x100m) or patch clear-cutting (“schiumarola cutting”). Artificial 

plantation or seeding are applied when natural regeneration is absent (Bernetti, 1995). 

 

➢ Importance and usage 

Black pine is one of the most economically important native conifers in southern Europe. The 

stems of black pine have been widely used in the past for naval construction because its wood is 

durable, rich in resin and easy to process. It is highly suitable for indoor flooring; in the 

Mediterranean area, it is used not only for general construction (doors, panelling, staircases, etc.) 

and furniture, but also as fuelwood, while the pulp is exploited for paper. 
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While Pinus nigra subsp. laricio is appreciated for building and roofing for its straightness and 

thin branches (if properly thinned the low amount of duramen make its wood suitable for carpentry 

and cabinetry), Pinus nigra subsp. nigra has a lower quality and thus, its use is restricted to lower-

grade buildings wood and the making of crates. 

Calabrian pine is also valued for landscaping, both in parks (isolated trees or in group) and in 

urban and industrial contexts thanks to its tolerance to environmental pollution; it is considered a 

good prospect among indigenous coniferous species in Central Europe under future climate 

scenarios (Thiel et al. 2012). 

 

 

THE PINE PROCESSIONARY MOTH [Thaumetopoea pityocampa (DENIS & 

SCHIFFERMÜLLER, 1775)] 
 

The pine processionary moth (PPM) Thaumetopoea pityocampa (Denis & Schiffermüller, 1775) 

(Lepidoptera: Notodontidae: Thaumetopoeinae) is one of the most important phytophagous that 

reproduces generally on species of the genus Pinus L. (Avtzis, 1986; Devkota & Schmidt, 1990; 

Zhang & Paiva, 1998) and, to a lesser degree, on other conifers, as cedars, and can hinder the 

growth of infested trees (Jacquet et al. 2012).  

The Pine processionary moth is a univoltine species and is widespread in the Mediterranean, 

including southwest Europe, the Balkans and North Africa (Roques, 2015). The spread of this pest 

into new areas requires the presence of appropriate host plants and is facilitated by climate 

warming or a high population density (Hodar & Zamora, 2004; Battisti et al. 2005; Castagneyrol 

et al. 2016). 

Its infestations, generally with different attack intensities (Devkota & Schmitd 1990; Masutti & 

Battisti 1990; Carus, 2004), usually represents not only a problem for the Pinus forests and for the 

forest economy, but also for the people in this environment or for anyone in direct contact with an 

infected plant. Indeed, the bristles produced and released in relation to daily activity (Werno & 

Lamy, 1994) of some larval stadiums of the insect are responsible for allergic pathologies in men 

and various animals (Ducombs et al. 1981, Lamy, 1990; Artola-Bordás, 2008). 

Dispersal in T. pityocampa, as in other winged insects, besides the mechanisms linked to human 

activity, is mainly dependent on distance flights (Duan et al. 1998; Muirhead et al. 2006 

Kerdelhué, 2006). Understanding flight characteristics might provide useful information for 

controlling the further spread of this moth and, eventually, for understanding the structure of the 

population. Generally, the insect flight is influenced by the habitat (Einhorn, 1983), by 
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atmospheric factors such as wind, air temperature and rainfall (Isard et al. 1999; Bonsignore & 

Bellamy, 2007) as well as by biological, genetic, physiological and enzymatic factors (Ferro et al. 

1999; Perez-Mendoza et al. 1999; Zera et al. 1999; Auerswald & Gäde, 2002). 

The female of the species is short-lived and has limited flight capabilities, dispersing over 3–4 km 

at most (Démolin, 1969). The male flight of Pine processionary moth can be checked by using 

traps baited with sex pheromone. They have been widely used since the sex pheromone was 

identified several years ago (Camps et al. 1981; Guerrero et al. 1981). This sex pheromone shows 

an activity similar to that displayed by virgin females in a wind tunnel (Quero et al. 1997) and 

provides a suitable tool for monitoring of Pine processionary moth populations (Tiberi & Niccoli, 

1984; Jactel et al. 2006). 

Pine processionary moth lays its eggs on pine needles during summer. The eggs hatch 30 to 45 

days later (Aydın et al. 2018). Thus, the larvae feed throughout autumn and during winter and 

spring depending on temperature. The larvae are gregarious from early on in their development 

and spin conspicuous tents in tree tops. After completing their feeding, generally during late 

winter, larvae typically form a procession in which they walk head to tail in a column, to reach 

their pupation sites on the ground. Then, they burrow into the soil to a depth of a few centimetres, 

spin a silken cocoon in which they pupate. The duration of the period from larval emergence to 

pupation varies from year to year and site to site, and the total period may be up to 2 months 

(Demolin, 1971; Buxton, 1990; Bonsignore et al. 2015; Robinet et al. 2015). The larvae select 

sites well exposed to sun, e.g., the edge of a forest, where the thermal conditions and/or the 

microclimatic conditions in the soil are favourable (Dulaurent-Mercadal et al. 2011; Samalens & 

Rossi, 2011). The habitat influences pupation success and survival in Pine processionary moth 

(Markalas, 1989; Dulaurent Mercadal et al. 2011; Torres-Muros et al. 2017), and the pupae suffer 

additional mortality due to natural enemies, such as parasitoids (Bonsignore et al. 2015), 

predacious birds (Barbaro & Battisti, 2011) and entomopathogenic fungi (Er et al. 2007).  

The community of antagonists is present with a modest number of species in all stages of 

development and can sometimes provide a significant contribution to the prevention of outbreaks, 

even though it is unable to exert a satisfactory control of the Pine processionary moth populations. 

In the pine trees various different natural enemies are present such as ants (Way et al. 2001), 

Tettigonidae (Ledesma 1971; Gonzalez-Cano 1981) some parasitoids (Buxton 1990; Tarasco, 

1995) or insectivorous birds like the hoopoe (Upupa epops L.) (Battisti et al. 2000 that seem to 

play also a role in controlling the pest. 

The adults emerge during summer, but some pupae can spend 2 or more years in diapause and the 

adults generally disperse over short distances (Bonsignore and Manti, 2013; Roques, 2015). 
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Pupation has a physiological basis as it is associated with reaching a particular size (D’Amico et 

al. 2001; Davidowitz et al. 2003). Traits such as pupal weight or size are considered important 

because they can affect the longevity of females and fitness of adults (Calvo & Molina, 2005; 

Fantinou et al. 2008). For example, pupal size may affect male phenotype, which could influence 

male mating success (Fox et al. 1995). The relationships between pupal traits and pupal density in 

gregarious Lepidoptera may vary according to the population dynamics of a species and are not 

easy to understand.  

Pine processionary moth infestations are not evenly distributed within pine forests and mainly 

occur at the edges of pine stands (Samalens and Rossi, 2011). Several studies have shown that the 

adults are more likely to oviposit near the edges of pine stands (Samalens and Rossi, 2011) than 

more than 25 m from the edges (Parlak et al. 2019). Thus, clearings within forests are suitable sites 

for PPMs as they create edges and open areas where their processioning larvae can pupate in sun 

exposed soils. Pine forests with suitable pupation sites for supporting large aggregations of Pine 

processionary moth occur in southern Italy (Bonsignore et al. 2011, 2015, 2019).  

The studies on the importance of flight in the spread of this insect are important for a better 

understanding of Pine processionary moth dispersal, necessary for developing techniques to 

prevent the spread of this insect from one Pinus stands to another. The facility with which these 

phytophagous attacks the Pinus woods mainly depends on the many situations of environmental 

stress to which numerous forest areas are submitted, and, in general, on the absence of correct 

techniques of forestry management. Another aspect about the diffusion of the caterpillar in the last 

years is linked to the increase of mean temperature with an important diffusion for the Pine 

processionary moth at higher elevations (Battisti et al. 2006).  

The success of the spread of species is linked to the ability to find favourable conditions for 

development, such as temperature and host but also to its ability to spread into the surrounding 

flow more or less from areas where the species has found the optimum favourable temperature and 

host. The difference in homogeneity of an environment can affect the ability to spread and this is 

one of the major factors determining how individuals disperse within a landscape (Schultz & 

Crone, 2001, Ovaskainen & Cornell, 2003; Ovaskainen, 2004). 
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AIM AND ORGANIZATION 

 

Plant secondary metabolites involved in environmental adaptation and stress tolerance can be 

broadly classified into phenolics, alkaloids and terpenoids (Boncan et al. 2020). While terpenoids 

are known to play essential primary functions as precursors of phytohormones, growth regulators 

and photosynthetic pigments, electron carriers and key components of membrane structures, the 

“secondary” terpenoid metabolites have been identified as having a range of specialized roles in 

plant/environment, plant/plant and plant/pathogen/pest interactions (Beran et al. 2019).  

Most of the existing knowledge on the metabolism of terpenoids and their roles in tree-

environment interactions came from well-known model species (whose genomes have been 

completely sequenced and annotated), the majority of which thrive under continental/temperate 

climates. Conversely, far less information exists on Mediterranean tree species which, owing to 

the global climate changes, are expected to increase their spread, along with the suite of biotic and 

abiotic constraints influencing their biology (Foti et al. 2020). A vast gap in knowledge concerns 

the ecological roles of terpenoid metabolism in the tree-environment interactions of conifer species 

representative of Mediterranean area such as Pinus nigra subsp. laricio that represents an essential 

element of Calabrian forest landscape. These Mediterranean pine forests are often attacked by 

caterpillars of Thaumatopoea pityocampa, one of the most important defoliators in the 

Mediterranean region causing large economic losses and ecological effects. Research on this topic 

may contribute to provide guidelines for the management, both in the field and in the context of 

urban greenery, taking into account biodiversity preservation, soil conservation, watershed 

protection, and urban welfare.  

The aim of the present work was to assess the role played by terpenes in the interaction among 

Calabrian Pinus nigra subsp. laricio and its biotic environment in terms of ecological relationship 

and overall plant performance. To achieve these aims, the present thesis included five case-studies, 

organised in as many different chapters, in which, after an extensive characterization of all the 

known terpene synthase (TPS) genes and the corresponding metabolites from different Pinus 

species, a study about Calabrian pine-processionary moth biotic interaction was also conducted 

under field conditions. 

The first chapter of the present thesis is a review on the biosynthesis and the biological 

functions of terpenoids that includes recent advances on the evolution and functional 

diversification of plant TPSs, with specific reference to gymnosperms. In such context, a detailed 

structural and functional analysis and phylogeny of all the TPSs found in Pinus genus is reported, 

which can be seen as the first effort to explore the evolutionary history of the large family of TPS 
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genes involved in specialized metabolism. Finally, a successful approach that can be extended to 

isolate other TPSs is also described, in which the phylogeny of TPSs in Pinus spp. has been 

exploited to isolate, for the first time, the mono-TPS sequences from Pinus nigra subsp. laricio. 

The second chapter focuses on the quali-quantitative analysis of the diterpenoid compounds 

in five different Calabrian pine tissues, via a conventional GC-MS approach. In parallel, and by 

using a strategy based on the phylogeny of available diterpene synthases (DTPSs) from different 

Pinus species, full length cDNAs and the corresponding genomic sequences encoding for DTPSs 

have been isolated, for the first time in the studied species. Such complementary approach made 

it possible a tissue-specific matching among the profiles of diterpene metabolites and the 

expression of DTPS genes, which revealed to be consistent with the potential roles of the isolated 

DTPSs in the biosynthesis of the corresponding diterpene resin acids. 

In the third chapter, genomics and metabolomics have been used in the above complementary 

manner for the isolation and characterization of monoterpenoids and monoterpene synthase genes 

in the same Calabrian pine tissues.  

The fourth chapter concerns the qualitative and semi-quantitative characterization of the 

terpene volatile compounds emitted from Calabrian pine by means of gas chromatography/mass 

spectrometry (GC-MS) in two sites, namely Bova and Canolo, comprised within the premises of 

the Aspromonte National Park (ANP), Calabria Region, Southern Italy. At both sites, the emission 

of volatile terpenes from needles of infested plants has been monitored over time during the 

different phases of the trophic interaction with the larvae of the pine processionary moth. Nearby 

non-infested plants have been used for comparison. 

Finally, in the last chapter, the temporal expression of the previously characterized mono- and 

di- terpene synthase genes and their corresponding metabolites in Calabrian pine trees infested by 

the pine processionary moth was also performed under natural conditions. 

 

  



26 

 

1. CHAPTER 1: ON THE EVOLUTION AND FUNCTIONAL 

DIVERSITY OF TERPENE SYNTHASES IN THE Pinus SPECIES: 

A REVIEW 

Adapted from: Alicandri et al. (2020) On the evolution and functional diversity of terpene 

synthases in the Pinus species: a review. Journal of Molecular Evolution 88(3), 253-283 

https://doi.org/10.1007/s00239-020-09930-8 

 

Abstract 

In the biosynthesis of terpenoids, the ample catalytic versatility of terpene synthases (TPS) allows 

the formation of thousands of different molecules. A steadily increasing number of sequenced 

plant genomes invariably show that the TPS gene family is mid to large in size, comprising from 

30 to 100 functional members. In conifers, TPSs belonging to the gymnosperm-specific TPS-d 

subfamily produce a complex mixture of mono-, sesqui-, and di-terpenoid specialized metabolites 

that are parts of the volatile emissions and oleoresin secretions. Such substances can be harmful 

for plant pathogens and herbivores and is therefore conceivable they are used to combat biotic 

stress, although a role in contrasting abiotic stress is also envisaged. Humans have been known 

long since that terpenoids extracted from oleoresins can be profitably used in number of different 

fields, from traditional and modern medicine to chemical industry (fine chemicals, fragrances and 

flavors) and, in the last years, in bio-refinery too. In the present work, after summarizing the 

current views on the biosynthesis and biological functions of terpenoids, recent advances on the 

evolution and functional diversification of plant TPSs are reviewed, with a focus on gymnosperms. 

In such context, an extensive characterization and phylogeny of all the known TPSs from different 

Pinus species is reported, which, for such genus, represents the first effort to explore the 

evolutionary history of the large family of TPS genes involved in specialized metabolism. Finally, 

an approach is described in which the phylogeny of TPSs in Pinus spp. has been exploited to 

isolate and characterize for the first time mono-TPS sequences from Pinus nigra subsp. laricio, an 

ecologically important endemic pine in the Mediterranean area.  

 

Keywords: Terpene synthase, Terpenoid biosynthesis, Plant specialized metabolism, Plant 

defense, Gymnosperms, Gene family evolution. 
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1.1.  INTRODUCTION 

 

Terpenoids, also referred to as terpenes or isoprenoids, make up the biggest and most diversified 

class of chemical substances discovered in plants, encompassing over 40,000 individual 

compounds (Tholl 2015; Singh and Sharma 2015; Abbas et al. 2017). The evolutionary success of 

the terpenoid metabolites largely depends on the flexibility of building molecules of various sizes. 

Indeed, terpenoids, arising from the two basic five-carbon (C5) isoprenoid units, isopentenyl 

diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP), can be categorized as 

hemiterpenoids (C5), monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), 

triterpenoid (C30), tetraterpenoid (C40) or polyterpenoids (C5n), based on the number of C5 units 

they contain (Tholl and Lee 2011). While a number of plants terpenoids are important for several 

fundamental functions in growth and development, most of them have specialized roles in plant-

environment interactions (Tholl 2015; Singh and Sharma 2015). 

The tremendous variety of terpenoid carbon structures may be ascribed mainly to the activity 

of terpene synthases (TPSs), the primary enzymes in terpenoid biosynthesis. The TPS genes 

constitute a mid-size to large family with approximately 30-100 functional members in the 

genomes of nearly all the plant species so far sequenced (Chen et al. 2011; Warren et al. 2015; 

Kumar et al. 2018). Based on their phylogenetic relationships, plant TPSs can be classified into 

seven clades or subfamilies: a, b, c, d, g, e/f and h (Chen et al. 2011). In conifers, the TPSs involved 

in specialized metabolism make up the gymnosperm-specific TPS-d subfamily, which, based on 

structural and catalytic properties, can be further split into three groups: TPS-d1, which includes 

mainly monoterpene synthases (MTPSs); TPS-d2, which comprises mainly sesquiterpene 

synthases (STPSs); TPS-d3, containing mainly diterpene synthases (DTPSs) (Martin et al. 2004; 

Keeling et al. 2011). Conversely, conifer DTPSs of primary metabolism (i.e., gibberellin 

biosynthesis) are members of the TPS-c and TPS-e/f subfamilies, which also comprise angiosperm 

orthologous genes (Keeling et al. 2010; Chen et al. 2011). The TPSs belonging to the 

gymnosperm-specific TPS-d subfamily produce a complex mixture of mono-, sesqui-, as well as 

di-terpenoid specialized metabolites that constitute the volatile emissions and oleoresin secretions. 

These specialized metabolites are involved in the defense against pathogens and herbivores and 

can help to protect against abiotic stress (Zulak and Bohlman 2010; Hall et al. 2011; Tholl et al. 

2015). Oleoresin terpenoids are also important for humans in the production of flavors and 

fragrances, therapeutics, solvents, coatings and resins, and more recently have been taken into 

consideration as potential precursors of biofuel products (Bohlman and Keeling 2008; Zulak and 

Bohlman 2010; Hall et al. 2013a). Because of such wide functional diversification and versatility, 
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attempts are being made to decipher how terpenoids biosynthesis and metabolic routing are 

regulated in conifers. 

In the present review, after summarizing recent progress in our comprehension of the 

biosynthesis and biological functions of terpenoids, the latest advances in research on the evolution 

and functional diversification of plant TPSs will be considered, focusing in particular on 

gymnosperms. In such context, an extensive characterization and phylogeny of all the known TPSs 

from different Pinus species will be reported, which, to the best of our knowledge, constitutes for 

such genus the first effort to explore the evolutionary history of the large family of TPS genes 

involved in specialized metabolism. Finally, we will report about our attempt to isolate and 

characterize for the first time MTPSs gene sequences from Pinus nigra subsp. laricio, an 

ecologically important endemic pine in the Mediterranean area, by using a strategy based on the 

phylogeny of all available MTPSs from different Pinus species. 

 

 

1.2.  BIOLOGICAL AND ECOLOGICAL FUNCTIONS OF PLANT 

TERPENOIDS: A SYNOPSIS 

 

While terpenoids are known to play essential primary functions as precursors of phytohormones 

and growth regulators (gibberellins, cytokinins, abscisic acid, brassinosteroids, and 

strigolactones), photosynthetic pigments (carotenoids), electron carriers (ubiquinone and 

plastoquinone), and key components of membrane structures (phytosterols), “secondary” 

terpenoid metabolites (considered in particular here) have been identified as having a range of 

specialized roles in plant/environment and plant/plant interactions (Zhou 2012; Tholl 2015; Abbas 

et al. 2017). Low-molecular-weight terpenoids such as isoprene, monoterpenoids, 

sesquiterpenoids, and diterpenoids, which are volatile, semivolatile or nonvolatile at ambient 

temperature, respectively, are involved in plant defense from abiotic stress and in many above- 

and below-ground biotic interactions (Loreto et al. 2014; Tholl 2015; Abbas et al. 2017).  

The emissions of terpenoids such as isoprene and monoterpenes from several plant species 

have been found to be strongly correlated with the prevention of temperature stress (Sharkey and 

Yeh 2001; Monson et al. 2013). This protective function is presumably due to the temporary 

storage of these volatile compounds into the photosynthetic membranes (Velikova et al. 2014). 

Other physiological functions of isoprene against abiotic stress in plants include tolerance to ozone 

and protection from oxidative stress (Loreto et al. 2001; Behnke et al. 2009; Schnitzler et al. 2010).  
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Plant volatile terpenoids play a role in the presence of biotic stress as well, being part of the 

constitutive and/or inducible defense line against pathogens and herbivores. For instance, insect-

deterring effects have been observed for the monoterpene volatiles emitted by Chrysanthemum 

morifolium leaves (Laothawornkitkul et al. 2008) and for the sesquiterpenes accumulating in the 

glandular trichomes of wild tomato (Bleeker et al. 2011). Huang et al. (2012) showed that (E)-β-

caryophyllene (a sesquiterpene) contributes to the reproductive success of Arabidopsis challenged 

with Pseudomonas syringae: in wild-type plants, volatile emission from the stigma limited 

bacterial growth, whereas non-emitting mutants showed a dense bacterial population on their 

flowers, resulting in lighter and often misshaped seeds compared to the wild-type.  

Sesquiterpenes and diterpenes can function as phytoalexins in most plant species (Mumm et 

al. 2008). In cotton, for instance, gossypol and its related sesquiterpene aldehydes play a role in 

the inducible and constitutive defense responses against several pathogens (Townsend et al. 2005). 

Moreover, Prisic et al. (2004) isolated fourteen different diterpenes exhibiting antimicrobial 

properties from rice leaves challenged with the pathogenic blast fungus Magnaporthe grisea.  

In conifers, the production of terpenoids, either as oleoresin or emitted as volatile compounds, 

play an important role in the physical and chemical defense responses against pathogens and 

herbivores (Zulak and Bohlman 2010). Oleoresin, whose main components are mono- and 

diterpenes (including diterpene resin acids, DRA), with lower quantities of sesquiterpenes, 

accumulates in specialized anatomical structures, such as resin ducts, which function as 

pressurized storage reservoirs. In case of wounding, the resin under pressure spreads out from the 

ducts and reaches the wounded area, acting as a physical and chemical weapon against invading 

organisms (Zulak and Bohlman 2010). The importance of terpenoids in the defense system of 

conifers against insect pests was confirmed by the study of Hall et al. (2011): the resistance to the 

white pine weevil (Pissodes strobi) in Picea sitchensis was found to be associated to the levels of 

the monoterpene (+)-3-carene, which in turn depended on the copy number and the extent of 

transcriptional activation of the gene coding for its biosynthetic enzyme, as well as on the amount 

and catalytic efficiency of the encoded protein. 

The involvement of induced volatile terpenoid compounds in attracting natural enemies of 

pathogens and herbivores is also well documented (reviewed by Gols 2014 and Pierik et al. 2014). 

Such indirect defense strategy is used by plants to protect their photosynthetic tissues from 

pathogens and herbivores, as well as to limit insect oviposition. For instance, the deposition of 

eggs by the elm leaf beetle (Xanthogaleruca luteola) on the leaves of Ulmus minor results in the 

production of volatile compounds, including the irregular homoterpene, (E)-4,8-dimethyl-1,3,7-
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nonatriene, which plays a key role in attracting the specialized egg parasitoid Oomyzus gallerucae 

(Büchel et al. 2011).  

Besides their role in the interaction with herbivores and their antagonists, constitutive and 

induced volatile terpenoids can act as interspecific, intraspecific, and intraplant signals to promote 

defense responses in nearby plants or in healthy tissues of the same plant (Heil 2014; Tholl 2015). 

However, there is still a poor understanding of the molecular mechanisms involved in volatile-

mediated plant-plant communications. 

Not every organism in contact with plants are enemies, inasmuch as some of them, in fact, can 

act as partners involved in mutually beneficial interactions. In this context, several studies 

demonstrated that volatile terpenoids emitted by flowers and fruits can be involved in mutualistic 

interactions with plant pollinators and seed dispersal agents (Abbas et al. 2017). For instance, 

many studies have proven the role of volatile terpenoids as constituent of floral scent in 

communication between plants and pollinators (Baldwin et al. 2006; Abbas et al. 2017). Floral 

volatiles cause specific behavioral responses in the respective pollinators, based on the prevailing 

context and composition of the emissions (Wright and Schiestl 2009). Long-distance floral scent 

emissions mainly contribute to the guidance of pollinators to flowers, particularly in night‐emitting 

plants, for which scent intensity will have to compensate for the limited visibility of flowers under 

low illumination (Dudareva et al. 2013). Monoterpenes and sesquiterpenes, as the major 

components of floral volatiles, are particularly suited as long-distance chemical messengers, 

because of their low‐molecular‐weight, lipophilic nature and high vapor pressure at ordinary 

temperatures (Tholl 2015; Abbas et al. 2017). 

Although terpenes have been mostly studied in the aboveground tissues, similar functions in 

direct and indirect defense responses have been also identified in the belowground environment. 

For instance, Arabidopsis roots produce semi-volatile diterpene hydrocarbons, known as 

rhizathalenes, able to reduce root damage by acting as local antifeedant towards herbivores 

(Vaugham et al. 2013). Similarly, the triterpene saponins known as avenacins are powerful 

phytoalexins exuded by oat roots (Thimmappa et al. 2014). Indirect defense brought about by 

volatile terpenes is also seen belowground; for instance, maize roots attacked by the western corn 

rootworm (Diabrotica virgifera) emit (E)-β-caryophyllene, which acts as a volatile signal to attract 

predatory nematodes (Rasmann et al. 2005). Moreover, labdane-related volatile diterpenoids 

known as nomilactones, released by the roots of rice plants, exhibit allelopathic activity towards 

adjacent competing species (Xu et al. 2012). Finally, carotenoid-derived plant hormones such as 

strigolactones, in addition to their in planta primary functions, are also able to promote the 

beneficial root infection brought about by mycorrhiza (Akiyama, 2005).  
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1.3.  BIOSYNTHESIS OF TERPENOIDS IN PLANTS   

 

Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the C5 momomeric 

precursors of all terpenes. They derive from two distinct metabolic routes, namely the mevalonate 

(MVA) pathway, and the methylerythritol phosphate (MEP) pathway (Tholl 2015; Pazouki and 

Niinemets 2016; Abbas et al. 2017). After their synthesis, IPP and DMAPP are acted upon by 

prenyltransferases, which assemble them into dimer, trimer, tetramer or examer of the original C5 

building blocks, yielding intermediates such as geranyl diphosphate (GPP, C10), farnesyl 

diphosphate (FPP, C15), geranylgeranyl diphosphate (GGPP, C20), and squalene (C30), 

respectively (Tholl 2015; Pazouki and Niinemets 2016). These intermediates are finally converted 

into terpenes by the action of terpene synthases (TPSs), which are named according to the length 

of their respective reaction products: hemiterpene- or isoprene- (C5), monoterpene- (C10), 

sesquiterpene- (C15), and diterpene- (C20) synthases (Chen et al. 2011; Tholl 2015; Pazouki and 

Niinemets 2016).  

 

➢ 1.3.1. The first step: the terpenoid basic units, namely IPP and DMAPP, 

are synthetized in two compartmentally-separated metabolic pathways 

Both the IPP and DMAPP C5 precursors, which can be interconverted into each other, can derive 

from both the MVA and the MEP pathways; the former is localized into the cytosl, although it also 

operates in the endoplasmic reticulum and peroxisomes, whereas the latter operates in the plastids 

(Tholl 2015). Several studies indicate that the control of the metabolic fluxes into the two pathways 

is complex, being regulated at transcriptional, post‐transcriptional and translational levels, as well 

as by feedback effects (reviewed in Hemmerlin 2013; Vranová et al. 2013; Tholl 2015). 

The plant MVA pathway (Fig. 1.1, left) leads to the production of IPP through a sequence of 

six enzymatic steps. First, two molecules of acetyl‐CoA are condensed to form acetoacetyl‐CoA 

(AcAc‐CoA) by the action of acetoacetyl‐CoA thiolase (AACT). Then, AcAc‐CoA is further 

condensed with a third molecule of acetyl‐CoA by the action of 3‐hydroxy‐3‐methylglutaryl 

(HMG) synthase (HMGS), yielding HMG-CoA, In the third, rate-limiting, reaction, HMG‐CoA 

reductase (HMGR) reduces (S)‐HMG‐CoA to (R)‐mevalonate at the expense of NADPH. The (R)-

mevalonate is then phosphorylated twice at the expense of ATP, first by mevalonate kinase (MK), 

yielding mevalonate-5-phosphate, and then by phosphomevalonate kinase (PMK), converting 

mevalonate-5-phosphate into mevalonate-5-diphosphate. The last step in the MVA pathway is the 



32 

 

ATP-dependent decarboxylation of mevalonate-5-diphosphate to IPP, through the action of 

mevalonate diphosphate decarboxylase (MVD). The final product, namely IPP, can be isomerized 

to DMAPP by the action of IPP/DMAPP isomerase (IDI) (Tholl 2015; Abbas et al. 2017).  

The MEP pathway is a series of seven reactions (Fig. 1.1, right). In the first step, 1-deoxy-D-

xylulose 5-phosphate (DXP) synthase condensates (hydroxyethyl) thiamine diphosphate (derived 

from pyruvate) with glyceraldehyde-3-phosphate (GAP), to produce DXP. Next, DXP reducto-

isomerase (DXR) catalyzes the rearrangement of the DXP molecule, which, after being reduced at 

the expense of NADPH, yields 2-C-methyl-D-erythritol 4-phosphate (MEP). In the third reaction, 

CTP donates its cytidyl moiety to MEP, and 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-

ME) is obtained, being CDP-ME synthase (MCT), the enzyme involved. Then CDP-ME is first 

phosphorylated by a kinase (CDP-ME kinase, CMK), to obtain CDP-ME 2-phosphate (CDP-

ME2P), and then cyclized to 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP), after having 

lost its CMP (operated by MEcPP synthase, MDS). In the subsequent reaction, MEcPP is reduced 

to 4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP), by the action of HMBPP synthase 

(HDS). In the last step of the MEP pathway, HMBPP reductase (HDR) converts HMBPP into a 

combination of both IPP and DMAPP, with a stoichiometry of about 5:1 (Tholl 2015; Abbas et al. 

2017). 

 



33 

 

 

Fig. 1.1. The two biochemical pathways leading to isopentenyl diphosphate (IPP), the basic unit for terpenoid 

biosynthesis in plants. Acronyms are in red for enzymes and in black for metabolites. Abbreviations: AACT, 

acetoacetyl‐CoA thiolase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; DMAPP, dimethylallyl 

diphosphate; DXR, 1-deoxy-D-xylulose 5-phosphate reducto-isomerase; DXS, 1-deoxy-D-xylulose 5-phosphate 

synthase; GAP, glyceraldehyde-3-phosphate; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, 4-

hydroxy-3-methylbut-2-enyl diphosphate synthase; HMG, 3‐hydroxy‐3‐methylglutaryl‐CoA; HMGR, HMG 

reductase; HMGS, HMG synthase; IDI, IPP/DMAPP isomerase; MCT, 4-diphosphocytidyl-2-C-methyl-D-erythritol 

synthase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MEP, methylerythritol phosphate; MK, 

mevalonate kinase; MVA, mevalonic acid; MVD, mevalonate diphosphate decarboxylase; PMK, phosphomevalonate 

kinase. The double arrow denotes the cross-talk between cytosol and plastids based on the exchange of IPP. Adapted 

from Tholl 2015 and Abbas et al. 2017. 

 

The biosynthesis of terpenoids containing more than five carbon atoms (Fig. 1.2) requires an 

adequate supply of both IPP and of its more reactive isomer, i.e., DMAPP, being such 

isomerization accomplished by the intervention of IDI (see above). Therefore, IDI activity is of 

critical importance in the MVA pathway, since its final product is IPP only (Fig. 1.1, left), whereas 

in the MEP pathway, whose final products are both IPP and DMAPP (Fig. 1.1, right), IDI is 

thought to ensure an optimal IPP/DMAPP ratio for the assemblage of the C5 units leading to 

terpenoid precursors and/or to fuel export from plastids to cytosol. It is worth nothing (Fig. 1.2, 
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right) that DMAPP can be also used as a substrate for hemiterpene (C5) biosynthesis, by the 

activity of isoprene synthase (IPS in Fig. 1.2).  

 

 

➢ 1.3.2. The intermediate step: IPP and DMAPP units are combined among 

each other to form prenyl diphosphates, the linear central precursors of 

all terpenoids 

Following their biosynthesis in the MVA and MEP pathways, IPP and DMAPP are used as 

building blocks for the assembling of the prenyl diphosphates (see below), from which all the 

terpenes derive. A large group of prenyltransferases (Fig. 1.2, see below), whose general name is 

also isoprenyl diphosphate synthases, are the enzymes in charge for producing prenyl 

diphosphates, whose biosynthesis always starts with the condensation of a single DMAPP with a 

single IPP, in a head-to-tail fashion. This allow the formation of a C10 prenyl diphosphate, to 

which one or more further IPP units can be added, again by head-to-tail condensation reactions, to 

produce short-chain (C15–C25), medium-chain (C30–C35), and long-chain (C40–Cn) prenyl 

diphospates.  

Since the double bonds of the prenyl diphosphate to be formed can be either in cis- or in trans 

configuration, distinct families of cis-prenyltransferase or trans-prenyltransferase, respectively, 

have to come into play (Karel and Koyama 2003). Until recently, research on short-chain plant 

prenyltransferases was mostly concentrated on the trans-acting enzymes, because it was believed 

that the cis-acting ones were only involved in the synthesis of large prenyl diphosphates having 

more than 50 carbon atoms, such as the C70–C120 dehydrodolichol diphosphates (Takahashi and 

Koyama 2006; Surmacz and Swiezewska 2011) (Fig. 1.2). As a consequence, structural and 

catalytic features have been studied in details for trans-prenyltransferases, such as geranyl 

diphosphate synthase (GPS), farnesyl diphosphate synthase (FPS) and geranylgeranyl diphosphate 

synthase (GGPS), synthesizing the corresponding trans-prenyl diphosphates which play major 

roles in terpenoids biochemistry (Tholl 2015; Fig. 1.2). Recently, cis-prenyltransferase analogs of 

the trans-acting enzymes have been detected, among which neryldiphosphate synthase (NDPS), 

(Z,Z)-FPP synthase and nerylneryldiphosphate synthase (NNDPS), which are equally able to 

produce short-chain, metabolically versatile, prenylphosphates to be used in terpenes synthesis 

(Sallaud et al. 2009; Akhtar et al. 2013; Fig. 1.2).  
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Fig. 1.2. Terpenoid biosynthetic pathways and their subcellular localization. Enzymes are marked in red and 

specialized terpenoids are marked in green; all other intermediates and terpenoid end products are in black. Solid 

and dashed arrows indicate single and multiple enzymatic steps, respectively. Abbreviations: ABA, abscisic acid; 

CPS, ent‐copalyl diphosphate synthase; CPT, cis-prenyltranferase; DMAPP, dimethylallyl diphosphate; FPP, 

farnesyl diphosphate; FPS, FPP synthase; GGPP, geranylgeranyl diphosphate; GGPS, GGPP synthase; GPP, 

geranyl diphosphate; GPS, GPP synthase; GRR, geranylgeranyl reductase; IPP, isopentenyl diphosphate; KS, ent-

kaurene synthase; MEP, 2-C-methyl-D-erythritol 4-phosphate; NDPS, neryldiphosphate synthase; NNPP, nerylneryl 

diphosphate; NPP, neryl diphosphate; OPP, (all-E)-octaprenyl diphosphate; OSC, oxidosqualene cyclase; OPS, 

oligoprenyl diphosphate synthase; PPP, prenyl diphosphate; PPS, prenyl diphosphate synthase; PSY, phytoene 

synthase; SPP, solanesyl diphosphate; SQS, squalene synthase; TPS, terpene synthase. Adapted from Tholl et al. 

2015. 

 

➢ 1.3.3. The final step: prenyl diphosphates are key precursors for the 

biosynthesis of both primary and specialized terpenoids 

The products of the catalytic action of prenyltransferases, namely trans- and cis-prenyl 

diphosphates, are then used in several plant cell compartments such as plastids, mitochondria, and 

the cytosol, for the formation of a myriad of terpenoids, destined to either the primary or the 

secondary metabolism (Fig. 1.2). For instance, trans- or cis-prenyl diphosphate pairs, such as GPP 

or NPP, (E,E)-FPP or (Z,Z)-FPP, and GGPP or NNPP, are acted upon by specific TPSs, to yield 

specialized metabolites such as monoterpenes, sesquiterpenes, and diterpenes, respectively (Fig. 

1.2). 

Moreover, the combined action of prenyltransferases and TPSs can lead to the formation of 

precursors used for the production of metabolites involved in primary metabolism. For example, 
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the condensation of two molecules of FPP in a head-to-head fashion and the consequent loss of 

both diphosphate groups, allow the production of squalene, the precursor of phytosterols (Fig. 1.2). 

A similar condensation reaction of two molecules of GGPP produces phytoene, fueling the 

downstream synthesis of carotenoids (Fig. 1.2). Geranylgeranyl diphosphate is also involved in 

the biosynthesis of ent-kaurene, from which all the plant gibberellins derive; this conversion is 

carried out in sequence by two structurally related TPSs, first ent-copalyl diphosphate (ent-CPP) 

synthase (CPS), which transform GGPP into ent-CPP, and then by kaurene synthase (KS), a lyase 

which removes diphosphate from ent-CPP and cyclizes it to ent-kaurene (Fig. 1.2). 

 

➢ 1.3.4. Cross talk and interactions between the MVA and MEP pathways 

The MVA and the MEP pathways fuel distinct routes in terpenoids metabolism. The MVA 

pathway mostly feeds the cytosolic formation of sesquiterpenoids, polyprenols, phytosterols, 

brassinosteroids, and triterpenoids, and the mitochondrial production of ubiquinones and 

polyprenols. The MEP pathway, instead, acts mainly as a source of hemiterpenoids (isoprene), 

monoterpenoids, diterpenoids, carotenoids and their breakdown products, cytokinins, gibberellins, 

chlorophyll, tocopherols, and plastoquinones (Fig. 1.2). The metabolic cost of maintaining two 

IPP/DMAPP-metabolic pathways in plants has apparent benefits by allowing a wider capacity to 

evolve specialized terpenoid pathways and better control of compartment-specific isoprenoid 

pools.  

The physical separation of the two pathways was supported by genome-wide co-expression 

analyses in Arabidopsis, which showed limited interaction between MVA and MEP genes 

(Vranova et al. 2013; Rodríguez-Concepción and Boronat 2015). However, there is now evidence 

that between the two compartmentally separated biosynthetic pathways metabolic “cross talk” 

does take place for substrate formation, via the exchange of IPP/DMAPP, and C10–20 prenyl 

diphosphate intermediates (GPP, FPP and GGPP) (Flügge and Gao 2005; Orlova et al. 2009; Dong 

et al. 2016). For instance, isotope-labelling experiments have shown the integration of MEP-

derived IPP/DMAPP into both monoterpenoids and sesquiterpenoids in Antirrhinum majus and 

Daucus carota (Dudareva et al. 2005; Hampel et al. 2005). Analogously, the contribution of the 

MVA pathway to C10–C40 terpenoid biosynthesis was proved in Gossypium hirsutum (Opitz et 

al. 2014). Moreover, the application of MVA or MEP pathway-specific inhibitors cannot 

completely block terpenoid biosynthesis in cytoplasm or plastid, indicating that the common 

precursors of these two pathways can be freely transferred among different subcellular 

compartments (Kasahara et al. 2002; Bick and Lange 2003; Hemmerlinet al. 2003; Laule et al. 

2003; Gutensohn et al. 2013).  
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A possible exchange of isoprenoid intermediates among plastids and cytosol has also been 

deduced from studies on mutant lines overexpressing the genes of the MVA or the MEP pathway. 

IPP and DMAPP are primarily derived from the MEP pathway in Lavandula latifolia. 

Nevertheless, a significant increase of monoterpenoids such as 1,8-eucalyptoland camphor was 

observed in mutant lines overexpressing HMGR, a MVA pathway enzyme (see above) (Mendoza-

Poudereux et al. 2015). Likewise, overexpression of HMGR in Salvia miltiorrhiza also increased 

the production of tanshinones, a class of diterpenoid compounds that is assumed to be derived 

from the MEP pathway (Kai et al. 2011; Shiet al. 2014). One plausible explanation is that more 

IPP synthesized in the cytoplasm is transferred to the plastid to function as precursor to the MEP 

pathway. Reciprocally, Artemisia annua lines able to overexpress HDR, a plastidial enzyme 

involved in the MEP pathway (see above), showed an enhanced production of artemisinin and 

other sesquiterpenes, which are reputed to derive from the MVA pathway. Confocal microscopy 

and green florescence protein fusion showed that HDR was located in chloroplast and the transport 

of IPP from chloroplast to cell cytoplasm was observed after 13C labelling experiment, indicating 

that more IPP was accessible to the MVA pathway for terpenoid synthesis (Ma et al. 2017).  

To date, no specific transporter mediating the flux of isoprenoid precursors among cellular 

compartments has been identified, although some transporter-assisted modes of inter change were 

suggested. The export of IPP from plastids to the cytosol was proposed to proceed by a plastidial 

proton symport system (Bick and Lange 2003), while the study of Flügge and Gao (2005) indicated 

that IPP is not transported by a plastidial phosphate translocator but it is instead dependent on the 

presence of phosphorylated counter-substrates. pH gradients may also be implicated in IPP 

translocation, as it appears to be the case for the movement of protonated abscisic acid among 

different compartments (Baier and Hartung 1988). Similarly, IPP protonation under acidic 

conditions may allow it to travel across the plastidial membrane without the intervention of a 

specific transporter (Cherian et al. 2019).  

Molecular mechanisms regulating the cross talk among the cellular compartments remain also 

elusive. This might be due to the confounding effects of a variety of factors, including post-

transcriptional, translational and post-translational processes that modulate the fluxes (Kumar et 

al. 2012; Lange et al. 2015; Tholl 2015). Moreover, it became clear that in addition to endogenous 

factors, exogenous stimuli could also affect the interaction between MVA and MEP pathways 

(Tholl 2015). For instance, sucrose supplementation induced the activity of SnRK1 (Sucrose non-

fermenting-1-related protein Kinase), which reduced the activity of HMGR by phosphorylation 

(Polge and Thomas 2007), and therefore increased the substrates availability for the MEP pathway. 

As consequence, the production of chlorophyll was increased in Arabidopsis seedlings grown in a 
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medium supplemented with sucrose (Laby et al. 2000). Moreover, exposure to light down-

regulates the expression of genes in the MVA pathway and decreases the level of sterols 

(Ghassemian et al. 2006; Rodríguez-Concepción 2006), but up regulates the expression of MEP 

pathway genes and genes for carotenoid and chlorophyll biosynthesis (Ghassemian et al. 2006; 

Rodríguez-Concepción 2006; Cordoba et al.2009; Meier et al. 2011). In addition, light-activated 

metabolism leads to a higher production of substrates for the MEP pathway, e.g., GAP from the 

Calvin cycle, which helps to increase the production of IPP and DMAPP in chloroplasts and leads 

to an increase in MEP-derived terpenoids. These results are supported by studies in which an 

increased carbon flux through the MEP pathway has been observed following plant exposure to 

increasing light intensity (Mongelard et al.2011). Conversely, the expression of MEP pathway 

genes is decreased during the transition from light to dark (Vranovaet al. 2013) and exposure to 

dark can instead boost the activity of MVA enzymes, such as HMGRs, whose dark-induced up-

regulation increased the biosynthesis of the triterpene ginsenoside in ginseng (Kim et al. 2014).  

Although the exchange flux between compartments and pathways might be limited or 

negligible under non-stressed conditions, its importance might increase to compensate for stress 

conditions or developmental stages which specifically impair or suppress one of the two 

biosynthetic pathways (Dudareva et al. 2005; May et al. 2013; Rasulov et al. 2015). For instance, 

it has been proposed that, during the germination of Arabidopsis seedlings in the dark, prenyl 

diphosphates derived from the MVA pathway are transferred to etioplasts to fuel carotenoid and 

gibberellin synthesis prior to the induction of MEP pathway enzymes under illumination 

(Rodríguez-Concepción et al. 2004). 

Late studies have shown that terpenoid biosynthesis by MVA and MEP pathways is not 

exclusively channelled via IPP and DMAPP, but may require a pool of the respective isopentenyl 

and dimethylallyl monophosphates, namely IP and DMAP, respectively (Henry et al. 2015, 2018). 

The IPP and IP pools are controlled by two classes of enzymes, the Nudix hydrolases (Nudxs), a 

large family of two-domain hydrolases/peptidases widely detected in bacteria, plants and animals, 

and the IP kinases (IPKs), which catalyse the hydrolysis and phosphorylation of IPP and IP, 

respectively (Fig. 1.1) (Henry et al. 2015, 2018). IPKs were first identified in archaebacteria as 

part of their modified MVA pathway for isoprenoid biosynthesis (Dellas et al. 2013). Lately, it 

has been shown that IPK homologs are extensively scattered in plant genomes, where they take 

place together with the complete set of MVA and MEP genes (Vannice et al. 2014). In 

Arabidopsis, it has been shown that IPK is localized in the cytosol and seems to control the 

production of both MVA- and MEP-derived terpenoids (Henry et al. 2015). Indeed, Arabidopsis 

T-DNA insertion knock outlines for IPK showed a significant decrease in the levels of 
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sesquiterpenes and sterols, whereas the overexpression of the AtIPK gene in transgenic Nicotiana 

tabacum led to significant increases in monoterpenes and sesquiterpenes. As far as the Nudxs 

genes are concerned, the Arabidopsis AtNudx1 and AtNudx3 proved their effectiveness in 

dephosphorylating IPP and DMAPP (Henry et al. 2018). Arabidopsis T-DNA insertion knockout 

lines for AtNudx1 and AtNudx3 showed an increased production of monoterpenes, sesquiterpenes, 

and sterols. Conversely, overexpression of these enzymes in N. tabacum resulted in a significantly 

decreased production of monoterpenes and sesquiterpenes (Henry et al. 2018). Although further 

studies are needed to understand the importance of IPK and Nudx genes in plant terpenoid 

metabolism, these findings highlight the potential of such pathway reactions to possibly operate 

as additional regulatory mechanisms for balancing IP/DMAP and IPP/DMAPP pools in terpenoid 

and other isoprenoid biosynthesis (Henry et al. 2015, 2018; Karunanithi and Zerbe 2019). 

 

 

1.4.  PLANT TERPENE SYNTHASES 

 

As described above, TPSs transform acyclic cis- or trans-prenyl diphosphate intermediates bearing 

5 to 20 carbon atoms into hemiterpenes (C5), such as isoprene, monoterpenoids (C10), 

sesquiterpenoids (C15), or diterpenoids (C20) (Fig. 1.2). These terpenoid compounds can be 

further modified to produce biologically active final products of greater structural diversity by 

means of secondary enzymatic reactions such as methylation, hydroxylation, glycosylation, 

peroxidation, acylation, or cleavage (Tholl et al. 2015). The enormous variety of terpenoids in 

specialized metabolism can be attributed mainly to the activity of TPS superfamily, which 

comprises a huge and still growing number of enzymes from nearly all plant species (Chen et al. 

2011). TPS enzymes enable the adaptation of terpene metabolism to a changing environment due 

to their heterogeneous activity, which often leads to the production of more than one single 

compound; moreover, TPS proteins are able to easily acquire new catalytic properties as a 

consequence of minor structural changes (Tholl 2015; Pazouki and Niinemets 2016). As a result, 

TPS enzymes have attracted increasing consideration for in planta as well as heterologous 

metabolic engineering of terpenoid products, in view of their pharmaceutical and industrial uses 

(Bohlmann and Keeling 2008; Chen et al. 2011; Singh and Sharma 2015; Tholl 2015).  
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➢ 1.4.1. Structure of plant terpene synthases  

The functional diversity of TPSs is determined by their modular structure, based on a conserved 

α-helical folding pattern within which three common domains, denoted as γ, β, and α, are variably 

arranged (Cao et al. 2010) (Fig. 1.3). Based on the presence of either one, or two active sites, and 

their related catalytic motifs, TPSs are said to be monofunctional or bifunctional, respectively, and 

are categorized into class-I, class-II, or class-I/II enzymes (Chen et al. 2011; Tholl 2015).  

In the class-I TPSs, which host only one active site and include all the MTPSs, all the STPSs 

and part of the DTPSs (Fig. 3), catalysis takes place in the C‐terminal α‐domain, where the 

ionization of the prenyl diphosphate substrate is mediated by a divalent cation. Electron abstraction 

operated by such metal cofactors increases the proneness of the enzymatic substrate to undergo 

cyclization, chemical shifts and molecular restructuring, to yield the final product (Tholl 2015). 

The α-domain of class-I TPSs contains two metal binding motifs, the highly conserved “DDXXD” 

motif and the less conserved “NSE/DTE” one, located on opposing helices near the entrance of 

the active site. Both motifs help to position the prenyl diphosphate substrate by binding of it to a 

trinuclear magnesium cluster, which triggers the ionization of the substrate and initiate the 

cyclization reaction.  

The class-II TPSs, which also host just one active site and include only DTPSs (Fig. 1.3), 

contain a functional N‐terminal β‐domain together with a third “insertion” γ‐domain. Within such 

β‐domain, a conserved “DXDD" motif is present, which is responsible for the protonation‐initiated 

cyclization of the substrate (Christianson 2017). The γ-domain has a highly acidic “EDXXD‐like” 

motif, which further contributes to the activity of class-II TPSs (Cao et al. 2010). 

Finally, a limited number of three-domain (γβα) TPSs contain all the three functional active 

sites, namely “EDXXD‐like”, “DDXXD” and “DDXD”. These bifunctional TPSs, all of which are 

DTPSs, are said, therefore, to be class-I/II enzymes (Fig. 1.3). They include the diterpene synthases 

(CPS/KS) found in the mosses Physcomitrella patens and Jungermannia subulata and in the 

lycophyte Selaginella moellendorffii, which catalyze the formation of ent-kaurene (and 16-

hydroxykaurene) via a CPP intermediate in the biosynthesis of kaurenoic acid (Hayashi et al. 2006; 

Mafu et al. 2011). Similar class-I/II DTPSs are also present in gymnosperms and are regarded as 

early DTPSs (Keeling and Bohlmann 2006; Hall et al. 2013a). These enzymes catalyze the 

formation of an enzyme‐bound CPP from GGPP and then convert CPP to a diterpene (Peters et al. 

2003). 

The available protein crystal structures indicate that the majority of plant DTPSs and some 

STPSs have all the three domains, namely γ, β, and α (Cao et al. 2010). In general, however, just 

one of the domains is functional. For instance, DTPSs involved in gibberellin biosynthesis in both 
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angiosperms and gymnosperms, as well as those implicated in the biosynthesis of the large group 

of labdane-type specialized diterpenes in angiosperms, are class-II or class-I enzymes, with loss 

of activity in the α- or β-domains, respectively (Fig. 1.3). In the gibberellin biosynthetic pathway, 

the class-II enzymes ent‐copalyl diphosphate (CPP) synthases (CPSs) protonates its linear 

substrate GGPP, so catalyzing its conversion into the two-rings cyclization product ent‐CPP. A 

subsequent elimination reaction brought about by a class I ent‐kaurene synthase (a lyase) converts 

ent‐CPP into ent‐kaur‐16‐ene plus diphosphate (Zi et al. 2014) (Fig. 1.2). Moreover, in both 

gymnosperms and angiosperms, some DTPSs involved in the secondary metabolism have been 

found to retain class-I activity only (without the loss of the β-domain) (Fig. 1.3) and use GGPP to 

directly produce a diterpene without a CPP intermediate (Chen et al. 2011; Köksal et al. 2011a; 

Hall et al. 2013a). Interestingly, the occurrence of three-domain (γβα) STPSs that retain only class-

I TPS activity has also been reported (Fig. 1.3), as seen in α-bisabolene synthase (Ag BIS) from 

Abies grandis (McAndrew et al. 2011). Evolution by loss of function can also be envisaged for 

MTPSs (all belonging to class-I TPSs, see above), in most of which the β‐domain is actually 

present, but is rendered inactive because of the absence of the conserved “DXDD” motif 

(Whittington et al. 2002) (Fig. 1.3).  

Most MTPSs and DTPSs, unlike the cytosolic STPSs, have obvious N-terminal plastid transit 

peptides (Fig. 1.3). Transit peptides are removed from the mature TPS upstream of the “RR(X8)W” 

motif, which is important for the catalysis of monoterpene cyclization (Whittington et al. 2002; 

Hyatt et al. 2007) and is also maintained with some differences in most STPSs and DTPSs (Chen 

et al. 2011) (Fig. 1.3).  
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Fig. 1.3. Structural features of plant monoterpene- (MTPSs), diterpene- (DTPSs), sesquiterpene (STPSs) synthases, 

and of microbial terpene synthase-like proteins (MTPSLs) based on the combination of the γ, β, and α domains and 

the presence of distinctive aminoacidic motifs. The two highly conserved aspartate-rich catalytic motifs “DDXXD” 

and “DXDD” responsible for class I and class II activities, and the less well conserved “NSE/DTE” and 

“EDDXXD”motifs, which also contribute to the activity of class-I and class-II TPSs, are indicated. The N-terminal 

plastid transit peptide (TP) and “RR(X8)W” motif are also shown. 

 

A new class of plant TPSs designated as microbial terpene synthase-like proteins (MTPLSs) 

has recently been recognized in the lycophyte S. moellendorffii (Li et al. 2012). This new type of 

TPSs, which have been found to be present in several cryptogamae, but not in seed plants, neither 

in green algae, are evolutionary much more strongly related to microbial TPSs rather than to the 

typical plant ones (Jia et al. 2018). According to their different origin (see below), MTPLSs and 

typical plant TPSs differ for numerous features. Firstly, at the gene level, because MTPSLs do not 

show a conserved intron–exon structure, unlike typical plant TPSs, which instead can be assigned 

to one out of three classes depending on the presence of 12–14 introns, nine introns, or six introns 

(Trapp and Croteau 2001). In the MTPSLs genes of S. moellendorffii, for example, the number of 

introns can vary from none, or just one, in most cases, to as many as seven in certain others. 

Secondly, structural differences also emerged at the protein level. In fact, all known MTPSLs 

contain the α-domain only (Fig. 1.3), unlike the (βα)- or (γβα)-modular structures of typical plant 

TPSs (see above). As consequence, MTPSLs polypeptides are much shorter (about 350 amino acid 

residues), than those of typical plant TPSs (see above). Thirdly, although most MTPSLs, similarly 
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to typical plant TPSs, possess a canonical aspartate-rich “DDxxD” motif in their active sites, they 

can also host variants, such as “DDxxxD” and “DDxxx” (Jia et al. 2018).  

 

➢ 1.4.2. Origin and evolution of plant terpene synthases 

Fig. 1.4 sketchily depicts current models and hypotheses illustrating the recombination among the 

γ, β, and α domains and key aminoacidic motifs during the evolution of terpene synthases in plants.  

 

 

Fig. 1.4. Proposed model for the structural evolution of diterpene synthases (DTPSs) (Cao et al. 2010; Gao et al. 

2012) and hypothesis on evolution of sesquiterpene synthases (STPSs) and monoterpene synthases (MTPSs) according 

to two potential routes based on the analysis of multisubstrate enzymes (Pazouki and Niinemets 2016). 

 

According to the original evolutionary model proposed by Trapp and Croteau (2001), the plant 

TPS ancestor, which was similar to the present-day conifer DTPSs involved in gibberellin 

biosynthesis, originated prior to the divergence of gymnosperms and angiosperms. Afterwards, the 

class-I/II DTPS from P. patens, was assumed to be the common ancestor (Hayashi et al. 2010; 
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Keeling et al. 2010). Notably, two diterpene synthases has been found in the bacterium 

Bradyrhizobium japonicum, namely ent‐copalyl diphosphate synthase and ent‐kaurene synthase, 

which show structural relatedness with the β‐domain (class-II activity) and the α‐domain (class-I 

activity) of plant and fungal TPSs, respectively. This led Morrone et al. (2009) to hypothesize a 

common DTPS ancestor among plants, fungi, and bacteria.  

As the crystal structures of several plant TPSs, such as those for IPS, MTPS, STPS, class-I, 

class-II and class-I/II DTPSs, became available (Kampranis et al. 2007; Gennadios et al. 2009; 

Köksal et al. 2011a, 2011b and 2014; Zhou et al. 2012), it became clearer that domain architecture 

is a highly conserved feature among all TPSs. This prompted Cao et al. (2010) to make an attempt 

to unify pre-existing models concerning TPS evolution. They hypothesized that a prototypical γβα-

domain structure might have arisen from the fusion among two ancestral DTPS genes of bacterial 

origin, one bearing an γβ-domain and the other an α-domain, which, in turn, might have evolved 

from pre-existing ancestors, i.e., a γβ-domain triterpene synthase and an α-domain 

prenyltransferase, respectively (Fig. 1.4, upper part). In the course of evolution, the ancestral three-

domain (γβα) class-I/II DTPS described above, with functional α‐ and β‐domains and a transit 

peptide, resembling the present-day abietadiene synthase from gymnosperms and the CPS/KS 

from P. patens, acted as the progenitor of both class-II type DTPSs (γβα-assemblies in which the 

α‐domain activity has been lost) and class-I type DTPSs (γβα-assemblies in which the β‐domain 

activity has been lost) (Cao et al. 2010; Gao et al. 2012) (Fig. 1.4, central part). Beyond the 

milestone events outlined above, evolution might have exerted a strong pressure towards 

specialization and diversification of terpenes biochemistry, to the point that some of the structures 

which were present and functional in the ancestral TPS might have become redundant, if not 

disadvantageous, on an evolutionary perspective; this might explain why IPSs and MTPSs have 

lost their γ‐domain, while STPSs lost the transit peptide and, in most cases, the γ‐domain 

(Hillwiget al. 2011; Köksalet al. 2011a, 2011b; Rajabiet al. 2013) (Fig. 1.4).  

Recently, the analysis of several proteins with mixed substrate specificity allowed to put 

forward new hypotheses about the pathways and the timing of the main evolutionary changes 

regarding the loss of γ‐domain and transit peptide in TPSs (Pazouki and Niinemets 2016) (Fig. 

1.4, bottom part). For instance, structural analysis of a bi‐domain (α‐β) DTPS from Triticum 

aestivum (TaKSL5), which can use either ent‐CPP for the production of ent‐kaurene (C20) or 

(E,E)‐FDP for the production of (E)‐nerolidol (C15) (Hillwig et al. 2011), suggested that evolution 

of STPSs probably took place first as a result of the loss of γ‐domain, followed by changes in 

subcellular sorting (loss of transit peptide) and further diversification by the loss of capacity for 

using C20 substrates. This hypothesis is supported by the finding of multi‐substrate (E)‐nerolidol 
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(C15)/(E,E)‐geranyllinalool (C20) synthases in Vitis vinifera, namely VvPNLNGl1 and 

VvCSENerGl, which are able to use both C15 and C20 substrates, but lack both the transit peptide 

and the γ‐domain (Martin et al. 2010). The above mixed-substrate TPSs from T. aestivum and from 

V. vinifera represent three putative intermediates in the evolution of STPSs directly from DTPSs 

by loss of γ‐domain, which is predicted to have preceded the loss of the transit peptide (Fig. 4). 

This evolutionary scenario was also confirmed by evidence concerning the evolution of STPSs 

from MTPSs (Fig. 1.4, bottom part). Indeed, mixed-substrate TPS have been found in a number 

of species, among which: Antirrhinum majus, which has two (E)‐nerolidol (C15)/linalool (C10) 

synthases, i.e. AmNES/LIS‐1 and AmNES/LIS‐2 (Nagegowda et al. 2008); Arabidopsis thaliana, 

which has two (E,E)‐α‐farnesene (C15)/(E)‐β‐ocimene (C10) synthases, i.e. AtTPS02 and 

AtTPS03 (Huang et al. 2010); and Fragaria ananassa, which has two (E)‐nerolidol (C15)/linalool 

(C10) synthases, i.e. FaNES1 and FaNES2 (Aharoni et al. 2004). In each of the above three 

species, one TPS in each pair, namely AmNES/LIS‐1, AtTPS03, and FaNES1, lacks the N-

terminal transit peptide, whereas the other, namely AmNES/LIS‐2, AtTPS02, and FaNES2, does 

have it, which suggests that STPSs might have evolved from MTPSs by a loss of the transit peptide 

and a change in the active site (Fig. 1.4). 

Taken together, the above findings suggest an evolutionary model in which, starting from a 

tri-domain (γβα) class-I DTPS, the loss of the γ-domain first led to the formation of a bi-domain 

(βα) DTPS (e.g., the TaKSL5 of T. aestivum) and ultimately to a STPS, by the loss of the transit 

peptide (e.g., VvPNLNGI1 and VvCSENerGI in V. vinifera) or to a MTPS by change of the active 

site using a different substrate. In this latter case, the loss of the transit peptide led to a cytosol-

localized STPS (Fig. 1.4).  

On the other hand, in gymnosperms, there is also evidence for a different evolutionary scenario 

for the formation of STPSs. According to this alternative hypothesis, a tri‐domain (γβα) cytosol-

active TPS was produced by the loss of the transit peptide from a class-I DTPS. This could be 

eventually followed by the loss of γ‐domain, leading to the formation of a bi‐domain (βα) cytosol-

localized TPS. Evidence for such hypothesis came from the analysis of three Abies grandis 

C10/C15 multisubstrate TPSs, namely (E)-α-bisabolene, δ-selinene- and γ-humulene synthases 

(Bohlmann et al. 1998). All these three TPSs lack the transit peptide, but the first is a tri-domain 

(γβα) protein whereas the other two are bi-domain (βα) proteins (Bohlmann et al. 1998). This 

suggests that in the evolution of gymnosperm STPSs, the transit peptide could have been lost first, 

followed by the loss of the γ-domain (Fig. 1.4, bottom part). 

New insights concerning the evolution of plant TPSs came from the identification in 

cryptogamae of the MTPSL genes, which encode proteins containing only the α-domain and 
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produce mainly monoterpenes and sesquiterpenes (Li et al. 2012; Jia et al. 2018). In accordance 

with the evolution of the two domains (βα) typical plant TPSs from the three-domain (γβα) proteins 

(Fig. 1.4), MTPSLs may have originated either from an ancestral γβα TPS, which has then lost its 

γ-β domains, or from a βα TPS progenitor after the loss of the β domain. All the evidence produced 

so far, however, negated the above evolutionary hypothesis, because it was found that MTPSLs 

are considerably more related to the microbial TPSs possessing only the α-domain, rather than to 

the α-domain of typical plant TPSs, thus suggesting that MTPSLs and typical plant TPSs 

descended from distinct progenitor proteins. Since both bacteria and fungi have evolved before 

land plants, then it is reasonable to assume that horizontal gene transfer played a role in passing 

TPS genes from the former to the latter groups of organisms (Jia et al. 2018). Indeed, phylogenetic 

analyses indicated that MTPSLs have different degrees of relationship to bacterial TPSs and fungal 

TPSs, and show lineage-specific features, to the point that two distinct MTPSLs families can be 

recognized, depending on their clustering with bacterial or with fungal TPSs. In the latter MTPSL 

family, in turn, three separate subgroups can be identified. On such basis, it is therefore firmly 

reputed that not only MTPSL genes in cryptogamae derived from bacteria and fungi but also that 

genes acquisition from fungi during evolution have occurred more than once. 

Since cryptogamae harbor both MTPSLs and typical plant TPSs, whereas seed plants possess 

only the latter, an interesting evolutionary question may arise. By considering that in non-seed 

plants MTPSLs produce mainly monoterpenes and sesquiterpenes, whereas typical plant TPSs 

mainly diterpenes, then the development of seed plants must have been accompanied by the loss 

of MTPSLs and their replacement by TPSs able to produce monoterpenes and sesquiterpenes. 

Understanding when and why these processes may have taken place should provide new insights 

into the evolution of plant isoprenoids. 

 

➢ 1.4.3. Size and phylogeny of typical plant TPS family 

Genome-wide analysis of several plant species indicated that typical TPSs are encoded by 

medium- to large gene families, whose size range from 20 to 170 members, counting both full-

length genes and pseudogenes, with the only notable exception of the moss P. patens, whose 

genome contain a single functional TPS gene (Table 1.1). In particular, full-length genes coding 

for typical plant TPSs ranges from 14 in S. moellendorffii to 113, 106 and 69 in Eucalyptus grandis, 

Eucalyptus globulus and V. vinifera, respectively, with Ocimum sanctum (47), Populus 

trichocarpa (38), Oryza sativa (32), A. thaliana (32), Solanum lycopersicum (29) and Sorghum 

bicolor (24) possessing an intermediate but large number of putative functional TPS genes (Table 

1.1). The recently draft genome assemblies of Picea glauca (Birol et al. 2013; Warren et al. 2015), 
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Picea abies (Nystedt et al. 2013), and Pinus taeda (Neale et al. 2014), provided the first 

opportunities for a genome-wide annotation of TPS genes in conifers. Indeed, Warren et al. (2015), 

using the P. glauca PG29 V3 genome assembly, identified 83 unique TPS genes having at least 

400 amino acids of coding region, including 28 pseudogenes (Table 1.1). This confirmed previous 

results based on transcriptome analyses, which estimated that more than 70 distinct 

transcriptionally active TPS genes may be present in a single conifer species, (Keeling et al. 2011), 

comparable to the number of potentially active TPS genes found in the sequenced genomes of 

angiosperms (Table 1.1).  
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Table 1.1. Size of typical plant TPS family and subfamilies in selected plant species 

 

Species 

Genome 

size 

(Mb) 

Chromosome 

number  

(1N) 

Total TPS 

gene 

models 

Putative 

full length 

TPSs 

 TPS subfamily (full length TPS genes) 

  a b c d e/f g h 

Arabidopsis thaliana1 135 5 40 32  22 6 1 0 2 1 0 

Eucalyptus globulus2 530 11 143 106  45 38 2 0 11 10 0 

Eucalyptus grandis2 640 11 172 113  52 36 2 0 10 13 0 

Ocimum sanetum3 386 8 81 47  18 16 5 0 3 5 0 

Oryza sativa4 375 12 57 32  18 0 3 0 9 2 0 

Physcomitrella patens5 480 27 4 1  0 0 1 0 0 0 0 

Picea glauca6 20000 12 83 55  0 0 1 53 1 0 0 

Populus trichocarpa7 430 18 57 38  16 14 2 0 3 3 0 

Selaginella moellendorffii8 106 27 18 14  0 0 3 0 3 0 8 

Solanum lycopersicum9 828 12 44 29  12 8 2 0 5 2 0 

Sorghum bicolor4 730 10 48 24  15 2 1 0 3 3 0 

Vitis vinifera10 486 19 152 69  30 19 2 0 1 17 0 

 

Number of TPS genes retrieved from information based on literature data: 1Auborg et al. 2002; 2Kulheim et al. 2015; 3Kumar et al. 2018; 4Chen et al. 2011; 5Hayashi 

et al. 2006; 6Warren et al. 2015; 7Irmisch et al. 2014; 8Li et al. 2012; 9Falara et al. 2011; 10Martin et al. 2010. 
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The above data suggest that the evolution of typical plant TPS families in higher plants involved 

several gene duplication events, followed by sub- and neo-functionalization. This is also suggested 

by the fact that many TPS genes in the genomes of flowering plants are present in tandem arrays, 

each made of two or more genes, among which one or a few unrelated genes are sometimes 

interlayered. In A. thaliana, E. grandis, P. trichocarpa, O. sativa, S. bicolor and V. vinifera, 42, 54, 

59, 64, 66 and 85% of TPS genes, respectively, occur in such twin arrangements (Chen et al. 2011; 

Külheim et al. 2015), which might result from local gene duplication by unequal crossover. 

Consistently, a high degree of homology is often observed among the members of each tandem array. 

For instance, two linked TPS genes in Arabidopsis, namely AtTPS23 and AtTPS27, are identical to 

each other in terms of both coding region and intron sequences and are therefore thought to witness 

a very late gene duplication event (Chen et al. 2004). On this same vein, it was found that the amino 

acid similarities among TPS genes within tandem arrays in E. grandis were much higher than those 

observed in the corresponding whole gene sub-family (Külheim et al. 2015). In some instances, the 

tandem arrays of TPS genes are very broad, as occurs in grapevine, in which as many as 45 TPS genes 

are present in a highly compact gene cluster encompassing a stretch of 690 kb on chromosome 18 

(Martin et al. 2010). Similarly, 17 TPS genes are stretched over a 317 kb region on the chromosome 

6 of E. grandis (Külheim al. 2015), whereas in rice a 480 kb stretch on chromosome 4 hosts 14 TPS 

genes (Chen et al. 2011). 

Based on phylogenetic analyses, typical plant TPSs can be divided into seven clades or 

subfamilies, namely a, b, c, d, g, e/f and h (Chen et al. 2011; Shalev et al. 2018; Kumar et al. 2018). 

Function and taxonomic distribution of the seven plants TPS subfamilies are summarized in Table 2, 

while the number of different members assigned to each subfamily in sequenced plant genomes is 

reported in Table 1.1. 

The TPS-a, TPS-b and TPS-g gene subfamilies are angiosperm specific, while the TPS-d and 

TPS-h clades are gymnosperm-, and lycopod- (S. moellendorffii) specific, respectively (Tables 1 and 

2). On the other hand, the TPS-c and TPS e/f gene subfamilies include mainly class-I and class-II 

DTPSs from both angiosperms and gymnosperms (Tables 1.1 and 1.2).  

Phylogenetic analyses indicated that the angiosperm-specific TPS-a, TPS-b and TPS-g clades 

have substantially diverged from other TPS clades (Chen et al. 2011; Li et al. 2012; Shalev et al. 

2018). Based on functional characterization of their members in model- and non-model plant systems, 

these three gene clades only include specialized MTPSs, STPSs or DTPSs, i.e., involved in abiotic 

and biotic plant interactions, rather than those involved in primary metabolism (Chen et al. 2011) 

(Table 1.2). 
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Table 1.2. Function and taxonomic distribution of plant terpene synthases (TPSs) subfamilies.  

Subfamily Groups Functions Taxonomy 

TPS-a 

 

TPS-a1 

 

STPSs, some DTPSs 

 

Dicots (Embryophyta>Tracheophyta> 

Spermatophyta>Magnoliophyta>Magnoliopsida)  
TPS-a2 STPSs Monocots (Embryophyta>Tracheophyta> 

Spermatophyta>Magnoliophyta>Liliopsida)  

TPS-b 

 
 

MTPSs, IPSs 

 

Angiosperms (Embryophyta>Tracheophyta> 

Spermatophyta>Magnoliophyta)  

TPS-c 

 
 

Bifunctional class I/II 

(CPS/KS), Monofunctional 

class II DTPSs (CPSs) and 

DTPSs involved in secondary  

metabolism  

 

Land plants (Embryophyta) 

TPS-d 

 

TPS-d1 

 

Primarily MTPSs, STPSs 

 

Gymnosperms (Embryophyta>Tracheophyta> 

Spermatophyta>Gymnospermae)  
TPS-d2 STPSs Gymnosperms  

TPS-d3 Primarily DTPSs, STPSs Gymnosperms  

TPS-e/f 

 
 

Monofunctional class I 

DTPSs (KS), DTPSs, STPSs 

and MTPSs involved in 

secondary metabolism  

 

Vascular plants (Embryophyta>Tracheophyta) 

TPS-g 

 
 

MTPSs, STPSs, DTPSs  

 

Angiosperms  
producing acyclic terpenoids  

TPS-h 

 
 

Putative bifunctional DTPSs 

(class I/II) 

 

Selaginella moellendorffii 

(Embryophyta>Tracheophyta>Lycopodiophyta)  

 

Abbreviations: CPS, ent‐copalyl diphosphate synthase; DTPS, diterpene synthase; IPS, isoprene synthase; KS, 

ent-kaurene synthase; MTPS, monoterpene synthase; STPS, sesquiterpene synthase 

 

Analysis of several flowering plants whose genome has been sequenced indicates that genes 

belonging to the TPS-a subfamily represent more than half of the total, so constituting the main 

determinant of the size of TPS family of each species (Chen et al. 2011) (Table 1.1). Phylogenetic 

analyses suggest that the growth of the TPS-a gene subfamily took place after the separation of the 

monocot and dicot lineages, because the clade is clearly split into two groups, TPS-a1 and TPS-a2, 

with the first being dicot-specific and the second monocot-specific (Chen et al. 2011) (Table 1.2). 

Moreover, the positions of Arabidopsis, P. trichocarpa, Eucaliptus spp. and V. vinifera genes on the 

branches of the TPS-a1 clade suggest that many of them were due to gene duplication events that 

took place after the divergence of the four lineages, representing a clear example of species-specific 
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expansion of TPS genes (Chen et al. 2011; Irmisch et al. 2014; Külheim et al. 2015). Most of the 

functionally characterized proteins of the TPS-a subfamily are STPSs (Table 1.2), but the DTPS 

casbene synthases from Ricinus communis and Euforbia esula (Mau and West 1994; Kirby et al. 

2010) can be also included in this clade, indicating that different substrate specificities may have 

evolved inside the TPS-a subfamily (Zerbe et al. 2013). 

Another angiosperm-specific clade, i.e., TPS-b, contains either MTPSs or IPSs (Table 2). 

Although most of the TPS-b genes are from dicots, this group also includes two TPSs from sorghum, 

but none from rice (Table 1.1). Many of the enzymes of the TPS-b group form hemiterpenes and 

cyclic monoterpenes, which in gymnosperms derive from the activity of members of the 

gymnosperm-specific TPS-d1 clade (see below). This suggests that many specific MTPS functions 

might have evolved independently in the angiosperms and in the gymnosperms (Chen et al. 2011). 

The third angiosperm-specific clade, i.e., TPS-g, is closely related to the TPS-b one, except that 

its genes encode MTPSs, STPSs and DTPSs that produce mainly acyclic terpenoids (Table 2). A 

common structural feature of the TPS-g subfamily is that its members lack the N-terminal 

“RR(X)8W” motif, which is instead highly conserved in the MTPSs of the angiosperms TPS-b clade 

(mostly cyclases), as well as in the TPS-d1 clade of the gymnosperms (see below). Some members 

of the TPS-g gene subfamily, among which the mixed-substrate pairs AmNES/LIS‐1-AmNES/LIS‐2 

from A. majus (Nagegowda et al. 2008), and AtTPS02- AtTPS03 from Arabidopsis (Huang et al. 

2010), already discussed in Section 1.2 above, are seen as examples of evolution by means of neo-

functionalization of duplicated TPS genes involving a change in subcellular localization. 

The TPS-c clade includes the already mentioned CPS/KS (class-I/II DTPS) from P. patens, class-

II CPSs involved in primary metabolism (gibberellin biosynthesis) in both angiosperms and 

gymnosperms, as well as three TPSs from S. moellendorffii that hold only the “DXDD” motif but not 

the “DDXXD” motif, indicating that they are mono-functional CPSs (Chen et al. 2011). This 

subfamily also contains class-II DTPSs involved in the specialized metabolism of angiosperms (Table 

1.2). In rice, for instance, in addition to the OsCPSsyn gene involved in gibberellin biosynthesis, there 

are other two genes, namely OsCPS1/2, encoding for TPSs involved in antimicrobial defense (Peters 

2006). 

The TPS-e/f subfamily contains mainly class-I KSs from gymnosperms and angiosperms 

involved in the primary metabolism (gibberellin biosynthesis) (Table 1.2). Phylogenetic analyses 

showed that three TPSs from S. moellendorffii form a subclade located close to the bifurcation node 

of the TPS-c and the TPS-e/f clades (Chen et al. 2011; Li et al. 2012). In the proteins encoded by 

these S. moellendorffii genes, the presence of the "DDXXD" motif and the absence of the "DXDD" 

motif indicates that they function as class-I TPSs, likely KSs. Therefore, these three S. moellendorffii 
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TPSs are assigned to the TPS-e/f subfamily (Table 1.1). It is worth noting from Table 1 that a 

significant expansion within the TPS-e/f gene subfamily occurred in eucalypt and rice, compared to 

other plant species. Indeed, among the eleven analyzed plant species E. globulus, E. grandis and rice 

genomes contain eleven, ten and nine TPS-e/f genes, respectively, whereas the other eight species 

have 1-5 members (Table 1.1). It has been claimed (Xu et al. 2007) that the large number of TPS-e/f 

genes in rice might be aimed at the production of several labdane-type diterpenoids, which are 

involved in defense against pathogens, thus indicating that, in addition to class-I DTPSs (KSs) 

involved in gibberellin biosynthesis, TPS-e/f subfamily includes several TPSs involved in specialized 

metabolism (Table 1.2). 

Additional lines of evidence support such evolutionary diversification within the TPS-e/f 

subfamily. For instance, functionally characterized genes assigned to the TPS-e/f clade include 

AtTPS04 and PtTPS10, encoding for two DTPSs producing geranyl linalool in Arabidopsis (Herde et 

al. 2008) and P. trichocarpa (Irmisch et al. 2014), respectively, and CbLIS, encoding a MTPS 

producing linalool from Clarkia breweri flowers (Dudareva 1996). Moreover, the Solanum 

lycopersicum β-phellandrene synthase (PHS1), although belonging to the TPS-e/f subfamily, employs 

the uncommon substrate neryl diphosphate, the cis-isomer of GPP, to produce mainly β-phellandrene 

and a few other monoterpenes in the plastids of the glandular trichomes that cover the surfaces of the 

leaves and stems (Schilmiller et al. 2009). More interestingly, its analogous enzyme in S. 

habrochaites (89% identity) utilizes Z,Z-FPP to produce the two sesquiterpenes bergamotene and 

santalene in the plastids of the trichomes (Sallaud et al. 2009).  

S. moellendorffii TPSs, which do not belong either to the TPS-c or to the TPS-e/f subfamilies, 

cluster into a new clade designated as TPS-h (Tables 1 and 2). In contrast to the S. moellendorffii TPS 

genes in other clades, seven out of the eight TPS-h proteins of such lycophyte contain both the 

“DXDD” and the “DDXXD” motifs. Interestingly, such feature has never been found so far in 

angiosperm TPSs, whereas it does occur in several class-I/II TPS-d DTPSs from gymnosperms, as 

well as in the class-I/II CPS/KS from P. patens (Table 2 and see below). As discussed earlier, 

gymnosperm class-I/II DTPSs are likely to have evolved from a CPS/KS ancestor probably prior to 

the divergence from angiosperms, since neither lineage appears to contain a CPS/KS similar to that 

of P. patens (Keeling et al. 2010). By the same manner, the putative class-I/II TPSs in the newly 

established TPS-h subfamily is likely to have evolved from a prototypic TPS similar to the CPS/KS 

of P. patens, and may be implicated in the specialized terpenoid metabolism of S. moellendorffii.  
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1.5.  TERPENE SYNTHASE GENES IN GYMNOSPERMS 

 

As mentioned before, conifer trees produce complex mixtures of terpenoids, prevalently in the form 

of oleoresin, which can play multiple roles in the physical and chemical defense against insects and 

pathogens (Keeling and Bohlmann 2006; Zulak and Bohlmann 2010). The diversity of conifer 

terpenoids consists mainly of monoterpenes, sesquiterpenes and diterpenes, which, besides the 

primary catalysis brought about by a large family of TPSs, arise from the action of other enzymes, 

among which cytochrome P450 monoxygenases and transferases. This, by introducing additional 

functionalities to the TPS products, could further increase the structural complexity of conifer 

terpenoids (Ro et al. 2005; Keeling and Bohlmann 2006; Nelson 2011).  

In the preceding sections of the present review, it has been highlighted that, while the evolutionary 

diversification of angiosperms TPSs is thought to have arisen from DTPSs involved in gibberellin 

biosynthesis, the diversity amongst gymnosperm TPSs appears to have evolved from class-I/II DTPS 

ancestors sharing structural and functional similarities with the CPS/KS from P. patens. According 

to the different scenario in the evolution of TPSs from angiosperms and gymnosperms, the many 

MTPSs, STPSs and DTPSs of conifer specialized metabolism form the gymnosperm-specific TPS-d 

subfamily (Chen et al. 2011; Warren et al. 2015; Shalev et al. 2018). The functional variety of 

gymnosperm TPSs seems to have evolved via repeated gene duplication events and further sub- and 

neo-functionalization, contributing to the expansion of the TPS-d multigene family (Chen et al. 2011; 

Warren et al. 2015; Shalev et al. 2018), which represents the key player behind the chemical 

complexity of conifer specialized terpenes. In contrast, gymnosperm DTPSs involved in primary 

metabolism are members of the TPS-c and TPS-e/f subfamilies, which include also angiosperm 

orthologous genes, suggesting that DTPSs involved in gibberellin biosynthesis are conserved across 

the two phyla (Keeling et al. 2010; Chen et al. 2011). 

Until about a decade ago, our knowledge concerning the number, structural and functional 

complexity and phylogeny of gymnosperm TPSs was based on targeted cDNA cloning and 

characterization in two conifer species only, namely Abies grandis and P. abies, together with a few 

TPSs in other gymnosperms (Keeling and Bohlmann 2006; Chen et al. 2011). In A. grandis, 11 

distinct TPS genes were functionally characterized (Bohlmann et al. 1999). Martin et al. (2004) 

reported the isolation and characterization of nine different cDNAs coding for TPSs in P. abies and 

analyzed the phylogeny of 29 gymnosperm TPSs, all of which were included into the gymnosperm-

specific TPS-d subfamily. More insights into the structural diversity and functional complexity of 

gymnosperm TPSs, have been gained from the analysis of transcriptomic and genomic resources 

recently obtained by using next generation sequencing platforms, not only in several members of the 
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Pinaceae family, such as spruce (Picea ssp.) (Keeling et al. 2011; Warren et al. 2015) and pine (Pinus 

ssp.) (Hall et al. 2013a, b), but also in the Cupressaceae, such as Platycladus orientalis (Hu et al. 

2016) and Thuja plicata (Shalev et al. 2018).  

Since most of the gymnosperm TPSs with recognized biochemical function and well-established 

association with TPS-subfamilies are from the Pinaceae, while the Cupressaceae TPSs have only 

sporadically been considered, in the present review 20 putative full-length TPS sequences from 

several Cupressaceae species, such as Thuja plicata, Taiwania cryptomerioides, Chaemacyparis 

formosensis, Chaemacyparis obtusa and Callitropsis nootkatensis were used together with a 

representative set (62 sequences) of functionally characterized TPSs from Pinaceae, Taxaceae, 

Ginkgoaceae and Cycadaceae (Table 1.3) to construct a maximum likelihood phylogeny (Fig. 1.5).  
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Table 1.3. Full-length cDNA sequences retrieved from the NCBI database upon which the phylogenetic analysis of 

terpene synthases in gymnosperms was carried out (Fig. 1.5). The ent-kaurene synthase from the moss Physcomitrella 

patens was included as an outgroup. 

*Sequences retrived from Shalev et al. 2018 
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To such aim, the multiple alignment of protein sequences was performed by MUltiple Sequence 

Comparison by Log-Expectation (MUSCLE) algorithm and the phylogenetic tree was constructed by 

the Maximum Likelihood method using MEGAX software (Kumar et al. 2018).  

 

 

Fig. 1.5. Phylogenetic tree of terpene synthases (TPSs) in gymnosperms: Cupressaceae (red diamonds), Pinaceae (black), 

Taxaceae (green), Ginkgoaceae (brown) and Cycadaceae (heavenly). The Physcomitrella patens ent-kaurene synthase 

(PtTPS-entKS; violet diamond) was used to root the tree. Branches indicated with dots represent bootstrap support more 

than 80% (100 repetitions). Modifications in the typical γβα-domain architecture of TPS and the presence of functional 

active sites (a yellow cross indicate loss of function) are illustrated corresponding to the different subfamilies of the TPS 

plant family and to the different group within the TPS-d3 subfamily. Abbreviations: DTPSs, diterpene synthases; MTPSs, 

monoterpene synthases; STPSs, sesquiterpene synthases. 

 

According to previous phylogenetic analyses (Chen et al. 2011; Shalev et al. 2018), the 82 

gymnosperm TPSs considered here were divided into three major clades (Fig. 1.5), which correspond 

to the three TPS-c, TPS-e/f and TPS-d subfamilies of the plant TPS family.  

The TPS-c subfamily included the two functionally characterized class-II CPSs from P. glauca 

(Pg CPS) and P. sitchensis (Psi CPS) (Fig. 1.5), whereas the TPS-e/f one, in addition to the two 

functionally characterized class-I KSs from the same Picea species (Pg KS and Psi KS, respectively), 
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also included putative KSs involved in primary metabolism from the two Cupressaceae species T. 

plicata (Tp TPS1) and T. cryptomerioides (Tcr TPS1, TcrTPS2) (Fig. 1.5).  

The vast majority of the TPSs considered here fell into the TPS-d subfamily (Fig. 1.5), which, as 

already said, are reputed to be gymnosperm-specific and contains all the TPSs involved in the 

specialized metabolism. On the whole, Fig. 1.5 shows that proteins in the TPS-d subfamily appear to 

cluster together primarily on the basis of their general function, as indicated by the formation of 

distinct clades containing bifunctional and monofunctional DTPSs involved in secondary 

metabolism, three-domain (γβα) and two-domain (βα) STPSs, MTPSs and IPSs. Within each of such 

functional clades, TPSs of Cupressaceae mainly clustered apart from TPSs of Pinaceae, underlining 

the independent diversification and evolution of specific TPS functions in the two gymnosperm 

families (Fig. 1.5).  

As previously discussed, evolution in plants seems to have maintained class-I/II DTPSs only in 

cryptogamae and gymnosperms. In the latter phylum, class-I/II DTPSs constitute the TPS-d3 group 

(Keeling et al. 2011; Hall et al. 2013a), which also includes class-I DTPSs from Pinus and Taxus 

species, as well as the ancestral γβα-domain STPSs (Fig. 1.5). Class I/II DTPSs include the 

levopimaradiene/abietadiene and isopimaradiene synthases (LASs and ISOs, respectively) of 

diterpene resin acid (DRA) metabolism isolated from several Pinaceae (Peters et al. 2000; Martin et 

al. 2004; Hall et al. 2013a), as well as the class-I/II cis-abienol synthase from balsam fir (Ab CAS; 

Zerbe et al. 2012). Interestingly, Ab CAS is phylogenetically equidistant from the LAS from Ginkgo 

biloba (Gb LAS) and ISO and LAS enzymes from other Pinaceae, indicating that this enzymatic 

activity evolved before the speciation of fir, pine and spruce, and was lost in other Pinaceae (Hall et 

al. 2011; Zerbe et al. 2012; Fig. 1.5). Class-I DTPSs from P. contorta (namely Pc MDTPS1, Pc DTPS 

mPIM1 and Pc DTPS mISO1) form a separate branch within the TPS-d3 group, located close to the 

class-I/II DTPSs of DRA biosynthesis, but distant from other class-I DTPSs, such as taxadiene 

synthases from Taxus spp (Fig. 1.5). The above three TPSs from P. contorta are closely related to 

three T. plicata sequences (Tp STS3, Tp STS5 and TPS25) (Fig. 1.5), which, however, contain the 

class-II “DXDD” motif but lack the functional class-I “DDXXD” motif. Interestingly, class-II DTPSs 

of specialized metabolism have not been previously reported in gymnosperms and appear to be 

exclusive of the Cupressaceae. Since the newly discovered class-II DTPSs identified in the 

transcriptome of T. plicata (Shalev et al. 2018) could add themselves to the array of catalytic diversity 

exhibited by conifer DTPSs involved in specialized metabolism, their functional characterization will 

be important to elucidate the role of this new class of TPSs in the secondary metabolism of the 

Cupressaceae. The other two proteins from Cupressaceae, namely Tp TPS10 from T. plicata and Tcr 

TPS4 from T. cryptomerioides, both of which clustered in the clade of the putative DTPSs (Fig. 1.5), 
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are class-I enzymes that lack the functional class-II “DXDD” motif, whereas class-I/II DTPSs have 

not been found so far in the Cupressaceae. Finally, the clade of ancestral gymnosperm (γβα-domain) 

STPSs, which is also included in the TPS-d3 group, contains members from the Pinaceae, as well as 

from G. biloba and Cycas taitungensis, but none from the Cupressaceae (Fig. 1.5). 

In general, the phylogenetic analysis presented here suggests that events of mono-

functionalization, i.e., a form of sub-functionalization from a duplicated bifunctional ancestor, took 

place independently many times during the evolution of gymnosperm DTPSs. Such events led to the 

appearance of class-II and class-I DTPSs of gibberellin metabolism, the Taxus spp. taxadiene 

synthases, the newly identified class-II DTPSs in T. plicata, and the class-I DTPSs found in the 

Cupressaceae and Pinus species. The pine class-I DTPSs appear to have evolved from loss of the 

class-II active site, which instead remained unchanged in the similar class-I/II LAS and ISO enzymes, 

while it remains to be determined whether the class-I/II DTPSs have been lost in the Cupressaceae. 

Apart from DTPSs, mono-functionalization ultimately also led to the ancestral tri-domain (γβα) 

STPSs, and to the large family of bi-domain gymnosperm MTPSs and STPSs constituting the TPS-

d1 and TPS-d2 groups (Fig. 1.5). Within these two groups, it is evident that MTPSs and STPSs of the 

Cupressaceae clustered apart from those of the Pinaceae (Fig. 1.5), indicating that, as stated before, 

the diversification and the evolution of these two TPS functions occurred independently in the two 

gymnosperm families. While the TPS-d2 group included only the bidomain (βα) STPSs, TPS-d1 

contained all the known gymnosperm MTPSs, in addition to Pinaceae TPSs that use DMAPP as a 

substrate to produce hemiterpenes, and two bidomain STPSs isolated from P. taeda and P. abies 

which produce the acyclic sesquiterpene E,E-α-farnesene (Phillips et al. 2003; Martin et al. 2004; 

Fig. 1.5). 

 

 

1.6.  IDENTIFICATION AND PHYLOGENY OF TPS GENE SEQUENCES IN 

Pinus SPECIES 

 

Despite of its economic and ecological relevance, as well as of the importance of oleoresin terpenes 

in defense and as bioproducts, a comprehensive analysis of the functional diversity and evolution of 

TPSs in the Pinus genus still awaits to be carried out, to the best of our knowledge. Therefore, an 

extensive in silico search was performed here, to identify all the putative full-length TPSs for primary 

and specialized metabolisms in different Pinus species, and to describe their general characteristics, 

functional properties and phylogenetic relationships.  
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The identification of full-length cDNAs coding for putative pine TPSs was based on the BLAST 

search of the NCBI database, by using selected and functionally characterized TPSs from different 

conifer species (Table 1.4).  

 

 

Table 1.4. Full-length cDNA sequences of functionally characterized terpene synthases (TPSs) employed for the BLAST 

search in the NCBI database of the putative TPSs of Pinus spp. 

Species Function 
Type of 

TPS 

Accession  

number 
Reference 

Pinus contorta (+)‐3‐carene synthase MTPS JQ240307 Hall et al (2013a) 

  (–)‐β‐phellandrene synthase MTPS JQ240301 Hall et al (2013a) 

  (-)-β‐pinene synthase MTPS JQ240293 Hall et al (2013a) 

  Levopimaradiene/abietadiene synthase DTPS JQ240310 Hall et al (2013b) 

  Monofunctional diterpene synthase DTPS JQ240318 Hall et al (2013b) 

  Monofunctional isopimaradiene synthase DTPS JQ240314  Hall et al (2013b) 

Pinus sylvestris Longifolene synthase STPS EF679332 Köpke et al (2008) 

  β‐farnesene synthase STPS GU248335 Köpke et al (2008) 

Pinus taeda (-)-α-pinene synthase MTPS AF543527 Phillips et al (2003) 

  α-terpineol synthase MTPS AF543529 Phillips et al (2003) 

Picea abies   (E,E)-α-farnesene synthase STPS AY473627 Martin et al (2004) 

  E-α-bisabolene synthase STPS AY473619 Martin et al (2004) 

  (-)-limonene synthase MTPS AY473624 Martin et al (2004) 

  Isopimara-7,15-diene synthase DTPS AY473620 Martin et al (2004) 

Picea glauca Copalyl diphosphate synthase CPS ACY25274 Keeling et al (2010) 

  ent-kaurene synthase KS ACY25275 Keeling et al (2010) 

  (–)‐linalool synthase MTPS ADZ45500 Keeling et al (2010) 

  α-humulene synthase STPS HQ42615 Keeling et al (2010) 

Abbreviations: CPS, ent‐copalyl diphosphate synthase; DTPS, diterpene synthase; KS, ent-kaurene synthase; 

MTPS, monoterpene synthase; STPS, sesquiterpene synthase 

 

 

Database search identified a total of 93 full-length cDNA sequences coding for putative TPSs 

from 28 different Pinus species (Table 1.5). 
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Table 1.5. Full-length cDNA sequences of putative terpene synthases retrieved from the NCBI database upon which the 

phylogenetic analysis of terpene synthases in Pinus spp. was carried out (Fig. 1.7). The ent-kaurene synthase from the 

moss Physcomitrella patens was included as an outgroup (continue on the next page). 
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BLAST searches using as queries the CPS and KS from P. glauca (Table 1.5), assumed to 

represent DTPSs involved in primary metabolism (gibberellin biosynthesis, see above), detected 

orthologous full-length cDNA sequences only in P. tabuliformis (Pta CS1 and Pta KS1 in Table 1.5). 

It is worth noting that gymnosperm CPS and KS gene sequences have been previously isolated and 

characterized only in P. glauca and P. sitchensis (Keeling et al. 2010).  

Five STPSs were identified for Pinus species in the NCBI database, of which four from P. 

sylvestris (Ps STPS1-4 in Table 1.5) and one from P. taeda (Pt STPS1 in Table 1.5). As described 

before, this latter STPS produces the acyclic sesquiterpene (E,E)-α-farnesene (Phillips et al. 2003) 
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and clusters into the TPS-d1 group (Fig. 1.5). Heterologous expression in Escherichia coli allowed 

to find out that the first three STPSs from P. sylvestris produce longifolene and α-longipinene (Ps 

STPS1), 1(10), 5-germacradiene-4-ol (Ps STPS2), and (E)-β-caryophyllene and α-humulene (Ps 

STPS3), as their main products (Köpke et al. 2008). When compared to each other, the deduced amino 

acid sequences of the three above P. sylvestris enzymes showed identities ranging from 60 to 65%, 

whereas a greatest amino acid identity (70–80%) was noticed with other conifer STPS, such as 

longifolene synthase from [P. engelmannii x P. glauca] and a α-humulene synthase from P. glauca 

(Keeling et al. 2011). This indicates the presence of putative orthologous genes coding for these 

STPSs in different Pinaceae species. The fourth STPS from P. sylvestris, namely Ps STPS4, which 

was reported to produce (E)-β-farnesene as unique terpenoid (Köpke et al. 2010), showed only a low 

amino acid identity (35-39%) with the other three STPS from the same species. In contrast, Ps STPS4 

showed a 78–80% amino acid identity with several conifer tri-domain (γβα) STPSs, such as (E)-β-

farnesene synthase from Pseodotsuga menziesii (Huber et al. 2005) and (E)-α-bisabolene synthases 

from A. grandis and P. glauca (Trapp and Croteau 2001; Martin et al. 2004).  

BLAST searches using as queries the selected DTPSs from P. contorta and P. abies (Table S2) 

allowed to identify 13 DTPSs in Pinus species, of which seven and four in P. contorta and P. 

banksiana, respectively, and one each in P. taeda and P. densiflora (Table 1.5). Of these Pinus spp. 

DTPSs, five, namely Pc DTPS LAS1, Pc DTPS LAS2, Pb DTPS LAS1, Pt DTPS LAS1 and Pd DTPS 

ABS1, showed a high level (95-99%) of amino acid identity among each other, and were found to 

contain both the class-I and the class-II functional motifs, indicating that they are class-I/II DTPSs, 

similar to the already recognized conifer ISO and LAS enzymes of DRA biosynthesis (Peters et al. 

2000; Martin et al. 2004; Keeling et al. 2011; Zerbe et al. 2012, and see above). Four of the five pine 

class-I/II DTPSs, namely Pt DTPS LAS1, Pb DTPS LAS1, Pc DTPS LAS1 and Pc DTPS LAS2, 

were functionally characterized, by expressing them as recombinant proteins in E. coli (Ro and 

Bohlmann 2006; Hall et al. 2013a). By using liquid chromatography-mass spectrometry, and 

supplying GGPP as the substrate, the major diterpene products of the three P. banksiana and P. 

contorta LAS enzymes were found to be stereoisomers of 13-hydroxy-8 (14)-abietene (Hall et al. 

2013a). The replication of the same analysis by means of gas chromatography-mass spectrometry 

(GC-MS), which causes dehydration of 13-hydroxy-8(14)-abietene, led to the identification of 

abietadiene, levopimaradiene, and neoabietadiene, as the three major enzymatic products, consistent 

with the GC-MS results previously obtained for Pt DTPS LAS from P. taeda (Ro and Bohlmann 

2006). The production of the unstable diterpene tertiary alcohol 13-hydroxy-8(14)-abietene by the 

three P. banksiana and P. contorta LAS enzymes, suggests that water capture by a carbocation at the 
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class-I active site is a conserved and typical reaction brought about by the LAS enzymes in many 

conifer species (Keeling et al. 2011; Zerbe et al. 2012). 

The remaining eight putative DTPSs of Pinus spp. were found to be class-I enzymes, showing an 

intermediate amino acid identity (66-73%), both with the above five putative class-I/II DTPSs from 

Pinus species, and with the functionally characterized ISO and LAS enzymes of the DRA specialized 

metabolism in several conifers. Despite being putative monofunctional DTPSs, the above eight 

proteins showed only 33% to 34% sequence identity with the P. glauca ent‐copalyl diphosphate 

synthase (Pg CPS) and ent-kaurene synthase (Pg KS) of gibberellin metabolism (Keeling et al. 2010), 

indicating their involvement in the specialized metabolism, rather than in the primary one. Showing 

99% amino acid sequence identity to each other, Pc DTPS mISO1 and Pb DTPS mISO1, as well as 

Pc DTPS mPIM1 and Pb DTPS mPIM1, are probably two pairs of orthologous genes from P. contorta 

and P. banksiana, respectively. The other class-I DTPSs (namely Pc MDTPS1, Pc MDTPS2, 

PcmdiTPS3, and Pb MDTPS1), though very similar among each other’s (97% to 98% protein 

sequence identity), exhibited a low identity (71-75%) with the other identified pine DTPSs. 

Functional characterization of four of the eight class-I DTPSs, identified the putative orthologous pair 

Pc DTPS mPIM1 and Pb DTPS mPIM1 as single‐product pimaradiene synthases, whereas the 

orthologous pair of Pc DTPS mISO1 and Pb DTPS mISO1 were found to produce isopimaradiene as 

main product, whit small amounts of sandaracopimaradiene (Hall et al. 2013a). Interestingly, class-I 

DTPSs of specialized DRA metabolism have not been previously identified in Pinaceae. The only 

other known examples of class-I DTPSs of specialized metabolism in gymnosperms are the two TPSs 

identified in the Cupressaceae species T. plicata (Tp TPS10) and T. cryptomerioides (Tcr TPS4), 

whose functions remain to be determined, and taxadiene synthases in Taxus ssp. (Wildung and 

Croteau 1996), which specifically transforms GGPP into the macrocyclic taxadiene backbone without 

the need for a bicyclic diphosphate intermediate. The aforementioned class-I DTPS characterized by 

Hall et al. (2013a) are the first examples in gymnosperms of enzymes able to synthetize mainly 

pimaradiene; as such, they add themselves to the already known ISO and LAS conifers DTPS 

participating in the DRA specialized metabolism.  

BLAST searches using as queries the seven selected MTPSs from P. contorta, P. abies and P. 

glauca (Table 1.4) detected 74 putative full-length cDNAs coding for MTPSs from 26 different Pinus 

species (Table 1.5). However, only 32 of them could be classified as true MTPSs. The deduced amino 

acid sequences of the remaining 42 cDNA sequences, from 18 different Pinus species, were predicted 

to synthetize 2‐methyl‐3‐buten‐2‐ol (MBO), a C5 alcohol produced and emitted by several pine 

species (Lerdau and Gray 2003). MBO is related to isoprene by a structural and biosynthetic point of 

view and both derive from DMAPP (Gray et al. 2011). The gene for MBO synthase (MBOS) was 
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first isolated from Pinus sabiniana (towani pine, digger pine) and found to encode for a bifunctional 

enzyme able to produce both MBO and isoprene in a 90:1 ratio (Gray et al. 2011). Conifer MBOSs 

appear to have evolved independently from their homologous proteins in angiosperms, i.e., IPSs 

(Sharkey et al. 2013). Indeed, phylogenetic analysis showed that MBOSs fall into the TPS‐d1 group, 

together with the gymnosperm MTPSs, and are most closely related to linalool synthases from P. 

abies (Martin et al. 2004) and P. sitchensis (Keeling et al. 2011) (Fig. 1.5). The 42 full-length MBOS 

sequences identified here showed a high level of homology among each other (93-99% amino acid 

sequence identity) as shown in the phylogenetic tree reported in Fig. 1.6.  
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Fig. 1.6. Phylogenetic tree for the deduced amino acid sequences of the 2‐methyl‐3‐buten‐2‐ol synthases (MBOSs) from 

Pinus species identified in NCBI database (Table 1.5). Physcomitrella patens ent‐kaurene synthase (Pt TPS-entKS) was 

used to root the tree. 
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To gain a deeper understanding of the evolution of TPS family in the Pinus genus, we performed 

a phylogenetic analysis including all the identified pine MTPSs (32), DTPSs (13) and STPSs (5), the 

two P. tabuliformis class-I (KS) and class-II (CPS) of gibberellin biosynthesis, and, by considering 

the high level of homology among each other, five of the 42 MBOSs (see experimental procedures 

in the supplementary material). The corresponding phylogenetic tree is reported in Fig. 1.7. 

All the pine TPSs involved in specialized metabolism, i.e., MTPSs, STPSs and DTPSs, were 

clearly separated from the two P. tabuliformis TPSs of primary (gibberellin) metabolism, i.e., Pta 

KS1 and Pta CPS1 (Fig. 1.7), consistent with their assignment to distinct TPS subfamilies, namely 

TPS-d for the formers, and TPS-c and TPS-e/f for the latter (Fig. 1.5). In turn, the pine TPSs involved 

in specialized metabolism can be divided into three major clades, corresponding to the three TPS-d1, 

TPS-d2 and TPS-d3 groups in which the gymnosperm-specific TPS-d subfamily has been subdivided 

(Martin et al. 2004; Keeling et al. 2011, Chen et al. 2011).  
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Fig. 1.7. Phylogenetic tree of the deduced amino acid sequences of terpene synthases (TPSs) in Pinus spp. The 

Physcomitrella patens ent-kaurene synthase (Pt TPS-entKS) was used to root the tree. Branches indicated with dots 

represent bootstrap support more than 80% (100 repetitions). Colour rectangles denote TPS subfamilies and groups 

within the TPS-d subfamily. For acronyms denoting plants species, see Table 1.3. Abbreviations: CPS, ent‐copalyl 

diphosphate synthase; DTPS, diterpene synthase; KS, ent-kaurene synthase; MBOS, 2‐methyl‐3‐buten‐2‐ol synthase; 

MTPS, monoterpene synthase; STPS, sesquiterpene synthase. 
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The present phylogenetic analysis showed that all the MTPSs identified in the Pinus species clustered 

with the pine MBOSs in the TPS-d1 group (Fig. 1.7), thus confirming the previous findings of Gray 

et al. (2011). The five identified STPSs in Pinus species were found to distribute in all of the three 

TPS-d clades (Fig. 1.7). Four of them are bi‐domain (βα) STPSs, of which the three from P. sylvestris 

(Ps STPS1-3) were assigned to the TPS-d2 group, whereas the one from P. taeda (Pt STPS1) to the 

TPS-d1 group. The fifth STPS, identified in P. sylvestris (Ps STPS4), is a three-domain (γβα) enzyme, 

which clustered into the TPS‐d3 group together with all the mono‐ and bi-functional DTPSs identified 

in the Pinus species (Fig. 1.7).  

Consistent with previous phylogenetic analyses (Hall et al. 2013a), the five class-I/II DTPSs, 

namely Pc DTPS LAS1/LAS2, Pb DTPS LAS1, Pt DTPS LAS1 and Pd DTPS ABS1, formed a 

separate branch within the TPS‐d3 group close to the eight monofunctional class-I DTPSs, namely 

Pb MDTPS1, Pc MDTPS1/MDTPS2/MDTPS3, Pc DTPS mISO1, Pb DTPS mISO1, Pc DTPS 

mPIM1 and Pb DTPS mPIM1 (Fig. 1.7). Furthermore, the putative orthologous pairs Pb DTPS 

mPIM1/Pc DTPS mPIM1 and Pb DTPS mISO1/Pc DTPS mISO1, for which Hall et al. (2013a) 

showed biochemical functions, clustered in a separate branch with respect to the four remaining 

monofunctional DTPSs, namely Pb MDTPS1, Pc MDTPS1/MDTPS2/MDTPS3, for which no 

activity was observed by the above authors. The topology of the phylogenetic tree in Fig. 1.7 indicates 

that the P. contorta and P. banksiana class-I DTPSs of specialized metabolism have evolved in 

relatively recent times through gene duplication of a class-I/II DTPS, accompanied by loss of the 

class-II activity and subsequent functional diversification. It is worth noting that while the class-I/II 

LAS enzymes of P. contorta and P. banksiana have orthologs in other conifers, within and outside 

of the Pinus genus, e.g., in P. taeda (Fig. 1.7), P. abies, P. sitchensis, A. balsamea and A. grandis 

(Fig. 1.5), class-I DTPSs of specialized metabolism have not yet been discovered outside of the Pinus 

genus. It is therefore conceivable that they constitute a lineage-specific clade of the TPS-d3 group 

arising from a common ancestor of the closely related species of P. contorta and P. banksiana, 

possibly after the split from P. taeda, and after that pine, spruce, and fir genera became separated 

from each other. 

Within the major TPS-d1 clade, phylogenetic analysis showed that the 32 pine MTPSs and the 

five selected pine MBOSs clustered into seven distinct groups (Fig. 1.7). It is worth noting that some 

of the pine MTPSs, including the proteins responsible for hemiterpenes biosynthesis (MBOSs), 

grouped phylogenetically with functionally similar MTPSs from grand fir (A. grandis) and spruce (P. 

glauca, P. abies and P. sitchensis) (Fig. 1.5). This functional conservation across species indicates 

that significant gene duplication and functionalization took place before the speciation of pine, fir and 

spruce.  
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The Group 1 of TPS-d1 clade (Fig. 1.7) contained the five selected MBOSs that use DMAPP as 

a substrate to produce hemiterpenes (Gray et al. 2011, see above). Phylogenetic analysis at the 

gymnosperms level (Fig. 1.5) showed that the MBOSs from several Pinaceae species are closely 

related to linalool synthases from P. abies and P. sitchensis. 

Group 2 (Fig. 1.7) included only two proteins from P. contorta (Pc MTPS6) and P. banksiana (Pb 

MTPS5), which were shown to form α‐terpineol as the major product (Hall et al. 2013b). These two 

proteins have only a 62% sequence identity with Pt MTPS2, a P. taeda protein that also produces α‐

terpineol (Phillips et al. 2003) but was assigned to the Group 4 (Fig. 1.7). Indeed, Fig. 1.5 indicates 

that Pc MTPS6 and Pb MTPS5 were more closely related (77% identity) to 1,8‐cineole synthases 

from P. glauca and P. sitchensis (Keeling et al. 2011). 

Group 3 (Fig. 1.7) contained two P. banksiana proteins (Pb MTPS6‐7) and one from P. contorta 

(Pc MTPS4), that were shown to produce (+)‐3‐carene as their major product (Hall et al. 2013b). As 

shown in the phylogenetic tree reported in Fig. 1.5, Pc MTPS4 grouped with functionally similar 

MTPSs from P. abies, P. glauca, and P. sitchensis (Keeling et al. 2011), indicating that the genes 

involved in the synthesis of (+)‐3‐carene originated before the speciation of pine and spruce. 

Group 4 (Fig. 1.7) contained four MTPSs from P. contorta and P. banksiana (Pc MTPS2 and Pb 

MTPS 2‐4), which were shown to produce (−)‐β‐pinene as their major product and also (−)‐α‐pinene, 

but in comparatively lower amounts (Hall et al. 2013b). These four MTPSs are closely related to a P. 

taeda protein (Pt MTPS2) (Fig. 1.7), which instead produces (−)‐α‐terpineol, but neither (−)‐β‐pinene 

nor (−)‐α‐pinene (Phillips et al. 2003). On one hand, this demonstrates that it is not always possible 

to predict the function of a putative MTPS only based on its sequence identity with homologous 

enzymes; indeed, it has been reported that few amino acid substitutions are sufficient to modify the 

product profiles of MTPSs from grand fir (Katoh et al. 2004; Hyatt et al. 2005). On the other hand, a 

high level of sequence identity as opposed to a clearly distinct catalytic competence provides a good 

example to illustrate the functional plasticity of MTPSs in conifers. The second member from P. 

contorta assigned to the Group 4, namely Pc MTPS3, did not show any activity with GPP, FPP or 

GGPP as substrates, either as full-length or as a truncated protein from which the putative plastid-

targeting peptide had been removed (Hall et al. 2013b). Finally, another member of Group 4, namely 

Pm MTPS2 from P. massoniana, although reported to be a (-)‐α‐terpineol synthase in the NCBI 

database, most likely on the basis of the high sequence identity with Pt MTPS2 from P. taeda, was 

not functionally characterized yet, to the best of our knowledge.  

Group 5 (Fig. 1.7) included ten putative α‐pinene synthases, of which only those from P. taeda 

(Pt MTPS1), P. contorta (Pc MTPS1) and P. banksiana (Pb MTPS1) have been functionally 

characterized as forming (−)‐α‐pinene as their main product (Phillips et al. 2003; Hall et al. 2013b). 
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Phylogenetic analysis at the gymnosperms level (Fig. 1.5) showed that Pc MTPS1 groups most 

closely with spruce and fir enzymes that also produce (−)‐α‐pinene (Bohlmann et al. 1997; Keeling 

et al. 2011). This indicates that the genes involved in the synthesis of (−)‐α‐pinene originated before 

pine, fir and spruce became separated species, as also occurred for the genes encoding for (+)‐3‐

carene synthases. 

Group 6 (Fig. 1.7) contained three proteins from P. contorta and P. banksiana (Pc MTPS8‐9 and 

Pb MTPS11) which form (−)‐β‐phellandrene as their major product (Hall et al. 2013b). Another 

member of this group, namely Pc MTPS7 from P. contorta, although showing a 95% identity with 

the above (−)‐β‐phellandrene synthases, forms predominantly (−)‐camphene and (+)‐α‐pinene, along 

with other minor products (Hall et al. 2013b). 

Group 7 (Fig. 1.7) included three MTPSs from P. taeda (Pt MTPS3), P. contorta (Pc MTPS5) 

and P. banksiana (Pb MTPS8) that were shown to form (+)‐α‐pinene as their dominant product 

(Phillips et al. 2003; Hall et al. 2013b). Two additional members of Group 7, namely Pb MTPS9‐10 

from P. banksiana, showed no activity with GPP, GGPP or FPP as the substrates (Hall et al. 2013b). 

Finally, the member of Group 7 from P. kesiya, although reported to be a α‐pinene synthase in the 

NCBI database, was not functionally characterized so far. 

Previous phylogenetic analyses (Hall et al. 2013b) showed that (+)‐α‐pinene synthases and (−)‐β‐

phellandrene synthases from P. contorta, P. banksiana and P. taeda form a unique and apparently 

Pinus-specific subclade within the TPS‐d1 group, as also shown in our phylogeny of gymnosperm 

TPSs, in which two representative members of Group 6 (Pc MTPS8) and Group 7 (Pb MTPS8) are 

clearly separated from the other conifer MTPSs (Fig. 1.5). In the phylogenetic tree of Fig. 1.5, 

moreover, the (−)‐β‐phellandrene synthases from P. contorta (Pc MTPS8), A. grandis (Ag betaPHEL) 

and P. sitchensis (Psi betaPHEL) clustered separately from each other, suggesting a multiple origin 

of (−)‐β‐phellandrene biosynthesis in Pinaceae. Finally, by comparing Fig. 1.7 with Fig. 1.5 it is worth 

noting that genes coding for MTPS producing (+)‐α‐pinene as their main product have not been 

identified so far in any other genus of the Pinaceae, except that in Pinus, indicating that this function 

may have evolved in the pine lineage after its separation from spruce and fir.  
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1.7.  ISOLATION OF CDNA AND GENOMIC SEQUENCES CODING FOR 

MTPS IN Pinus nigra subsp. laricio 

 

As a case study, we report here about the first attempt to isolate MTPS sequences in a non-model 

pine species by using a strategy based on the phylogeny of available MTPSs from different Pinus 

species (Fig. 1.7).  

Pinus nigra subsp. laricio (Poiret) is one of the six subspecies of Pinus nigra J.F. Arnold (black 

pine); it is found in Corsica, and in southern Italy with a natural range extending from Calabria to 

Sicily (Nicolaci et al. 2014). In Calabria, where it is considered an endemic species, it grows on the 

Sila and Aspromonte mountains, and represents an essential element of the forest landscape that plays 

an important role not only in soil conservation and watershed protection, but also in the local forest 

economy (Nicolaci et al. 2014).  

To gain insights into the ecological and functional roles of terpenes in P. laricio, an insofar 

completely neglected species under such respect, we preliminarily determined, via a conventional 

GC-MS approach, the terpene profile of P. laricio needles, identifying several monoterpenes such as 

(−)-β-pinene, (−)-α-pinene, (+)-α-pinene, (+)-3-carene, and (−)-β-phellandrene, as the most abundant 

terpenoids in the above organs (data not shown; M. Badiani and A. Sorgonà, unpublished). Thus, we 

focused our attention in isolating cDNA sequences encoding MTPSs potentially involved in the 

synthesis of the aforementioned monoterpenes in P. laricio.  

Deduced amino acid and nucleotide sequences of pine MTPSs belonging to each of the seven 

phylogenetic groups in the TPS-d1 clade (Fig. 1.7) were aligned in order to identify highly conserved 

regions among members of each group. The nucleotide sequences in the identified conserved regions 

for each group were then used to design specific primers for the isolation by RT-PCR of partial 

transcripts coding for MTPSs in P. laricio needles (see experimental procedures in the supplementary 

material). By using such strategy, we were able to isolate and sequence partial MTPS transcripts of 

putative P. laricio orthologous genes belonging to five out of the seven phylogenetic groups in which 

the TPS-d1 clade can be subdivided. Moreover, four partial P. laricio transcripts of Groups 1, 2, 5 

and 7, were used as a template for isolating full-length MTPS cDNAs by 5' and 3' RACE extensions. 

The four full-length cDNAs contained ORFs of 1845, 1857, 1908 and 1890 bp encoding proteins of 

614, 618, 635 and 629 aa, respectively (Fig. 1.8). The group 4 partial transcript of 1132 bp in length 

encoded an incomplete protein of 376 aa (Fig. 1.8).  

 



72 

 

 

Fig. 1.8. Alignment of deduced amino acid sequences of full-length cDNAs (Pnl MBOS-1.1, Pnl MTPS-1.2, -1.5 and -1.7) 

and partial genomic and cDNA sequences (Pnl MTPS-1.3 and-1.4) isolated from Pinus nigra subsp. laricio needles. The 

black-shaded residues are highly conserved ones; the gray-shaded residues are identical in at least three of the six 

sequences shown. The brace indicates the putative N-terminal transit peptide region. The “RRX8W” and the “DDxxD” 

motifs are indicated with red open rectangles. Abbreviations: MBOS, 2‐methyl‐3‐buten‐2‐ol synthase; MTPS, 

monoterpene synthase. 

 

Putative orthologous genes for the phylogenetic TPS-d1 Group 3 were not found in the 

transcriptome of P. laricio needles, despite extensive efforts to amplify by PCR cDNA fragments of 

such genes, suggesting that they were not expressed in the source plant material (needles). Therefore, 

to verify the presence of Group 3 genes within the P. laricio genome, we used the primers designed 

in conserved regions of pine members of the phylogenetic TPS-d1 Group 3 and the genomic DNA 

extracted from P. laricio needles as a template. Such strategy yielded a P. laricio genomic fragment 

of 2630 bp, extended from the 5' to the 3' ends of the coding region, which contained ten exons (with 

the first and the tenth incomplete) and nine introns (Fig. 1.9), being consistent with the previously 

characterized genomic sequences of conifer MTPSs (Trapp and Croteau 2001; Hamberger et al. 2009; 

Hall et al. 2011).  
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Fig. 1.9. Strategy adopted for the genomic amplification of a putative Pinus nigra subsp. laricio gene belonging to the 

phylogenetic TPS-d1 Group 3. A) Schematic representation of the full-length cDNA of a representative member of the 

phylogenetic TPS-d1 Group 3 (PcMTPS4 from Pinus contorta, in the present case, see Fig. 1.7 and Table 1.5) in which 

the positions of the forward (F2) and the reverse (R3) primers used in the amplification of genomic DNA are shown. B) 

Intron (yellow)/exon (blue) structure of the amplified Pinus nigra subsp. laricio genomic sequence. The positions of the 

primers used to amplify the genomic fragment are also shown. 

 

In this context, it is noteworthy the high conservation of the exon size detected between genes 

coding for MTPS in A. grandis (Trapp and Croteau 2001), P. glauca (Hamberger et al. 2009), P. 

sitchensis (Hall et al. 2011) and the P. laricio genomic sequence isolated in the present study. Based 

on the determined intron/exon structure, the genomic fragment holds a partial nucleotide sequence 

potentially translated to having 1517 bp coding for an incomplete protein of 505 aa (Fig. 7).  

A combined phylogenetic analysis of the six deduced aminoacid sequences from P. laricio (Pnl 

MBOS 1.1, Pnl MTPS 1.2, Pnl MTPS 1.5, Pnl MTPS 1.7, Pnl MTPS 1.4 and Pnl MTPS 1.3) with all 

the pine MTPSs (32) and the five selected MBOSs identified in the NCBI database (see Fig. 6), 

allowed to place the P. laricio predicted proteins in six out of the seven TPS-d1 phylogenetic groups 

(Fig. 1.10), thus confirming the validity of the approach used for their isolation. 

All the six P. laricio predicted proteins contained highly conserved and characteristic regions of 

plant MTPSs (Fig. 1.8). For instance, each of the four full-length predicted proteins incorporate 

sequences for a putative transit peptide ranging from 40 to 56 aa for import of mature proteins into 

plastids upstream of a conserved “RRX8W” domain. This, as reported before, is reputed to be 

essential for the catalysis of monoterpene cyclization (Whittington et al. 2002; Hyatt et al. 2007). 

Moreover, all the six P. laricio predicted proteins had a conserved aspartate-rich domain, i.e., 
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“DDxxD”, responsible for class-II activity that coordinates substrate binding via the formation of 

divalent-cation salt bridges (Tarshis et al. 1996; Lesburg et al. 1997).  

Because a strategy based on the phylogeny of all the available MTPSs from different Pinus species 

was instrumental for isolating the full-length transcripts coding for MTPSs in P. laricio, this same 

approach could be promising for isolating from this non-model conifer species also the TPS-d 

members producing diterpenes and sesquiterpenes. The study of the TPS gene family in P. laricio 

and the functional characterization of their members will further help to understand the chemical 

diversity of terpenoids in this species, as affected by the interactions with its native environment. 
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Fig. 1.10. Phylogenetic tree of the deduced amino acid sequences obtained by combining monoterpene synthases (MTPSs) 

and the five selected 2‐methyl‐3‐buten‐2‐ol synthases (MBOSs) identified in different Pinus species (Fig. 3.7 and Table 

3.5) and the six sequences isolated from Pinus nigra subsp. laricio (outlined in red). Physcomitrella patens ent-kaurene 

synthase (Pt TPS-entKS) was used to root the tree. Branches indicated with dots represent bootstrap support more than 

80% (100 repetitions). The seven phylogenetic groups identified in the pine members of TPS-d1 clade are highlighted 

with square brackets. For acronyms denoting plants species, see Table 3.5. 
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1.8.  CONCLUSIONS AND PROSPECTS 

 

Conifers developed a variety of physical and chemical defenses against pathogens and herbivores, 

among which one of the most significant is the production of oleoresin, a complex blend of volatile 

mono- and sesqui-terpenes, along with non-volatile diterpene resin acids. In fact, the complex defense 

system of conifer oleoresin is considered one of the main factors that has enabled conifer trees to 

evolve and flourish as the dominant group of gymnosperms on the planet. Because of the ample 

physical and chemical diversity of oleoresin terpenoids and the resulting technological versatility, 

many of these compounds have also made their way in the food industry, as well as in the production 

of cosmetics, medicine, and chemicals. 

The increasing interest in new terpenoid products for industrial uses makes dependence on natural 

resources alone not always sufficient or feasible. However, new possibilities exist nowadays for 

developing and improving the production of high-value terpenoid compounds on an industrial scale, 

via metabolic engineering of the natural biosynthetic pathway in bacterial (E. coli) and yeast 

(Saccharomyces cerevisiae) systems, and also in heterologous plant hosts. Therefore, novel and in-

depth knowledge of the evolutionary diversification of members of conifer TPS family, their modular 

structure, and their putative functions appears to be important not only for a deeper understanding of 

their physiological and ecological roles, but also to foster metabolic engineering and synthetic biology 

tools for the production of high value terpenoid compounds. 

 Latest developments in conifer transcriptome and genome sequencing, together with metabolite 

analysis, have boosted the identification and annotation of terpenoid pathway genes. However, until 

now functional characterization has been achieved only for a subset of TPS members in each of the 

considered Pinaceae, while no functional analysis is reported for the TPSs recently identified in the 

Cupressaceae. It is worth nothing that precise computational annotation of TPS functions is 

significantly hindered by the high sequence identity of proteins with different enzymatic activities. 

Therefore, TPS characterization needs a laborious in vitro and in vivo evaluation of each candidate 

gene, often hampered by the absence of commercially available substrates and standards. 

Furthermore, comparatively few experiments have been dedicated so far to elucidate TPSs molecular 

architecture in gymnosperms.  

Comprehensive structural and functional analyses of members of the TPS family in selected 

model Pinaceae species, such as P. glauca, A. grandis, P. taeda and P. contorta, for which large 

transcriptomic and genomic resources are available, as well as plants occupying key position in the 

conifer phylogeny, like species belonging to Cupressaceae and Taxaceae families, will provide new 

knowledge about the variety of terpenoid compounds that can be synthesized by a single conifer 
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species, and how its enzymes have developed the ability to do so. Simultaneously, wide transcriptome 

projects targeted at gymnosperm species producing interesting terpenoid metabolites, as recently 

reported for the Cupressaceae species P. orientalis and T. plicata, will boost the discovery and 

annotation of comprehensive sets of TPS genes in non-model conifer species. Alternatively, a 

comprehensive phylogenetic analysis of the identified TPS genes in a particular genus can help for 

isolating genomic and cDNA sequences from so-far neglected, but otherwise ecologically and 

economically relevant, conifer species, as shown in the case study reported here. 
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2. CHAPTER 2: DITERPENE RESIN ACIDS AND OLEFINS IN 

CALABRIAN PINE (Pinus nigra subsp. laricio (POIRET) MAIRE) 

OLEORESIN: GC-MS PROFILING OF MAJOR DITERPENOIDS IN 

DIFFERENT PLANT ORGANS, MOLECULAR IDENTIFICATION 

AND EXPRESSION ANALYSIS OF DITERPENE SYNTHASE 

GENES. 

Adapted from: Alicandri et al. (2021) Diterpene resin acids and olefins in Calabrian pine 

(Pinus nigra subsp. laricio (Poiret) Maire) oleoresin: GC-MS profiling of major diterpenoids 

in different plant organs, molecular identification and expression analysis of diterpene 

synthase genes.  Plants 2021, 10, 2391. https://doi.org/10.3390/plants10112391 

 

Abstract:  

A quali-quantitative analysis of diterpenoid composition in tissues obtained from different organs of 

Pinus nigra subsp. laricio (Poiret) Maire (Calabrian pine) was carried out. Diterpene resin acids were 

the most abundant diterpenoids across all the examined tissues. The same nine diterpene resin acids 

were always found, with the abietane type prevailing on the pimarane type, although their quantitative 

distribution was found to be remarkably tissue specific. The scrutiny of the available literature 

revealed species specificity as well. A phylogeny-based approach allowed us to isolate four cDNAs 

coding for diterpene synthases in Calabrian pine, each of which belonging to one of the four groups 

into which the d3 clade of the plants’ terpene synthases family can be divided. The deduced amino 

acid sequences allowed predicting that both monofunctional and bifunctional diterpene synthases are 

involved in the biosynthesis of diterpene resin acids in Calabrian pine. Transcript profiling revealed 

differential expression across the different tissues and was found to be consistent with the 

corresponding diterpenoid profiles. The isolation of the complete genomic sequences and the 

determination of their exon/intron structures allowed us to place the diterpene synthase genes from 

Calabrian pine on the background of current ideas on the functional evolution of diterpene synthases 

in Gymnosperms. 

 

Keywords: diterpenoids; diterpene synthase; Pinus nigra subsp. laricio (Poiret) Maire; Calabrian 

pine; pine oleoresin; genomic organization of gymnosperm diterpene synthases; diterpene resin acid   
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Key to plant species:  

Abies balsamea (L.) Mill., 1768, balsam fir; Abies grandis (Douglas ex D. Don) Lindl., grand fir; 

Physcomitrella patens (Hedw.) Bruch & Schimp., spreading earthmoss; Picea abies (L.) H. Karst, 

Norway spruce; Picea glauca (Moench) Voss, white spruce; Picea sitchensis (Bongard) Carrière, 

1855, Sitka spruce; Pinus banksiana Lamb., jack pine; Pinus contorta Douglas, lodgepole pine; Pinus 

nigra J.F.Arnold, Austrian pine or black pine; Pinus nigra subsp. laricio (Poiret) Maire, Calabrian 

pine; Pinus pinaster Aiton, maritime pine; Pinus radiata D.Don, Monterey pine; Pinus taeda L., 

loblolly pine; Pseudolarix amabilis (N. Nelson) Rehder, golden larch 

 

 

2.1.  INTRODUCTION 
 

Gymnosperms developed a variety of physical and chemical defenses against pathogens and 

herbivores, among which one of the most significant is the production of terpenoid metabolites (Zulak 

and Bohlmann, 2020; Celedon and Bohlmann, 2019; Ma et al. 2019; Boncan et al. 2020. The complex 

terpenoid defense mechanisms have persisted throughout the long evolutionary history of 

gymnosperms and their decreasing geographical distribution during the Cenozoic era (Chou et al. 

2011; Leslie et al. 2012), but diversified into often species-specific metabolite blends. For instance, 

structurally related labdane-type diterpenoids, such as ferruginol and derivative compounds, act as 

defense metabolites in many Cupressaceae species (Ma et al. 2019; Karchesy et al. 2018; Simoneit 

et al. 2018). On the other hand, diterpene resin acids (DRAs), together with mono- and sesqui-

terpenes, are the main components of the oleoresin defense system in the Pinaceae species (e.g., 

Conifers), and have been shown to provide an effective barrier against stem-boring weevils and 

associated pathogenic fungi (Robert et al. 2010, Lah et al. 2013, Wang et al. 2013, Kshatriya et al. 

2018).  

Diterpenoids from gymnosperms are also important for their technological uses, being employed 

in the production of solvents, flavours, fragrances, pharmaceuticals and a large selection of 

bioproducts (Zulak and Bohlmann, 2010; Zerbe et al. 2013): among the many other examples, the 

anticancer drugs pseudolaric acid B, obtained from the roots of the golden larch (Pseudolarix 

amabilis) (Mafu et al. 2017), and taxol, extracted from yew (Taxus spp.) (Croteau et al. 2006), as 

well as cis-abienol, produced by balsam fir (Abies balsamea), which is a molecule of interest for the 

fragrance industry (Zerbe et al. 2012).  

The diterpenoids of conifer oleoresin are largely members of three structural groups, the abietanes, 

the pimaranes, and the dehydroabietanes, all of which are characterized by tricyclic parent skeletons 
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(Celedon and Bohlmann, 2019; Hamberger et al. 2011). These diterpenoids are structurally similar 

to the tetracyclic ent-kaurane diterpenes, which include the ubiquitous gibberellin (GA) 

phytohormones. Both the oleoresin diterpenoids of specialized metabolism and the GAs of general 

metabolism derive from the common non-cyclic diterpenoid precursor geranylgeranyl diphosphate 

(GGPP). 

In conifers, among the other gymnosperms, the structural diversity of diterpenoids results from 

the combined actions of diterpene synthases (DTPSs) and cytochrome P450 monooxygenases 

(CP450s) (Celedon and Bohlmann, 2019). The former enzymes catalyze the cyclization and 

rearrangement of the precursor molecule GGPP into a range of diterpene olefins, often referred to as 

the neutral components of the oleoresins. Olefins are then functionalized at specific positions by the 

action of CP450s, through a sequential three-step oxidation first to the corresponding alcohols, then 

to aldehydes, and finally to DRAs (Celedon and Bohlmann, 2019), such as abietic, dehydroabietic, 

isopimaric, levopimaric, neoabietic, palustric, pimaric, and sandaracopimaric acids, which are the 

major constituents of conifers oleoresins (Celedon and Bohlmann, 2019; Hamberger et al. 2011; 

Celedon and Bohlmann, 2019)). The chemical structure of the most represented diterpenoids in Pinus 

spp. are reported in Figure 2.1. 

 

 

Figure 2.1. Chemical structures of the most represented diterpenoids in Pinus spp. [R = CH3 olefins constituents; R = 

CH2OH alcoholic constituents; R = CHO aldehydic constituents; R = COOH diterpene resin acid (DRA) constituents]. 

(Adapted from Turner et al. 2019).  
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Diterpene synthases in gymnosperms share a conserved α-helical fold with a common three-

domains γβα architecture, and characteristic functional motifs (DxDD, DDxxD, NSE/DTE), which 

determine the catalytic activity of the enzymes (Celedon and Bohlmann, 2019; Gao et al. 2012). 

Indeed, depending on domain structure and presence/absence of signature active-site motifs, three 

major classes of DTPSs can be identified, namely monofunctional class I and class II DTPSs (mono-

I-DTPS and mono-II-DTPS in the following, respectively) and bifunctional class I/II DTPSs (bi-I/II-

DTPSs in the following) (Alicandri et al. 2020). Mono-II-DTPSs contain a conserved DxDD motif 

located at the interface of the γ and β domains, which is critical for facilitating the protonation-

initiated cyclization of GGPP into bicyclic prenyl diphosphate intermediates (Peters, 2010), among 

which copalyl diphosphate (CPP) and labda-13-en-8-ol diphosphate (LPP) are the most common (Ma 

et al. 2019; Hall et al. 2013a; Ma et al. 2021). Mono-I-DTPSs then convert the above bicyclic 

intermediates into the tricyclic final structures, namely diterpene olefins, by ionization of the 

diphosphate group and rearrangement of the carbocation, which is facilitated by a Mg2+-cluster 

coordinated between the DDxxD and the NSE/DTE motifs in the C-terminal α-domain.  

Bi-I/II-DTPSs, regarded as the major enzymes involved in the specialized diterpenoids 

metabolism in conifers, contain all the three functional active sites, namely DxDD (between γ and β 

domains), DDxxD and NSE/DTE (in the α-domain), and therefore are able to carry out in a single 

step the conversion of the linear precursor GGPP into the final tricyclic olefinic structures, which 

serve in turn as the precursors for the most abundant DRAs in each species (Keeling et al. 2011). In 

contrast, the synthesis of GA precursor ent-kaurene in gymnosperms involves two consecutively 

acting mono-I- and mono-II-DTPSs, namely ent-CPP synthase (ent-CPS) and ent-kaurene synthase 

(ent-KS), respectively, as has also been shown for both general and specialized diterpenoid 

metabolism in angiosperms (Zerbe and Bohlmann, 2015; Alicandri et al. 2020; Chen et al. 2011). 

Interestingly, class-I DTPSs involved in specialised diterpenoid metabolism were identified in Pinus 

contorta and Pinus banksiana, which can convert (+)-CPP produced by bifunctional DTPSs to form 

pimarane-type diterpenes (Hall et al. 2013a), while no (+)-CPP producing class-II DTPSs have been 

identified in other conifers. 

Most of the existing knowledge concerning the genetics and metabolism of specialized diterpenes 

in gymnosperms was obtained from model Pinaceae species, such as Picea glauca, Abies grandis, 

Pinus taeda and P. contorta (Zulak and Bohlmann, 2020; Celedon and Bohlmann, 2019; Hall et al. 

2013a), for which large transcriptomic and genomic resources are available, as well as, in recent 

times, from species occupying key position in the gymnosperm phylogeny, like those belonging to 

the Cupressaceae and the Taxaceae families (Ma et al. 2019; Ma et al. 2021). 
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In previous work of ours (Alicandri et al. 2020; Foti et al. 2020) we began to gain insight into the 

ecological and functional roles of the terpenes produced by the non-model conifer Pinus nigra subsp. 

laricio (Poiret) (Calabrian pine), one of the six subspecies of P. nigra (black pine) and an insofar 

completely neglected species under such respect. In terms of natural distribution, black pine is one of 

the most widely distributed conifers over the whole Mediterranean basin, and its laricio subspecies 

is considered endemic of southern Italy, especially of Calabria, where it is a basic component of the 

forest landscape, playing key roles not only in soil conservation and watershed protection, but also in 

the local forest economy (Nicolaci et al. 2015).  

In the present study, we carried out for the first time, to the best of our knowledge, a quali-

quantitative analysis of diterpenoids composition in different tissues of Calabrian pine via 

conventional gas chromatography-mass spectrometry (GC-MS). On this same subspecies, in addition, 

we report here about the isolation of full length (FL) cDNAs and the corresponding genomic 

sequences encoding for DTPSs involved in the specialized diterpenoid metabolism, obtained by using 

a strategy based on the phylogeny of available DTPSs from different Pinus species. The isolation of 

DTPS genes made it possible a tissue-specific gene expression analysis, to be confronted with the 

corresponding GC-MS diterpene profiles. 

 

2.2.  MATERIAL AND METHODS 
 

➢ 2.2.1. Plant material 

Three-yr old Calabrian pine [Pinus nigra subsp. laricio (Poiret) Maire] saplings obtained from 

the Calabria Regional Forest nursery (Calabria Verde Agency, Catanzaro, Italy) were grown in the 

open within protective housings set up at the Calabria Regional Biodiversity Observatory, located at 

Cucullaro (38° 17’27” N, 15° 81’68” E; altitude 1010 MASL, exposed East), in the heart of the 

Aspromonte National Park, Southern Italy. In the course of four sampling campaigns from November 

2019 to May 2020, different tissues/organs were collected, namely young needles (YN), mature 

needles (MN), bark and xylem combined from leader stem (LS), bark and xylem combined from 

interwhorl stem (IS), and roots (R). All collected tissues were immediately frozen in liquid nitrogen 

and stored at −80 °C until analysis.  

 

➢ 2.2.2. Extraction and GC/MS analysis of diterpene metabolites 

After thawing, tissue samples were dried (48-72 hours, in the dark) at room temperature and then 

cut inTO fragments of about 1-2 mm by means of a scalpel. For all the tissue types, the extraction of 

the diterpenoid fraction was performed following the procedure described by López-Goldar et al. 
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(2020), with minor modifications. Briefly, approximately 250 mg of each of the five different tissue 

types were extracted twice with 2 mL of a n-hexane/dichloromethane mixture (1:1; v:v). During each 

extraction cycle, the extracts were kept in an ultrasonic bath at 25 °C for 20 min. After pooling 

together, the two aliquots obtained in a recovery glass vial. residual water was removed by passing 

the extracts onto a column containing 2 g of anhydrous Na2SO4, and the obtained eluates were kept 

in the dark and stored at -20 °C. For derivatization, first 200 μL of each extract were passed onto a 

column containing 15 mg of graphitized carbon, to remove non-terpenic impurities, and then 50 µL 

of each eluate were transferred into a conical vial and dried under gentle stream of N2. After drying, 

100µL of a 1:1 (v/v) mix of N,O-bis(trimethylsilyl)trifluoroacetamide, containing 1% (v/v) 

trimethylchlorosilane, plus pyridine were added to each sample, and the derivatization allowed to 

proceed for 30 min at 65 °C. Finally, the solution was brought to dryness under gentle stream of N2, 

the residue was resuspended with 50 µL of n-hexane and finally stored in darkness at -20 °C until the 

GC-MS analysis. For each of the aforementioned tissue types, three biological replicates were 

processed and analysed, each of them in triplicate.  

Qualitative and quantitative analysis of diterpenes from Calabrian pine tissues were carried out 

by means of a high-fast GC-MS approach an Agilent Technologies GC (model 7890A), equipped 

with a VF-5ms capillary column (Agilent Technologies; 15 m x 0.15 mm of inner diameter and a 0.15 

μm film thickness) was used under the following thermal conditions: from 90 °C (2 min.) to 350 °C 

with a ramp of 44.7 °C min-1, then in isothermal for 5 min. The He carrier gas constant flow was at 

1.2 mL min-1. The sample injection (0.5 µL) was performed under pulsed splitless technique (43 psi) 

and at 300°C. The coupled detector consisted of an Agilent mass selective detector (VL MSD-Triple-

Axis Detector), mod. 5975C. The transfer line, the ion source and the analyzer were kept at 300 °C, 

230 °C and 150 °C respectively. The acquisition was carried out under full scan mode (range m/z: 

50-650). 

The identification of the different diterpene metabolites was carried out by comparison of 

experimental mass spectra both with those in NIST08 and Wiley02 Libraries and those of the 

available reference literature (Hall et al. 2013; Ro and Bohlmann, 2006; Adams, 2007), as well as of 

their related retention indices (López-Goldar et al. 2020). As far as the Wiley and NIST mass spectra 

libraries are concerned, the spectral match scores obtained for the diterpenes analyzed in the present 

work were invariably higher than 850, consistently returning the correct identification of each 

metabolite as the “first hit”. According to the NIST library guidelines, the above score value of mass 

spectra match is considered to be satisfactory and reliable for the correct identification of a given 

molecules. 
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The analytes concentrations, expressed as µg·g-1 dry weight (d.w.), were calculated by 

comparison with a calibration curve obtained by using a commercial standard of abietic acid 

(1R,4aR,4bR,10aR)-1,4a-dimethyl-7-(propan-2-yl)-1,2,3,4,4a,4b,5,6,10,10a-

decahydrophenanthrene-1-carboxylic acid (Sigma-Aldrich catalog N. 00010). The GC/MS methods 

used in the present study for the extraction and analysis of plant metabolites were adequately validated 

for their selectivity, precision, and efficiency. Selectivity was verified by observing that no interfering 

peak was apparent at the elution time of each target analyte upon injecting three replicate blank 

samples. Precision was tested by measuring the inter- and intra-day variability in the chromatographic 

profiles of spiked samples, which ranged from 2 to 7% in terms of relative standard deviation. Finally, 

the intrinsic recovery of the extraction method was calculated as a mean of three replicate samples, 

in each of which the plant tissue was spiked with a known aliquot of abietic acid standard solution 

and then extracted, cleaned and derivatized prior to injection onto GC-MS. Regardless of the tissue 

extracted, the measured mean recovery always ranged from 80 to 90%. 

 

➢ 2.2.3. RNA isolation and cDNA synthesis 

Total RNA was extracted from 250 mg of each of the five tissues considered according to Pavy 

et al. (2008). RNA concentration and integrity were checked, using a NanoDrop ND-1000 

spectrophotometer (Labtech, East Sussex, UK). Only RNA samples with a 260/280 wavelength ratio 

between 1.9 and 2.1, and a 260/230 wavelength ratio greater than 2.0, were used for cDNA synthesis. 

First-strand cDNA was synthesized from 3 μg of total RNA of each of the five tissues using a Xpert 

cDNA Synthesis Kit (GRiSP Research Solution, Porto, Portugal) according to the manufacturer’s 

instructions. 

 

➢ 2.2.4. DNA extraction  

Genomic DNA was extracted from 100 mg of young and mature needles using NucleoSpin® Plant 

II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. The integrity 

and concentration of DNA were determined by 0.8 (w/v) agarose gels stained with ethidium bromide 

(0.001%) using known concentrations of unrestricted lambda DNA as control.  

 

➢ 2.2.5. Isolation of partial and full-length cDNAs coding for diterpene 

synthases  

According to the methods reported in Alicandri et al. (2020), RT-Polymerase chain reaction 

(PCR) was used to amplify partial cDNAs coding for DTPSs in P. nigra subsp. laricio, by using 
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forward and reverse primers designed in conserved regions among DTPS sequences of Pinus species 

of the different groups identified by phylogenetic analysis. The complete list of the used forward and 

reverse primers is reported in Table 2.2.  

Each PCR reaction was performed in a total volume of 50 μL containing 2 μL of RT reaction 

obtained from a pool of total RNA from the five different tissues (see section 2.3), 0.4 μM of each 

forward and reverse primer, and 25 μL of Xpert Taq Mastermix (2X) (GRiSP Research Solutions, 

Porto, Portugal) which includes pure Xpert Taq DNA Polymerase, dNTPs, MgCl2 and optimized PCR 

buffer.  

All reactions were carried out in an Eppendorf Thermal Cycler (Master cycler Gradient) with the 

following parameters: initial denaturation at 95 °C for 5 min, 35 cycles of amplification, each at 95 

°C for 1 min, 58‐62 °C (depending on the annealing temperature of the primers) for 1 min, 72 °C for 

3 min, and a final extension at 72 °C for 5 min.  

The partial DTPS cDNAs were used as templates for 5' and 3' RACE extensions using the 5´/3’ 

RACE System for Rapid Amplification of cDNA Ends Kit from INVITROGEN Life Technologies, 

following manufacturer's instructions and using 3 μg of a pool of total RNA from the five different 

tissues. The sequences of the RACE primers used are reported in Table 2.2. 

 

➢ 2.2.6. Isolation of genomic sequences coding for diterpene synthases 

Genomic DNA was used to amplify P.nigra subsp. laricio DTPS genomic sequences by using 

specific forward and revers primers, designed, respectively, on the proximity of the initiation (ATG) 

and on the stop codons of each full-length isolated cDNA (Table 2.2). The PCR reactions and 

conditions were the same as described in section 2.5, with the exception of the extension step that 

was increased from 3 to 6 min at 72 °C.  

 

➢ 2.2.7. Cloning and sequencing of RACE, cDNA and genomic amplification 

products  

Samples (5‐10 μL) of the amplification products of RACE, partial cDNAs and genomic sequences 

were separated on 1.5% agarose gels and visualized under UV radiation after staining with ethidium 

bromide (0.001% w/v) using the UVITEC Essential V6 Gel Imaging and Documentation System 

(Cleaver Scientific, Rugby, United Kingdom). PCR products of expected size were excised from the 

gel, purified using the High Pure Purification kit (Roche, Mannheim, Germany) according to 

manufacturer's instructions, and cloned into the pGEM-T easy plasmid vector (Promega, Madison, 

WI, USA) following the manufacturer’s protocol. Three different clones for each cDNA, genomic 

and RACE amplicon, were sequenced. Plasmid DNA for sequencing reaction was prepared from 3 
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mL overnight cultures using a Wizard® Plus SV Minipreps DNA Purification Systems (Promega, 

Madison, WI, USA). A private company (MWG, Biotech AG, Germany) performed sequencing. 

Recombinant positive plasmids were sequenced on both strands by the ABI PRISM 377 capillary 

sequencer (PE Applied Biosystem) using an ABI Prism Dye Terminator sequencing kit (PE Applied 

Biosystem) and either vector or sequence specific primers. The sequences of the genomic clones were 

obtained by sequencing them with internal primers complementary to the cDNA sequences, and 

designed near the predicted exon/intron junctions, so to amplify each exon and nearby intron on both 

strands to fill gaps and resolve uncertainties (primers are available upon request). 

The sequence data from this article can be found in the GeneBank database under accession numbers 

OK245418 to OK245421 for Pnl DTPS1-4 FL cDNAs, and OK245422 to OK245425 for Pnl DTPS1-

4 genomic sequences. 

 

➢ 2.2.8. Analysis of the nucleotide and of the deduced amino acid sequences 

All the nucleotide sequences obtained were analysed by DNAMAN Sequence Analysis Software 

(Version 3, Lynnon Biosoft) and their homologies were scored using the BLASTX program through 

the National Center for Biotechnology Information (NCBI) database. The software developed by 

NetGene (Hebsgaard, 1996) was used for the prediction of intron splice sites within the genomic 

sequences. The predicted protein sequences were analysed by searching for conserved motifs in CDD 

(Conserved Domain Database in the NCBI) and SMART (Simple Modular Architecture Research 

Tool, European Molecular Biology Laboratory) databases; their subcellular locations were predicted 

by ChloroP (Emanuelsson et al. 1999), Predotar (Small et al. 2004) and WoLF PSORT (Horton et al. 

2007). 

 

➢ 2.2.9. Phylogenetic analysis 

 A multiple sequence alignment of pine DTPS deduced proteins was performed by ClustalX 

version 1.83 (Thompson, 1997), using the Gonnet series as protein weight matrix and parameters set 

to 10 gap open penalty, 0.2 gap extension penalty, negative matrix on and divergent sequences delay 

at 30%. The ent‐kaurene synthase from Physcomitrella patens (BAF61135) was also included in the 

analysis as outgroup. A phylogenetic tree was generated with the Neighbor‐Joining method (Saitou 

and Nei, 1987) using MEGA X software (Kumar et al. 2018). The evolutionary distances were 

computed using the JTT matrix‐based method and are in the units of the number of amino acid 

substitutions per site. The rate variation among sites was modelled with a gamma distribution (shape 

parameter = 1). Reliability of the tree obtained was tested using bootstrapping with 1000 replicates.  
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➢ 2.2.10. Gene expression analysis 

The expression patterns of the isolated P. nigra subsp. laricio DTPS sequences were analyzed in 

the five tissue types considered by quantitative real time (qRT-PCR). 

As the reference genes for expression analysis, we looked at those showing stable expression in 

different pine tissues in the presence of stress conditions of different origin (Chen et al. 2016; Mo et 

al. 2019). The reference genes which were selected encode the following proteins: Actin 1 (ACT1, 

NCBI accession no KM496527), Cyclophilin (CYP, KM496534), Tubulin alpha (TUBα, KM496535), 

Polyubiquitin 4 (UBI4, KM496539), and uncharacterized protein LOC103705956 (upLOC, 

MN172175). 

Quantitative RT-PCR analysis was performed using the AriaMX real-time PCR system, with the 

Fast Q-PCR Master Mix (SMOBIO, Hsinchu, Taiwan), according to the manufacturer’s protocol. 

Each reaction was run in a 20 μL final volume containing 1 μL of cDNA, and 150 nM forward and 

reverse primers. No template and RT-minus controls were run to detect contamination, dimer 

formation or the presence of genomic DNA. Specific primer pairs were designed both for the target 

and the selected reference genes, using the Beacon Designer 6 software (Stratagene, La Jolla, CA), 

and the following stringency criteria: Tm of 55 °C ± 2 °C; PCR amplicon length between 60 and 200 

bp; primer length of 21 ± 3 nt; and 40% to 60% guanine-cytosine content. Primers were also designed 

at the 3′ end of each sequence, to encompass all potential splice variants and ensure equal RT 

efficiencies (Table 2.1) Only primer pairs generating a sharp peak by melting curve analysis (without 

unspecific products or primer-dimer artifacts) and showing efficiencies between 90 and 110% and R2 

values (coefficient of determination) calculated for standard curves higher than 0.995 were selected 

for expression analysis of the target and references genes.  

 

Table 2.1. List of primer pairs of Calabrian pine DTPS and reference (CYP and upLOC) genes used in qRT-PCR analyses 

Gene Forward primer (5'-3') Reverse primer (5'-3') 

DTPS1 CGACACTTGCAGGAGATTG TATGTGAAAGTGTCAAACCGTC 

DTPS2 ACAGTACGTGCCGAACAA AACCGGTTCGAAGAGGAC 

DTPS3 AAAGATGTGCCGGAGAAGT AGGATCTTCTTGACGTGTTGT 

DTPS4 ATGCGAGATCAATGCAGC ACGCAACTGGTTCGAACA 

CYP TGTAGAGGGCTTGGAGGTC CAAGCGAGCTGTCCAGAGT 

upLOC GGTTTGCTTTGGAGGATATG GTCCAATGTGCACCTCGT 

 

Standard curves based on five-points, corresponding to a fivefold dilution series (1:1–1:243) from 

pooled cDNA, were used to compute the PCR efficiency of each primer pair. The PCR efficiency (E) 

was derived by the eq. E = (10[−1/m] - 1) × 100, where m is the slope of the linear regression model 

fitted over log-transformed data of the input cDNA concentration versus Ct values, according to the 
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linear equation y = m × log(x) + b. The thermal profile comprised three segments: 95 °C for 2 min; 

40 cycles of 15 s denaturation at 95 °C, 1 min annealing at 56 °C and the dissociation curve, consisting 

of 1 min incubation at 95 °C, 30 s incubation at 60 °C and a ramp up to 95 °C. Three biological 

replicates, resulting from three different RNA extractions, were used in the quantification analysis. 

Three technical replicates were analysed for each biological replicate.  

Raw Ct values were transformed to relative quantities by using the delta-Ct formula Q = EΔCt, 

where E is the efficiency of the primer pair used in the amplification of a specific gene (100% = 2), 

and ΔCt is the difference between the sample with the lowest Ct (highest expression) from the dataset 

and the Ct value of the sample in question. For the the comparison of the relative expression levels of 

the isolated DTPSs in all tissue types the formula used to convert Ct values into relative quantity was 

Q=2ΔCt. This assumption was justified by the fact that the amplification efficiencies of the considered 

genes were approximately the same, ranging from 96 to 100%.  

The expression stability of the candidate reference genes was evaluated by the software program 

NormFinder (Andresen et al. 2004), as described in Paolacci et al. (2017). The best two-genes 

combination proposed by NormFinder was CYP + upLOC, with a stability score considerably lower 

than that of the most stable single reference gene, namely CYP, among those considered. Therefore, 

the expression levels of the genes of interest were normalized against the geometric mean of the two 

reference genes, and their normalized relative values reported as mean value ±SD. Standard deviation 

values for normalized expression levels were calculated according to the geNorm user manual 

(geNorm manual, updated 8 July 2008).  

 

➢ 2.2.11. Statistical analysis 

Each reported value for metabolites and gene expression levels represents the mean of a total of 

nine values, obtained from three biological replicates and three technical replicates for each biological 

replicate. The statistical significance of the differences was evaluated by one-way ANOVA followed 

by the Tukey’s test. 
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2.3.  RESULTS AND DISCUSSION 
 

 

➢ 2.3.1. In the Pinaceae, the diterpene metabolites profiles are tissue-specific 

and species-specific  

The diversity of oleoresin diterpenoids and the extent of diterpenes oxidation were quali-

quantitatively evaluated in five different Calabrian pine tissues, namely young- (YN) and mature 

(MN) needles, bark and xylem combined from leader- (LS) and interwhorl (IS) stems, and roots (R). 

GC-MS analysis showed that diterpene resin acids (DRAs) are the most abundant diterpenoids 

across all the examined tissue types, together with remarkably lower amounts of the corresponding 

aldehydes and olefins (Fig. 2.2).  

 

 

Fig. 2.2. A representative example of the quantitative relationships among acidic (diterpene resin acids, DRAs) and 

neutral (olefins) components of the diterpenes extracted from Pinus nigra subsp. laricio (Calabrian pine) tissues, 

visualized by overlapping GC-MS ion chromatograms at selected m/z, i.e., 374/359 for DRA and 272/257 for olefins 

(magnified inset on the bottom left side of the item). 
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Similar quantitative relationships among acidic and neutral diterpenoids were previously observed 

in various tissue types of other Pinus species, such as P. banksiana and P. contorta (Hall et al. 2013a), 

as well as P. pinaster and P. radiata (López-Goldar, 2020). Likewise, in Sitka spruce (Picea 

sitchensis) the DRA fraction in stem tissues accounted for more than 92% of the total diterpenoids 

(Hamberger et al. 2011). Because of their very low concentrations in all the tissues of Calabrian pine 

examined, olefins and aldehydes are described here only qualitatively, whereas the corresponding 

DRAs are quantitatively compared among each other in the different tissues (see below).  

All the Calabrian pine tissues examined here showed the presence of the same nine DRAs, seven 

of which being non-dehydrogenated species - namely pimaric acid, sandaracopimaric acid, isopimaric 

acid, palustric acid, levopimaric acid, abietic acid, and neoabietic acid - and two being 

dehydrogenated ones, namely dehydroabietic acid and a non-identified putative dehydroisomer. This 

is exemplified by Fig. 2.3, showing the DRAs elution profile obtained from the LS tissue and by 

Figure 2.4 illustrating their mass spectra. 

 

 

Fig. 2.3. A representative GC-MS profile of the diterpene resin acids extracted from the leader stem of Calabrian pine. 

The single ion monitoring at m/z 374 (red line, non-dehydrogenated species) was overlapped with the single ion 

monitoring at m/z 372 (blue line, dehydrogenated species). (1), pimaric acid; (2), sandaracopimaric acid; (3), isopimaric 

acid; (4), palustric acid; (5), levopimaric acid; (6), dehydroabietic acid; (7), abietic acid; (8), neoabietic acid; (9), non-

identified dehydroisomer. 
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Fig 2.4. Mass spectra of the nine diterpene resin acids identified in Pinus nigra subsp. laricio. Pimaric acid (A), Sandaracopimaric acid (B), Isopimaric acid (C), Palustric acid 

(D), Levopimaric acid (E), Dehydroabietic acid (F), Abietic acid (G), Neoabietic acid (H) and Dehydroisomer acid (I). 
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Quantitatively speaking, Fig. 2.5 shows that the highest contents of total DRAs were found in 

the LS and IS tissues, with decreasing concentrations being observed in the R, MN and YN ones. Fig. 

2.5 also shows the quantitative distribution of the nine DRAs in the different tissue examined: in both 

MN and YN, dehydroabietic-, isopimaric- and abietic acids were found to be the main components, 

while the other DRAs were detected at lower concentrations (1-6% of the total). This confirms the 

results obtained by López-Goldar et al. (2020) on the same tissues of P. radiata and P. pinaster, but 

not those reported by Hall et al. (2013a), who instead observed a prevalence of levopimaric and 

neoabietic acids in both young and mature needles from P. contorta and P. banksiana. In the LS tissue, 

abietic acid was the dominant DRA component (about the 33% of the total), followed by 

dehydroabietic- and palustric acids. On the other side, the IS tissue showed a prevalence of 

dehydroabietic- and palustric acids, each contributing about 30% of the total DRAs, followed by 

abietic acid. In both the stem tissues, namely LS and IS, comparatively lower abundances were 

observed for levopimaric-, isopimaric-, pimaric-, sandaracopimaric-, and neoabietic acids, as well as 

for the non-identified dehydroisomer. These results significantly differ from those reported by Hall 

et al. (2013a), who instead observed that levopimaric acid is the most abundant DRA in the LS and 

IS tissues from P. contorta and P. banksiana. Finally, dehydroabietic-, palustric- and abietic acids, 

although with significant differences in their amounts, were found to be the predominant DRAs of the 

R tissue, in which, compared to the aerial tissues, intermediate abundances of isopimaric- and 

levopimaric acids, as well as lower amounts of pimaric-, sandaracopimaric-, neoabietic acids, and of 

the non-identified dehydroisomer, were measured.  
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Fig. 2.5. Total diterpene resin acids (DRAs, panel at the top) and levels of individual DRAs in different tissues of 3-year-

old Pinus nigra subsp. laricio (Calabrian pine) saplings. Error bars indicate the standard deviation of the mean. The 

statistical significance of the differences was evaluated by one-way ANOVA, followed by the Tukey’s test. Different letters 

denote statistical significance of the difference at p < 0.01. YN, young needle; MN, mature needle; LS, leader stem (LS); 

IS, interwhorl stem; R, root; DW, dry weight. 

 

Again, at variance with our results, Hall et al. (2013a) reported comparatively higher 

concentrations of palustric- and levopimaric acids in the roots of both P. contorta and P. banksiana. 

Taken together, the reported results could suggest that the DRAs fingerprint in Pinus spp. is not only 

tissue-specific, but also species-specific. 

In conifers oleoresins, both due to their nature of precursors, and because of their higher volatility 

and tendency to undergo UV-induced photooxidation, olefins are normally found in lower 

concentration with respect to their oxygen-containing counterparts, i.e., DRAs. In agreement with 

such view, we detected in the Calabrian pine tissues only trace amounts of the neutral components of 

oleoresin, of which five olefins, namely sandaracopimaradiene, levopimaradiene, palustradiene, 
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abietadiene, and neoabietadiene, and five aldehydic derivatives, namely sandaracopimaradienal, 

palustradienal, isopimaradienal, abietadienal, and neoabietadienal (Fig. 2.6). Qualitatively speaking, 

the olefins and the corresponding aldehydes found in Calabrian pine tissues were the same found by 

Hall et al. (2013a) in the homologous tissues of P. contorta and P. banksiana, although at different 

relative concentrations. 

 

 

Fig. 2.6. A representative GC-MS profile of the diterpene olefins and aldehydes in the extract obtained from leader stem 

tissue of Calabrian pine. The selected m/z 272 and 257 for diterpene olefins (red number above peaks) were overlapped 

with the selected m/z 286 for aldehydes (black number above peaks). (1) sandaracopimaradiene; (2) levopimaradiene; 

(3) palustradiene; (4) abietadiene; (5) neoabietadiene; (6) sandaracopimaradienal; (7) palustradienal; (8) 

isopimaradienal; (9) abieta-dienal; (10) neoabietadienal. 

 

 

➢ 2.3.2. A phylogeny-based approach for isolating partial and full-length 

cDNAs coding for diterpene synthases in Calabrian pine 

To gain insights into the structural diversity of diterpenoids in Calabrian pine, we isolated cDNA 

sequences encoding DTPSs potentially involved in the synthesis of the specialised diterpenes acting 

as DRAs precursors in such species. The strategy adopted was based on the PCR amplification of 

cDNA sequences by using specific primers designed on conserved regions of pine DTPSs belonging 
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to distinct phylogenetic groups, an approach we successfully used previously for the isolation of genes 

encoding monoterpene synthases in the same non-model conifer species (Alicandri et al. 2020).  

In such previous work of ours (Alicandri et al. 2020), we carried out an extensive in silico search 

to identify all the putative full-length TPSs for primary and specialized metabolisms in different Pinus 

species, and to analyse their phylogenetic relationships. As far as DTPS are concerned, such database 

search allowed to identify 13 FL sequences involved in secondary diterpenoid metabolism in the 

Pinus species (Table 2.2).  
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Table 2.2. Full length cDNA sequences identified in the National Center for Biotechnology Information (NCBI) database coding for putative diterpene synthases (DTPS) in the Pinus 

species. ORF, open reading frame; bp, base pair. 

 

 

  

Species Function Abbreviation 

Accession 

mRNA 

sequence 

ORF 

(bp) 

Accession 

protein 

sequence 

Predicted 

number of 

amino acids 

Pinus banksiana Levopimaradiene/Abietadiene synthase Pb DTPS LAS1 JQ240312 2574 AFU73864 857 

 Monofunctional diterpene synthase Pb MDTPS1 JQ240317 2559  AFU73869 852 

 Monofunctional isopimaradiene synthase Pb DTPS mISO1 JQ240313 2631 AFU73865 876 

 Monofunctional pimaradiene synthase Pb DTPS mPIM1 JQ240315 2607 AFU73867 868 

Pinus contorta Levopimaradiene/Abietadiene synthase Pc DTPS LAS1 JQ240310 2574 AFU73862  857 

 Levopimaradiene/Abietadiene synthase Pc DTPS LAS2 JQ240311 2553 AFU73863 850 

 Monofunctional diterpene synthase Pc MDTPS1 JQ240318 2559 AFU73870 852 

 Monofunctional diterpene synthase Pc MDTPS2 JQ240319 2559 AFU73871 852 

 Monofunctional diterpene synthase Pc MDTPS3 JQ240320 2559 AFU73872 852 

 Monofunctional isopimaradiene synthase Pc DTPS mISO1 JQ240314 2631 AFU73866 876 

 Monofunctional pimaradiene synthase Pc DTPS mPIM1 JQ240316 2607 AFU73868 868 

Pinus densiflora Abietadiene synthase Pd DTPS ABS1 EU439295 2577 ACC54559  858 

Pinus taeda Diterpene synthase Pt DTPS LAS1 AY779541 2553 AAX07435 850 
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Phylogenetic analysis clustered all the 13 pine DTPSs sequences into the TPS-d3 clade, which 

includes four well-supported major groups, denoted as 1-4. Each of these groups contains DTPS 

proteins from different pine species thought to be functionally related among each other (Alicandri et 

al. 2020).  

Based on our previous phylogenetic analysis, in the present work the deduced amino acid- and 

the nucleotide sequences of pine DTPSs belonging to each of the groups 1-4 (Table 2.2) were aligned, 

to identify highly conserved regions among members of each of the four groups. Such conserved 

regions within each group were then used to design specific primers for the isolation by RT-PCR of 

partial transcripts of orthologous genes in Calabrian pine. Fig. 2.7 schematically outlines the FL 

cDNAs for representative members of the four phylogenetic DTPS groups, and the positions of the 

specific primers used, of which a complete list is reported in Table 2.3.  

 

 

 

Fig. 2.7. Schematic representation of the full length cDNAs of four representative diterpene synthase (DTPS) members 

of the phylogenetic d3 clade of genes, two from Pinus banksiana (Pb) and two from Pinus contorta (Pc) and the positions 

of their Forward and Reverse primers used in the present study for the isolation of the partial transcripts coding for the 

orthologous genes (F1c/R1c) in Calabrian pine. The position of the specific primers used for 5' and 3' RACE (Rapid 

Amplification of cDNA Ends) extensions of partial transcripts of Calabrian pine DTPS (groups 1-4) are indicated in blue. 

UTR, untranslated region. 
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Table 2.3. Forward and Reverse primers used for the isolation of cDNAs and genomic diterpene synthase sequences in Pinus nigra subsp. laricio. RACE, Rapid Amplification of cDNA 

Ends. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Phylogentic group Forward primers 5’- 3’ Reverse primers 5’- 3’ 

Partial cDNA 

sequences 

Group 1 F1c: CAAGGTTGCACCATCAGACG R1c: GCCTCTTCCAGCCAGTTGC 

Group 2 F1c: ACGAAACGAGAATTCCCTGA  R1c: AACCGGTTCGAAGAGGAC  

Group 3 F1c: TTGGAGAAGGCGCAACCT  R1c: AGGGACTGGTTCGAATAGG  

Group 4 F1c: GTTCAAGCAACATCGTTGCC  R1c: ACGCAACTGGTTCGAACA  

    RACE 5' RACE 3' 

Full length 

cDNA 

sequences by 

RACE 

Group 1 R1: CTTCHCCCCAAGAGCCATC F1Race3': ATAGAAGTATGCCAAGGCTGG 
 R2: CGTCTGATGGTGCAACCTTG  

  R3: TGCCTGGTTATCTTTACCC   

Group 2 R1: CTTCHCCCCAAGAGCCATC F1Race3': AAGGTGGTGGAAATCATCG 
 R2: AACAGCCGGAATCCTGG  

  R3: TGACTCCACACGCTTCTC   

Group 3 R1: CTTCHCCCCAAGAGCCATC F1Race3': AAGGTGGTGGAAATCATCG 
 R2: GCTGCTGCCACCTTATTAGA  

  R3: CCTTCTCCAACACCAGCA   

Group 4 R1: CTTCHCCCCAAGAGCCATC F1Race3': GACCGCAAATACTTGGAACTG 
 R2: CAGGCTTGTGAGATGACATT  

 R3: TTGCTTGAACCTGATCGT   

    Forward primers 5’- 3’ Reverse primers 5’- 3’ 

Genomic 

sequences 

Group 1 F1g: ATGCCTTCCTCTTCATTG  R1g: GCCTCTTCCAGCCAGTTGC  

Group 2 F1g: ATGGCCATGCCCTCCTCT  R1g: AACCGGTTCGAAGAGGAC  

Group 3 F1g: ATGGCCATGCCTTCGTAC  R1g: AGGGACTGGTTCGAATAGG  

Group 4 F1g: ATGGCCATGCCTTTGTG  R1g: ACGCAACTGGTTCGAACA  
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By using such strategy, we were able to isolate and sequence partial DTPS transcripts of putative 

orthologous genes in Calabrian pine belonging to each of the groups 1-4, which confirms the validity 

of the phylogenetic approach used. These partial DTPS transcripts were then used as templates for 

isolating the corresponding FL cDNA sequences by means of 5' and 3' RACE (Rapid Amplification 

of cDNA Ends) extensions; the primer sequences of 5’ and 3’ RACE are reported in Table 2.3 and 

their positions indicated in Fig. 2.7.  

In the cases of the partial DTPS transcripts belonging to groups 1 and 2, two slightly different 

sequences were recognized among the three clones analysed for each cDNA fragments, due to 

nucleotide substitutions, most of them synonymous, on a background otherwise showing high levels 

of sequence identity among each other (over 97%). These slightly different DTPS transcripts might 

derive from alleles of the same gene and/or from duplicated copies of the same gene, and this would 

imply that we might have as many more DTPS closely related genes belonging to each phylogenetic 

group in Calabrian pine, as observed in other Pinus species (Hall et al. 2013a). This possibility will 

be tested in future studies. However, among the three sequenced clones for the corresponding 3’ and 

5’ RACE products we identified the same sequences that were identical to the 3’ and 5’ ends of two 

of the three sequenced cDNA products, indicating that they are part of the same FL transcript. 

Therefore, the assembled four unique FL cDNAs isolated from Calabrian pine, denoted as Pnl 

DTPS1, Pnl DTPS2, Pnl DTPS3, and Pnl DTPS4, each of them belonging to one of the four groups 

of the TPS-d3 clade, contained open reading frames (ORFs) of 2574, 2559, 2631 and 2607 bp, 

respectively, and were predicted to encode proteins of 857, 852, 876 and 868 aa, respectively (Fig. 

2.8). 
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Fig. 2.8. Alignment of deduced amino acid sequences of the four putative diterpene synthases from Calabrian pine (Pnl DTPS 1-4) isolated in the present study. Amino acid residues 

with black background indicate highly conserved regions, while amino acid residues which are identical in more than 50% of the proteins are in grey background. The DTPS class II 

(DxDD) and class I (DDxxD, NSE/DTE) signature motifs are indicated.  
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➢ 2.3.3. Sequence-based analysis predicts that both monofunctional and 

bifunctional diterpene synthases are involved in the biosynthesis of diterpene 

resin acids in Calabrian pine  

The deduced amino acid sequences of the four full-length cDNAs isolated from Calabrian pine 

(see above) were found to contain highly conserved and characteristics regions of plant DTPSs (Fig. 

2.8). First, a putative transit peptide, ranging from 33 (Pnl DTPS1) to 68 aa (Pnl DTPS4) in length, 

probably needed for the import of the mature DTPS proteins into plastids. Secondly, DTPS active-

site signature motifs (Fig. 2.8): Pnl DTPS1 was found to contain both class-II and class-I motifs, 

suggesting its nature of proper bi-I/II DTPS, alike the already known bifunctional DTPSs involved 

in DRAs biosynthesis in conifers, namely the isopimaradiene synthase-type (ISO) and 

levopimaradiene/abietadiene synthase-type (LAS) enzymes from grand fir (A. grandis) and balsam 

fir (A. balsamea) (Zerbe et al. 2012; Stofer Vogel et al. 2004), Norway spruce (Picea abies) and Sitka 

spruce (P. sitchensis) (Keeling et al. 2011; Martin et al. 2004), loblolly pine (P. taeda), lodgepole 

pine (P. contorta) and jack pine (P. banksiana) (Hall et al. 2013a; Ro and Bohlmann, 2006). All the 

three-remaining putative DTPS isolated from Calabrian pine, instead, were found to contain only the 

class-I signature motifs, plus incomplete versions of the class-II one, lacking D residues known to be 

critical for class-II catalysis (Peters and Croteau, 2002) either in the middle (Pnl DTPS3) or in the 

first and last positions (Pnl DTPS2 and Pnl DTPS4). Although representing putative monofunctional 

DTPSs, the three sequences only showed 33% to 34% protein sequence identity to the conifer 

monofunctional class II ent-copalyl diphosphates synthases and class I ent-kaurene synthases 

involved in GA metabolism (data not shown), suggesting their roles in specialized as opposed to 

general metabolism.  

A phylogenetic analysis including the four deduced amino acid sequences from Calabrian pine 

and all the pine DTPSs identified in the NCBI database (Fig. 2.9), allowed to locate the isolated 

predicted proteins in the four phylogenetic groups in which the Pinus members of the TPS-d3 clade 

can be divided (Alicandri et al. 2020).  
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Fig. 2.9. Phylogenetic tree of the deduced amino acid sequences of 13 diterpene synthases (DTPSs) identified in different 

Pinus species (Table 2.2) and the four DTPSs from Calabrian pine isolated in the present study (red squares). The ent-

kaurene synthase from Physcomitrella patens (Pt TPS-entKS, BAF61135) was used to root the tree. Branches marked 

with dots represent bootstrap support more than 80% (1000 repetitions). The four phylogenetic groups identified in the 

pine members of the d3 clade of terpene synthases are indicated by square brackets. 

 

Based on the sequence relatedness with the previously characterized pine DTPSs, it was possible to 

predict the potential functions of three out of four DTPSs isolated from Calabrian pine. Pnl DTPS1 

was found to cluster in group 1 with other five bi-I/II-DTPSs, showing 98-99% aa sequence identity 

with the four of them which have been functionally characterized so far, namely Pc DTPS LAS1, Pc 

DTPS LAS2, Pb DTPS LAS1 and Pt DTPS LAS1. Of these, the three bifunctional DTPSs from P. 

banksiana and P. contorta were shown to produce the diterpene alcohol 13-hydroxy-8 (14)-abietene 

(Hall et al. 2013a). This unstable allylic alcohol can undergo dehydration resulting in the formation 

of abietadiene, neoabietadiene, palustradiene and levopimaradiene, consistent with the GC–MS 

results previously obtained for Pt DTPS LAS from P. taeda (Ro and Bohlmann, 2006). Based on such 

sequence similarity, Pnl DTPS1 could be predicted to be involved in the synthesis of abietane-type 

diterpene olefins. Interestingly, however, when aligned with the other group-1 DTPSs (Fig. 2.10), Pnl 

DTPS1 from Calabrian pine revealed distinctive amino acids substitutions, namely D/G-515, G/E-

565, and D/N-632, which could lead to a change in the protein structure and hence in its product(s) 

profile. 
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Fig. 2.10. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the phylogenetic group 1. Amino acid residues with black background indicate highly 

conserved regions, while amino acid residues which are identical in more than 50% of the proteins are in grey background. The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) 

signature motifs are indicated. Pb, Pinus banksiana; Pc, Pinus contorta; Pt, Pinus taeda; Pnl, Pinus nigra subsp. laricio. 
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The Pnl DTPS2 was found to be closely related to four mono-I DTPSs belonging to the 

phylogenetic group 2 (Fig. 2.9), for which Hall et al. (2013a) observed no biochemical activity. All 

of these proteins, though very similar among each other (95% to 98% protein sequence identity), 

show a low identity both with the above five putative bi-I/II DTPSs from Pinus species (64-65%), 

and with the other identified pine mono-I DTPSs (73-76%) (Table 2.4). Although the four mono-

DTPS from P. contorta and P. banksiana contain the class-I signature motif, and their homology 

modelling (Koksal et al. 2011) predicts that they possess a conserved γβα-domain folding pattern 

(Hall et al. 2013a), the presence of unique structural features near their active sites, conserved also in 

the Pnl DTPS2 from Calabrian pine (Fig. 2.11), could explain their absence of function. In such 

respect, it was proposed that, in these group-2 DTPSs, the side chains of F-592, located upstream of 

the class I motif, and likewise those of F-814 and H-817, can protrude into the active site cavity and 

may cause a steric hindrance, possibly impeding catalytic activity (Hall et al. 2013a). It has been 

therefore speculated that these enzymes may have evolved from functional DTPSs into a trough of 

no function, from where they may evolve toward new DTPS activities or simply represent dead-end 

mutations of functional DTPSs (Hall et al. 2013a). 

 



105 

 

Table 2.4. Amino acid sequence identity matrix of DTPS candidate genes from P. laricio (in red) with previously characterized DTPSs from P. taeda (Pt), P. contorta (Pc) and P. 

banksiana (Pb). 

 

 

 

 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1) Pnl_DTPS1  100                

2) Pb_DTPS_LAS1 98.5 100               

3) Pc_DTPS_LAS1 98.2 99.4 100              

4) Pc_DTPS_LAS2 98.0 99.4 99.6 100             

5) Pt_DTPS_LAS1 98.4 99.6 99.4 99.3 100            

6) Pnl_DTPS2 64.3 64.5 64.2 64.6 65.0 100           

7) Pc_MDTPS_1 64.2 64.3 64.1 64.5 64.8 95.2 100          

8) Pc_MDTPS_2 64.6 64.7 64.5 64.9 65.1 95.4 96.8 100         

9) Pc_MDTPS_3 64.7 64.8 64.6 65.0 65.2 95.3 96.8 97.5 100        

10) Pb_MDTPS_1 64.1 64.2 64.0 64.4 64.6 95.4 97.8 97.7 97.7 100       

11) Pnl_DTPS3 66.6 66.6 66.5 66.9 67.0 75.0 74.9 74.8 74.7 74.3 100      

12) Pb_DTPS_mISO1 67.4 67.4 67.3 67.7 67.8 75.7 75.9 75.9 75.5 75.4 97.0 100     

13) Pc_DTPS_mISO1 67.1 67.1 66.9 67.4 67.5 75.3 75.3 75.3 74.9 74.8 96.5 99.2 100    

14) Pnl_DTPS4 63.0 63.2 63.1 63.4 63.5 74.2 74.0 74.3 73.6 73.7 79.2 79.7 79.2 100   

15) Pb_DTPS_mPIM1 63.5 63.8 63.7 64.0 64.1 73.4 73.4 73.7 73.1 73.0 79.8 80.0 79.5 93.8 100  

16) Pc_DTPS_mPIM1 63.5 63.7 63.6 63.9 64.0 73.8 73.8 74.2 73.5 73.5 80.0 80.3 79.7 93.8 98.6 100 
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Fig. 2.11. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the phylogenetic group 2. Amino acid residues with black background indicate highly 

conserved regions, while amino acid residues which are identical in more than 50%   of the proteins are in grey background. The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) 

signature motifs are indicated.  
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Based on sequence similarity (Fig. 2.9), and diverging from Pnl DTPS1, Pnl DTPS3 and Pnl DTPS4 

were predicted to produce pimarane-type olefins, namely pimaradiene, sandaracopimaradiene, and 

isopimaradiene. In particular, Pnl DTPS3 was found to cluster in the phylogenetic group 3, together 

with one protein from P. contorta (Pc DTPS mISO1) and one from P. banksiana (Pb DTPS mISO1) 

(Fig. 2.9), both of which were found to produce isopimaradiene as the main product, whit small 

amounts of sandaracopimaradiene (Hall et al. 2013a). These members of such group, showing 96% 

to 99% protein sequence identity among each other, were found to be more similar to the mono-I 

DTPSs from the phylogenetic group 4 (79-80%) than to those of phylogenetic group 2 (74-76%; 

Table 2.4). Also for the group-3 DTPS, as noticed above for the group-1 ones, sequences alignment 

revealed amino acid substitutions exclusively present in the Pnl DTPS3 from Calabrian pine, namely 

K/N-642, D/N-748, and H/Y-749 (Fig. 2.12), which could lead to a change in the protein structure 

and hence in its product(s) profile. Likewise, Pnl DTPS4 was found to cluster in the phylogenetic 

group 4 (Fig. 2.9), together with two previously described mono-I DTPS, one from P. banksiana (Pb 

DTPS mPIM1) and one from P. contorta (Pc DTPS mPIM1), both of which were functionally 

characterised as forming pimaradiene as their major product (Hall et al. 2013a). Despite of the 

pronounced sequence identity among the group-4 predicted proteins (about 94%; Table 2.4), the high 

number of amino acid substitutions found in the Pnl DTPS4, compared to the other two DTPSs (Fig. 

2.13), suggests that only its functional characterization might elucidate its specific catalytic 

competence. 

Although we tried to predict the potential functions of Calabrian pine DTPSs based on sequence 

relatedness, it has to be mentioned that examples of apparent lack of structure‐function correlation 

have been observed in the plants’ TPS family. Hall et al. (Hall et al. 2013b), for instance, reported 

that conifer monoterpene synthases sharing 80-90 % aa identity among each other can catalyse 

biochemically distinct reactions, while others sharing only 50-60% protein identity among each other 

can form the same product. For this reason, a functional characterization, consisting of heterologous 

expression in bacterial systems and testing of the recombinant enzymes with their potential terpenoids 

substrates, would be essential to elucidate the actual functions of Calabrian pine DTPSs. 
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Fig. 2.12. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the phylogenetic group 3. Amino acid residues with black background indicate highly 

conserved regions, while amino acid residues which are identical in more than 50% of the proteins are in grey background. The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) 

signature motifs are indicated. 
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Fig. 2.13. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the phylogenetic group 4. Amino acid residues with black background indicate highly 

conserved regions, while amino acid residues which are identical in more than 50% of the proteins are in grey background. The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) 

signature motifs are indicated. 
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➢ 2.3.4. Genomic organization of diterpene synthases in Calabrian pine on the 

background of DTPS functional evolution 

The genomic sequences encompassing the ORFs of the four Calabrian pine DTPS genes isolated 

in the present study are schematically shown in Fig. 2.14. The alignment of each genomic sequence 

with its corresponding cDNA revealed an almost perfect matching among the latter and the exonic 

regions of the former, thus allowing a reliable determination the exon/intron structure of each DTPS 

gene. Pnl DTPS1 and Pnl DTPS2 were found to contain 16 exons and 15 introns, whereas 15 exons 

and 14 introns were found in the Pnl DTPS3 and Pnl DTPS4 sequences (Fig. 2.14). Apart from the 

5’ end, which showed considerable variability in terms of gene structure and sequences, the four 

DTPS genes from Calabrian pine were found to exhibit a high level of conservation of their genomic 

structural features, in terms of introns location, exons number and size, and position of the class-I 

active site functional motif (Fig. 2.14). Obvious patterns of intron sizes and sequences were not 

detected, although there was a strong conservation of their position along the genomic sequences 

(introns IV to XV in Pnl DTPS1 and Pnl DTPS2 and introns III to XIV in Pnl DTPS3 and Pnl DTPS4; 

Fig. 2.14). The intron sizes were found to be generally small (about 50-200 nt), although some large 

introns (more than 300 nt) were also detected (Fig. 2.14). In addition, these introns were AT-rich, 

with repetitive sequences rich in T (3-10 mers; data not shown). All the four Calabrian pine DTPS 

genes were found to contain intron-exon junctions, which, with few exceptions, followed the GT/AG 

boundary rules (data not shown) (Brown and Simpson, 1998). Moreover, the phasing of the introns 

insertion, defined as the placement of intron before the first, second or third nucleotide position of 

the adjacent codon and referred to as phase 0, 1 and 2, respectively (Li, 1997), appeared to be equally 

well conserved (Fig. 2.14). 
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Fig. 2.14. Schematic representation of the exon/intron structures of the four diterpene synthase (DTPS) genes isolated from Calabrian pine (Pnl) in the present study. For both exons 

(blue boxes) and introns (black lines) the lengths in bp are indicated. Introns were numbered (Roman numerals) starting from the 5’ end of each genomic sequences.  
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To gain insights into the functional evolution of terpene synthases genes in plants, Trapp and Croteau 

(2001) divided them into three classes, namely I, II, and III, which might have evolved sequentially 

by introns loss mechanisms. According to such classification, the four Calabrian pine DTPSs isolated 

in the present study belong to the class I, formed mainly by both mono- and bi-DTPS genes containing 

12-14 introns, present in both gymnosperms (secondary metabolism) and angiosperms (primary 

metabolism). Indeed, the authors (Trapp and Croteau, 2001) showed a strong conservation of the 

genomic structure between the genes encoding monofunctional CPS and KS enzymes of angiosperm 

gibberellin metabolism, on one side, and a gene coding for the bifunctional DTPS abietadiene 

synthase from Abies grandis (AgAS), involved in specialized metabolism, on the other side. This led 

to above authors to propose that AgAS might be reminiscent of a putative ancestral bifunctional DTPS 

from which the monofunctional CPS and KS were derived through gene duplication and subsequent 

specialization of each of the duplicated genes for only one of the two ancestral activities. This model 

of an ancestral bifunctional DTPS was validated later on by the discovery of a bifunctional CPS/KS 

from the moss model species Physcomitrella patens, showing a similarly conserved gene structure 

(Keeling et al. 2010).  

In the present work, the isolation of the complete genomic sequences of Calabrian pine DTPSs 

made it possible to further and complete the analysis of Trapp and Croteau (2001), by comparing 

them with the DTPSs already assigned to class-I (Fig. 2.15). Such comparison confirms that, as 

already noticed among the four DTPSs from Calabrian pine (see above), number, position, and phase 

of the introns III-XIV are highly conserved in all the class-I DTPS genes, among which AgAS, 

regarded as descending from a putative ancestral bifunctional DTPS gene (see above). In contrast, 

number, placement and phase of introns preceding the intron III, on the 5’terminus side, were not 

conserved among the compared DTPS genes, and an additional, equally not conserved, intron was 

also found in this region in the genomic sequences of Pnl DTPS1 and Pnl DTPS2 (Fig. 2.15). 

Even though conifer bifunctional DTPSs of specialized metabolism, and monofunctional DTPSs 

of specialized metabolism and GA biosynthesis represent three separate branches of DTPS evolution 

(Hall et al. 2013a; Alicandri et al. 2020), their conserved gene structure provides strong evidence for 

a common ancestry of DTPS of general and specialized metabolism. In agreement with the 

phylogenetic analysis (Fig. 2.9), the high conserved genomic organization detected among the four 

P. laricio genes confirmed also that the monofunctional class-I DTPSs of specialized metabolism in 

Pinus species have evolved in relatively recent times by gene duplication of a bifunctional class-I/II 

DTPS, accompanied by loss of the class-II activity and subsequent functional diversification. It is 

worth noting that while the bifunctional class-I/II DPTS of P. laricio, and the putative homologous 

proteins from P. taeda, P. contorta and P. banksiana have orthologs in other conifers, e.g., in P. 

abies, P. sitchensis, Abies balsamea and A. grandis, class-I DTPSs of specialized metabolism have 
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not yet been discovered in other conifers outside of the Pinus genus. It is therefore conceivable that 

they constitute a lineage specific clade of the TPS-d3 group arising from a common ancestor of the 

closely related species of P. laricio, P. contorta and P. banksiana, and possibly of all the Pinus 

species, after that pine, spruce, and fir genera became separated from each other. 

 

 
Fig. 2.15. Genomic organization of plant DTPS genes. Black vertical bars represent introns (indicated by Roman 

numerals) and are separated by colored boxes with specified lengths in aa (amino acids) representing exons. The number 

above the intron Roman numeral represents the intron phase number and demonstrates conservation throughout the plant 

DTPS genes. Introns are classified into three phase types according to Li [33]. Schematic, intron numbers, and exon 

coloring scheme are based upon Trapp and Croteau (2001). Genomic DNA sequences compared are as follows: AgAS, 

A. grandis abietadiene synthase (NCBI accession no. AF326516); GbLS, G. biloba levopimaradiene synthase 

(AY574248); TbTXS, Taxus brevifolia taxadiene synthase (AF326519); PgKS, P. glauca ent-kaurene synthase 

(GU059905); AtCPS, A. thaliana copalyl diphosphate synthase (AT4G02780); Pnl DTPS 1-4 isolated in this study.  
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➢ 2.3.5. Transcripts profiling of Calabrian pine DTPSs genes reveal differential 

expression across different tissues and suggest their putative roles in the 

biosynthesis of diterpene resin acids. 

The four DTPS genes isolated from Calabrian pine were found to be constitutively expressed in 

all the five tissues analysed, although their transcription levels were highly variable (Fig. 2.16). 

Compared to the other three DTPS genes, Pnl DTPS1 was highly expressed in LS and IS. The 

expression levels of such gene were also comparatively high in R, respect to very low amount of 

transcripts detected in YN and MN (Fig. 2.16). Overall, the expression pattern of Pnl DTPS1 in each 

of the different Calabrian pine tissues was consistent with the corresponding diterpenoids profiles: 

first, by comparing Fig. 2.16 and Fig. 2.5A, it can be seen that Pnl DTPS1 transcripts abundances and 

the total amounts of DRAs in the different tissues are essentially correlated. Secondly, by considering 

its high predicted protein sequence identity with other bi-I/II DTPS from Pinus spp. known to produce 

abietane-type diterpene olefins, namely abietadiene, neoabietadiene, palustradiene, and 

levopimaradiene, the expression levels of Pnl DTPS1 were comparatively higher in those same 

tissues, namely LS, IS and R, in which abietic and palustric acids were found to be amongst the 

predominant DRAs (see Fig. 2.5 D-E).  

Although significantly lower than those of the other two DTPS genes, the expression levels of Pnl 

DTPS3 and Pnl DTPS4 were similar in LS, IS and R, with comparatively lower amount detected in 

YN and MN (Fig. 2.16). Again, tissue-specific genes expression levels were found to be consistent 

with the corresponding DRAs profiles: indeed, the predicted protein sequences of Pnl DTPS3 and Pnl 

DTPS4 were found to be highly homologous with the ISO and the PIM DTPSs from P. contorta and 

P. banksiana, respectively, known to produce pimarane-type olefins, namely pimaradiene, 

sandaracopimaradiene and isopimaradiene, acting as precursors of the corresponding DRAs. As a 

matter of fact, pimarane-type DRAs were found to accumulate in considerably lower amounts than 

the abietane-type DRAs in most of the tested Calabrian pine tissues (see Fig. 2.5 D-E).  

Among the pimarane-type DRAs, isopimaric acid was significantly more abundant than pimaric 

acid in most of the tissues tested (Fig. 2.5), although no significant differences were detected in the 

amount of transcripts of the two genes potentially involved in their synthesis, namely Pnl DTPS3 and 

Pnl DTPS4, respectively (Fig. 2.16 and see above). These findings suggest that other TPSs might be 

involved in the production of isopimaric acid in Calabrian pine. Indeed, bifunctional enzymes 

producing isopimaric acid have been previously identified from P. abies (Martin et al. 2004), P. 

sitchensis (Keeling et al. 2011), and A. balsamea (Zerbe et al. 2012), although no obvious ISO 

candidate has been identified so far in the Pinus species (Celedon and Bohlmann, 2019; Hall et al. 

2013b) It would be conceivable that an orthologous bifunctional ISO enzyme is present in Calabrian 
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pine, which would account for the discrepancy between the transcript abundances and metabolite 

levels in the analysed tissues.  

Finally, transcript levels of Pnl DTPS2 were the highest in LS and IS, although significantly lower 

than those of Pnl DTPS1, and moderate in R, MN and YN (Fig. 2.16). It is worth noting that in both 

types of needles the expression levels of Pnl DTPS2 were remarkably higher than those of the other 

three genes (Fig. 2.16). Because previous attempts to functionally characterize orthologous genes in 

other pine species were unsuccessful, it is not possible at present to make correlative hypotheses on 

the possible role of Pnl DTPS2 in DRAs biosynthesis. Nonetheless, its sustained and tissue-specific 

expression levels observed here, which appears to be correlated with the accumulation of 

dehydroabietic acid (compare Fig. 2.5 and Fig. 2.16), warrant further and deeper studies to elucidate 

the true function of Pnl DTPS2 and orthologous genes from Pinus species in conifer DRA 

biosynthesis.  

In summary, the diterpenoid profiles determined in the different tissues of Calabrian pine appear to 

be consistent with the potential roles of three of the four DTPSs genes isolated in the present study. 

It should be noted, however, that none of the DTPSs genes isolated here can be associated to the 

synthesis of dehydroabietic acid, despite this was one of the most abundant DRA detected across all 

the Calabrian pine tissues (Fig. 2.5 C-F). As a matter of fact, the biosynthesis of dehydroabietadiene 

has not been resolved yet in any plant species (Hall et al. 2013a), while one member of the CP450 

family in P. sitchensis (PsCYP720B4) was found to be able to interact with the dehydroabietadienate 

group of substrates (dehydroabietadiene, dehydroabietadienol, and dehydroabietadienal) to produce 

dehydroabietic acid (Hamberger et al. 2011). 
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Fig. 2.16. Relative expression levels of four diterpene synthase genes (DTPS1-4) in five different tissues of Calabrian pine. The expression data of each gene were normalized using 

the geometric average of the two reference genes CYP and upLOC. Relative expression levels of the different DTPS genes were referred to a calibrator, set to the value 1, which was 

represented by the gene in the five tissues with the lowest expression (DTPS3 in YN). YN, young needles; MN, mature needles; LS, bark and xylem combined from the leader stem; IS, 

bark and xylem combined from the interwhorl stems; R, roots. Different letters denote significant differences according to the Tukey’s test (p < 0.01). 
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2.4.  CONCLUSIONS 
 

In the present study, we carried out for the first time, to the best of our knowledge, a quali-

quantitative analysis of diterpenoids composition in tissues obtained from different organs of Pinus 

nigra subsp. laricio (Poiret) Maire (Calabrian pine), namely young and mature needles, leader stem, 

interwhorl stem, and roots. In these same tissues, we carried out the isolation and sequencing of full 

length cDNAs and of the corresponding genomic sequences encoding for diterpene synthases involved 

in the specialized diterpenoid metabolism. 

It was shown that diterpene resin acids are the most abundant diterpenoids across all the examined 

tissue types, together with remarkably lower amounts of the corresponding aldehydes and olefins. All 

the Calabrian pine tissues examined showed the presence of the same nine diterpene resin acids, whose 

quantitative distribution was nonetheless found to be remarkably different in the different tissues 

examined. In agreement with other studies on model Pinus species, our analyses showed that abietane-

type DRAs were more abundant than pimarane-type DRAs in all the Calabrian pine tissues, even though 

with considerable differences in their amounts among the different tissues. Taken together, the above 

results seem to suggest a remarkable tissue-specificity, as well as species-specificity, of terpenoids 

composition in conifers, whose functional significance in terms of plant’s biological performance, as 

well as in terms of possible exploitation for a variety of applications, awaits and deserves further studies.  

A phylogeny-based approach allowed the isolation and sequencing of four partial and full length 

cDNAs coding for diterpene synthases in Calabrian pine, denoted as Pnl DTPS1, Pnl DTPS2, Pnl 

DTPS3, and Pnl DTPS4, each of which was found to belong to one of the four group into which the d3 

clade of the plants’ terpene synthases family can be divided. The subsequent analysis of the deduced 

amino acid sequences allowed to predict that both monofunctional, such as Pnl DTPS 2-4, and 

bifunctional, such as Pnl DTPS 1, diterpene synthases are involved in the biosynthesis of diterpene resin 

acids in Calabrian pine. Transcripts profiling of the Calabrian pine DTPSs genes revealed differential 

expression across the different tissues and were found to be consistent with the corresponding 

diterpenoids profiles, suggesting potential roles for three of the four DTPSs genes in the biosynthesis 

of diterpene resin acids. 

Finally, the obtained full-length DTPS cDNAs were also used to isolate the corresponding complete 

genomic sequences, for each of which the exon/intron structure was determined. This allowed to place 

the DTPSs genes isolated from Calabrian pine on the background of current ideas on the functional 

evolution of diterpene synthases in plants and, in particular, on the functional diversification 

accompanying genera and species evolutionary segregation within the gymnosperms.  
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Beyond their roles in conifer defense, because of their ample physical and chemical diversity, and 

their resulting technological versatility, diterpene resin acids provide a large-volume, renewable 

resource for industrial and pharmaceutical bioproducts. Therefore, novel and in-depth knowledge of the 

evolutionary diversification of members of conifer DTPS family, their modular structure, and their 

putative functions appears to be important not only for a deeper understanding of their physiological 

and ecological roles, but also to foster metabolic engineering and synthetic biology tools for the 

production of high value terpenoid compounds.  
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3. CHAPTER 3: MONOTERPENE SYNTHASE GENES AND 

MONOTERPENE PROFILES IN CALABRIAN PINE [Pinus nigra 

subsp. laricio (POIRET) MAIRE].  

Adapted from: Alicandri et al. Monoterpene synthase genes and monoterpene profiles in 

Calabrian pine [Pinus nigra subsp. laricio (Poiret) Maire]. Submitted to Plants Basel   

 

Abstract 

In conifers, the constitutive or induced production of volatile and non-volatile terpenoids play key roles 

in tolerance and defence against biotic and biotic stresses. The range of action of monoterpenes (mainly 

volatile terpenoids) is not restricted to plants protection, but also encompasses conspecific as well as 

allospecific plant-to-plant communication. In the present study, we carried out a quantitative analysis 

of the monoterpenes composition in different tissues of the non-model conifer Pinus nigra subsp. laricio 

(Calabrian pine), an endemic and widespread species in Southern Italy. All the Calabrian pine tissues 

examined showed the presence of the same fourteen monoterpenes, among which the most abundant 

were β-phellandrene, α-pinene, and β-pinene, whose distribution was markedly tissue-specific. Using a 

strategy based on the phylogenesis of monoterpene synthases within the Pinus genus made it possible 

to isolate, for the first time, seven full length orthologous cDNA transcripts in Calabrian pine, each of 

which was found to be attributable to one of the seven phylogenetic groups in which the d1-clade of the 

canonical classification of plants’ terpene synthases can be subdivided. The amino acid sequences 

deduced from the above cDNA transcripts allowed to predict their involvement in the biosynthesis of 

five of the monoterpenes identified. Transcripts profiling revealed differential gene expression across 

the different tissues examined and was found to be consistent with the corresponding metabolites 

profiles, suggesting potential roles for the isolated monoterpene synthase genes in the biosynthesis of 

monoterpene compounds. The genomic organization of the seven isolated monoterpene synthase genes 

was also determined. 

 

Keywords: monoterpenes; monoterpene synthase genes; Pinus nigra subsp. laricio; Calabrian pine, 

genomic organization of plant terpene synthase genes; pine oleoresin; terpene volatile compounds, β-

phellandrene; α-pinene; β-pinene. 

 

Key to plant species: Abies grandis (Douglas ex D. Don) Lindl., grand fir; Picea abies (L.) H. Karst, 

Norway spruce; Picea glauca (Moench) Voss, white spruce; Picea sitchensis (Bongard) Carrière, 1855, 

Sitka spruce; Pinus banksiana Lamb., jack pine; Pinus contorta Douglas, lodgepole pine; Pinus jeffreyi 
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Balf., Jeffreyi pine; Pinus nigra subsp. laricio (Poiret) Maire, Calabrian pine; Pinus ponderosa Douglas 

ex. C. Lawson, ponderosa pine; Pinus sabiniana Douglas ex D. Don, grey pine; Pinus taeda L., loblolly 

pine. 
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3.1.  INTRODUCTION 
 

The production of terpenoids in conifer species, both in the form of oleoresin and emitted as volatile 

compounds, play a significant role in the physical and chemical defence responses against herbivores 

and pathogens (Celedon et al. 2019; Alicandri et al. 2020). Oleoresin, whose main components are 

mono- (C10) and di-terpenes (C20) (including diterpene resin acids, DRAs), with lower quantities of 

sesquiterpenes (C15), accumulates in specialized anatomical structures, mainly resin ducts, which are 

abundantly present in different tissues of conifer trees, such as bark, wood and needles (Celedon et al. 

2019). In case of wounding, the resin spreads out from the ducts to reach the damaged area and acts as 

a physical and chemical weapon against invading organisms (Celedon et al. 2019; Zulak and Bohlmann 

2010). Conifer foliage also emits terpenes originating from two sources: those stored in the needle resin 

ducts and those directly emitted from mesophyll cells (Celedon et al. 2019). These volatile terpenes, 

mainly mono- and sesqui-terpenes, can play a significant function in plant-to-environment interactions, 

acting as signals to stimulate defence responses in nearby plants or in healthy tissues of the same plant 

or in attracting natural enemies of pathogens and herbivores (Celedon et al. 2019; Raffa et al. 2014; 

Boncan et al. 2020).  

In addition to chemical and physical defence, constitutive and induced conifer terpenes, mainly 

hemi- and mono- terpenes, can perform a physiological and ecological role in the protection against 

abiotic stresses, such as drought, salinity, high and low temperatures and air and soil pollution (reviewed 

in Kopaczyk et al. 2020).  Moreover, their emission from conifer trees plays a considerable role in 

global carbon cycle and atmospheric processes (e.g., in the cycle of photochemical 

production/destruction of ozone, particle formation and aerosols) (Loreto et al. 2010; Sharkey et al.  

2013). Many stress conditions cause a rapid rise in reactive oxygen species, resulting in oxidative stress 

and the activation of signalling pathways that lead to metabolic reprogramming (Akula and Ravishankar 

2011). Several studies showed that some terpenes exhibit considerable antioxidant activity (Dahham et 

al. 2015; Porres-Martìnez et al. 2016), suggesting that they may have a role in preventing oxidative 

stress induced by abiotic stressors (Kopaczyk et al. 2020).  

While the constitutive and induced terpene-related defence mechanisms are thought to have 

contributed to the evolutionary success of conifers in forest ecosystems worldwide, the increased 

pressure from the combined and related effects of climate change and host expansion of conifer pests 

and disease may challenge the effectiveness of these defence systems (Celedon et al. 2019). 

Conifer’s monoterpenes as major components of the oleoresin and of the emitted volatile terpene 

fraction, are largely involved in the constitutive and induced defence responses of conifer trees to 
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insects and fungal diseases (Celedon et al. 2019; Kopaczyk et al. 2020; Nicole et al. 2006; Hall et al. 

2011; Pollastrini et al.  2015; Hall et al. 2013b; Boone et al.  2011).  

Because many monoterpenes are volatile molecules, some of them, among which ocimene, 

myrcene, limonene, linalool, camphene and pinene, just to mention a few of those found in conifers, 

are well-known fragrants found in the essential oils, and are used in perfumes, cosmetics, and cleaning 

products. Moreover, several conifer monoterpenes, among which bornyl acetate, camphene 

and limonene are used as food flavors and food additives. Finally, yet importantly, a few conifer 

monoterpenes have been claimed to exhibit antimicrobial, antiviral or antitumor activities (Cristiani et 

al. 2007; Sobral et al.  2014; Allenspach et al. 2021).  

The biosynthesis of monoterpenes results from the activity of a specialized group of terpene 

synthases (TPSs), namely monoterpene synthases (MTPSs), which use geranyl diphosphate as a 

substrate to form, typically in a stereo specific fashion, acyclic, monocyclic or bicyclic compounds. All 

the known MTPSs belong to the so called “class-I” TPSs, hosting only one active site located in the C-

terminal α-domain, which contains two metal binding amino acidic motifs, the highly conserved 

“DDXXD” and the less conserved “NSE/DTE”. Most MTPSs have an obvious N-terminal plastid 

transit peptide, which is removed from the mature MTPS upstream of the “RR(X8)W” motif, which in 

turn  is important for the catalysis of monoterpene cyclization (see Alicandri et al. 2020 and references 

therein).  

The abundance and diversity of the different monoterpenes in conifers (Kopaczyk et al. 2020), and 

their roles in conifer-herbivore interactions, prompted the cloning and characterization of MTPSs in 

several conifer species (reviewed in Celedon et al. 2019; Alicandri et al. 2020). For instance, the white 

spruce (Picea glauca) genome annotation identified 24 MTPS genes (Warren et al. 2015), but only four 

of them have been functionally characterised, i.e., heterologously expressed in bacterial/yeast systems 

and tested in vitro with their potential terpenoids substrates, including (–)-α-pinene synthase, (–)-β-

pinene synthase, (–)-linalool synthase and 1,8-cineole synthase (Keeling et al. 2011). Another study 

allowed cloning nine different jack pine (Pinus banksiana) and eight different lodgepole pine (Pinus 

contorta) MTPS full-length cDNAs (Hall et al. 2015). Functional characterization of the 17 different 

MTPSs and monoterpene profiles in different tissues of lodgepole pine and jack pine identified 

orthologous sets of enzymes that contribute to the biosynthesis of oleoresin monoterpenes such as (-)-

β phellandrene, (-)-β-pinene, (+)-α-pinene, (-)-α-pinene and (+)-3-carene (Hall et al. 2015).  

It is apparent from the above that most of the existing knowledge concerning the genetics and 

metabolism of monoterpenes in conifers was obtained from model Pinaceae species, for which large 

transcriptomic and genomic resources are available. In previous work of ours (Alicandri et al. 2020; 

Foti et al. 2020; Alicandri et al. 2021) we began to gain insight into the ecological and functional roles 
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of the terpenes produced by the non-model conifer Pinus nigra subsp. laricio (Poiret), vernacular name 

Calabrian pine, one of the six subspecies of P. nigra (black pine) and an insofar completely neglected 

species under such respect. In terms of natural distribution, black pine is one of the most widely 

distributed conifers over the whole Mediterranean basin, and its laricio subspecies is considered 

endemic of Southern Italy, especially of Calabria, where it is a basic component of the forest landscape, 

playing key roles not only in soil conservation and watershed protection, but also in the local forest 

economy (Nicolaci et al. 2015).  

In one of our previous works on Calabrian pine (Alicandri et al. 2021), five different plant tissues 

were analyzed in terms of oleoresin diterpenoids composition, and, in parallel, the isolation, 

characterization and expression analysis of diterpene synthase (DTPS) genes were carried out in the 

same plant material. To broaden the characterization of the terpene oleoresins in this non-model conifer 

species, the same combined biochemical and genetic approach was adopted in the present work, in 

which, again for the first time to the best of our knowledge, we used gas chromatography-mass 

spectrometry (GC-MS) to determine the monoterpenes profiles in five different tissues of Calabrian 

pine. In this same subspecies, in addition, we report here about the isolation of full length (FL) cDNAs 

and the corresponding genomic sequences encoding for six MTPSs and one hemi-TPS, obtained by 

using a strategy based on the phylogeny of available MTPSs from different Pinus species. The isolation 

of Calabrian pine MTPS genes allowed a tissue-specific gene expression analysis, to be confronted with 

the corresponding GC-MS monoterpenes profiles. 

 

3.2.  MATERIAL AND METHODS 
 

➢ 3.2.1 Plant material 

The plant material, as well as the sampling procedure, were the same adopted in our previous work 

concerning the metabolic and genetic profiling of diterpenoids in different tissues of three years old 

seedlings of Calabrian pine [Pinus nigra subsp. laricio (Poiret) Maire] (Alicandri et al. 2021). Briefly, 

the Calabrian pine seedlings were grown in the open inside protective housings set up within the 

premises of the Aspromonte National Park, Southern Italy (38° 17’27” N, 15° 81’68” E; altitude 1010 

MASL, exposed East). Five tissue types were collected for analysis: young needles (YN); mature 

needles (MN); bark and xylem combined from leader stem (LS); bark and xylem combined from 

interwhorl stem (IS), and roots (R). All the collected tissues were immediately frozen in liquid nitrogen 

and stored at −80 °C until use for nucleic acids isolation and for metabolite profiling analysis. 
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➢ 3.2.2 Extraction and GC/MS analysis of monoterpene metabolites 

Approximately 500 mg of the five different tissues were extracted by sonication in 1 mL of n-

pentane at room temperature for 15 min. One hundred μL of each extract were transferred into a conical 

vial and 0,5μL were analysed by high-fast GC-MS techniques. For all the five tissue types, three 

biological replicates were processed, and then each of them analysed in triplicate. 

Qualitative and quantitative GC/MS analysis of monoterpenes from Calabrian pine tissues were 

carried out essentially as reported in our previous work on diterpenes from the same plant source [23], 

in which full details are provided concerning the analytical equipment, the GC capillary column, the 

nature and flow rate of the carrier gas, the sample volume and the injection technique, the couped MS 

detector and the temperatures selected for the transfer line, the ion source and the analyser. For the 

present GC analysis of monoterpenes, the following thermal conditions were adopted: from 45°C (1 

min.) to 250°C (0.5 min) at 30 °C min-1, then to 325 at 45°C min-1, then isothermal for 5 min. The MS 

acquisition was carried out under full scan (m/z 37-250) or selective ion monitoring mode at m/z: 136, 

121 and 93, for qualitative and quantitative analysis, respectively. 

Monoterpenes identification was achieved by comparing the experimental mass spectra both with 

those in the NIST08 and Wiley02 Libraries and with those reported in the available literature (Hall et 

al. 2015; Adams, 2007). As far as the Wiley and NIST mass spectra libraries are concerned, the spectral 

match scores obtained for the analysed monoterpenes in the pine tissues were invariably higher than 

850, consistently returning the correct metabolite identification as the “first hit”. According to the NIST 

library guidelines, this match value is considered satisfactory and reliable for a correct identification of 

a given molecule. 

The analyte concentrations, expressed as µg (g dry weight)-1, were calculated by calibration curves 

obtained by using with commercial standards of α-pinene [(1S,5S)-2,6,6-trimethylbicyclo(3.1.1)hept-

2-ene, 98% purity, Sigma-Aldrich catalogue #  147524] and of (R)-(+)-limonene [1-methyl-4-(prop-1-

en-2-yl)cyclohex-1-ene, 97% purity, Sigma-Aldrich catalogue # 183164]. 

The GC/MS methods used in the present study for the extraction and analysis of plant metabolites 

were adequately validated for their selectivity, precision, and efficiency. Selectivity was verified by 

observing that no interfering peak was apparent at the elution time of each target analyte upon injecting 

three replicate blank samples. Precision was tested by measuring the inter- and intra-day variability in 

the chromatographic profiles of spiked samples, which ranged from 2 to 7% in terms of relative standard 

deviation. Finally, the extraction method recovery was computed as the average of three replicate 

samples of the plant tissue spiked with a known aliquot of α-pinene and (R)-(+)-limonene standard mix 
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and then analysed by GC-MS. Regardless of the tissue extracted, the measured mean recovery always 

ranged from 80 to 90%. 

 

➢ 3.2.3 Isolation, characterization, and expression analysis of monoterpene 

synthases genes in Calabrian pine 

As the first step, a multiple sequence alignment of the MTPS deduced proteins from the genus Pinus 

was carried out from which the corresponding phylogenetic tree was generated. The adopted in silico 

approach and the criteria used for phylogenetic analysis are described in detail in previous work of ours 

(Alicandri et al. 2020; Alicandri et al. 2021). 

The genomic DNA and the total RNA were extracted from the five different tissue types of 

Calabrian pine as reported in Alicandri et al. (Alicandri et al. 2021). All the DNA and cDNA samples 

were stored at -80 °C until used. 

RT-polymerase chain reaction (PCR) was used to amplify partial cDNA coding for MTPSs by using 

forward and reverse primers designed in conserved regions among the Pinus MTPS sequences of the 

different groups identified by the phylogenetic analysis (Alicandri et al. 2020). The complete list of the 

forward and reverse primers used is reported in Table 3.1.  

The partial cDNAs sequences obtained were then used as templates to isolate the corresponding 

full-length MTPS cDNAs by means of 5' and 3' RACE (Rapid Amplification of cDNA Ends) extensions, 

as detailed in our previous work (Alicandri et al. 2021). The sequence of RACE primers used are 

reported in Table 3.1. 

To isolate the genomic MTPS sequences, the genomic DNA was amplified by using specific 

forward and revers primers, designed in the close proximity of the initiation (ATG) or stop codons, 

respectively, of each full-length cDNA (Table 3.1) as described in Alicandri et al. (2021).  

Cloning and sequencing of partial cDNAs, RACE and genomic amplification products were 

conducted as described in Alicandri et al. (2021). In the same previous work of ours, full details can be 

found concerning the analysis of the nucleotide sequences obtained and of the corresponding deduced 

amino acid sequences. 
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Table 3.1. Forward and Reverse primers used for the isolation of cDNAs and genomic sequences coding for MBOS (Group 

1) and MTPSs (Groups 2-7) in Pinus nigra subsp. laricio. RACE, Rapid Amplification of cDNA Ends 

 

 

As far as the expression analysis of the isolated MTPS genes is concerned, full methodological 

details can be found in previous work of ours (Alicandri et al. 2021; Ciaffi et al. 2019). These include 

samples replication, quantitative real time (qRT-PCR) conditions, the selection of the most appropriate 

and stable reference genes for normalisation, the designing of primer pairs for both target and reference 

genes (Table 3.2), the evaluation of primers specificity and amplification efficiency, and the criteria 

used to calculate normalized relative values of gene expression and their standard deviation. 
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Table 3.2. List of primer pairs of Calabrian pine MBOS, MTPS and reference (CYP and upLOC) genes used in qRT-PCR 

analyses  

Gene Forward primer (5'-3') Reverse primer (5'-3') 

MBOS1 GCAATGTTCCAATCACTTCCAAG AGGCACAGGCTCAATGACG 

MTPS2 GCTTCTCAAACCAGACTGC TTGGTGGCGACGCTGTAG 

MTPS3 TCTCGGGTCAACACAGGAAG CCATCTCGGTAGTTGTAGAAGTG 

MTPS4 CTGGAGCAACAGAGGAAGATG GTATTTGTAACCGTAATGGAAAGC 

MTPS5 GCCCGTGGAGAAGAAGC TGGGAACGCTGCTGTTTG 

MTPS6 TTAAACCCGACAGCAATGTTCCC GTGGCATCACCGTAACCATCTC 

MTPS7 TGCTGTCAATCAAGTCAATGC GCAACACTGAAGCCATCTCTG 

CYP TGTAGAGGGCTTGGAGGTC CAAGCGAGCTGTCCAGAGT 

upLOC GGTTTGCTTTGGAGGATATG GTCCAATGTGCACCTCGT 

 

➢ 3.2.4 Statistical analysis 

Each reported value for metabolites and gene expression levels represents the mean of a total of 

nine replicates, obtained from three biological replicates and three technical replicates for each 

biological replicate. The statistical significance of the differences observed was evaluated by one-way 

ANOVA, followed by the Tukey’s test. All statistical analyses were performed using JMP PRO 15 

(Trial Version ©SAS Institute Inc.). 

 

3.3.  RESULTS AND DISCUSSION 
 

➢ 3.3.1 In the Pinaceae, the monoterpene metabolites profiles are tissue-specific 

and species-specific 

 

The diversity of monoterpenes composition was evaluated in five different tissues, namely young 

(YN) and mature (MN) needles, leader and interwhorl stems (LS and IS, respectively), and roots (R) 

obtained from three-year old Calabrian pine saplings. All the tissues examined contained the same set 

of fourteen monoterpene compounds, namely, bornyl acetate, camphene, δ-3-carene, α-fenchene, 

limonene, myrcene, β-phellandrene, α- and β-pinene, sabinene, α-terpineol, terpinolene, α-thujene, and 

tricyclene, whose typical elution order under the adopted GC conditions is reported in Figure 3.1, and 

whose chemical structures are shown in Figure 3.2.  
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Figure 3.1. A representative GC-MS profile of the monoterpenes extracted from the young needles of Calabrian pine. Single 

ion monitoring at m/z 136, 121 and 93. (1) tricyclene, (2) α-thujene, (3) α-pinene, (4) α-fenchene, (5) camphene, (6) 

sabinene, (7) β-pinene, (8) myrcene, (9) δ-3-carene, (10) β-phellandrene, (11) limonene, (12) terpinolene, (13) α-terpineol 

and (14) bornyl acetate. 

 

 

 

Figure 3.2. Chemical structures of the monoterpenes found in different tissues of Calabrian pine.  
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Comparison with homologous tissues obtained from coeval saplings of jack pine and lodgepole pine 

(Hall et al. 2013b) showed a remarkably similar monoterpenes profiling in Calabrian pine, albeit not 

identical, in that the latter contained α-thujene and α-fenchene in addition, but was devoid of α-

terpinene, γ-terpinene, linalool and terpin-4-ol. 

Quantitatively speaking, Figure 3.3A shows that the highest content of total monoterpenes was 

found in the LS tissue, while decreasing amounts were observed in R, IS and MN tissues, with the 

lowest concentration detected in YN.  

Three of the five tissues, namely YN, MN, and IS, contained 31-44% β-phellandrene as the most 

abundant monoterpene (Figure 3.3 B-C-E), whereas α-pinene (approximately 44% of the total) and β-

pinene (about 51% of the total) were found to be the most abundant monoterpenes in LS (Figure 3.3D) 

and R (Figure 3.3F), respectively. These findings confirm the results obtained by Hall et al. (2013) on 

the same tissues of three-year old P. contorta seedlings, with the exception that in the leader stem of 

lodgepole pine the predominant monoterpene was β-phellandrene (more than the 50% of the total), with 

very low amount of α-pinene (approximately 3%).  

Besides β-phellandrene, the most abundant monoterpenes found in the needles (both YN and MN) 

were α-pinene (26-27% of the total), β-pinene (7-17%) and limonene (6-14%), with lower amounts 

(less than 3% each) of the remaining ten compounds (Figure 3.3 B-C). Conversely, the root and the 

stem (both LS and IS) revealed a more fragmented monoterpenes composition (Figure 3.3 D-F). For 

instance, the root, in addition to β-pinene (more than half of the total monoterpene fraction), contained 

approximately 12% each of β-phellandrene and myrcene, 6% each of α-pinene and camphene, 4% each 

of α-thujene and limonene, and less than 1% each of the remaining seven monoterpenes (Figure 3.3 F). 

In this context, it is worth nothing that δ-3-carene, which was previously found to be one of the most 

abundant monoterpenes in P. contorta roots (more than the 30% of the total) (Hall et al. 2013b), was 

found to be present at very low levels in the same tissue of Calabrian pine (0.036% of the total). On the 

other hand, monoterpene profiles of Calabrian pine LS and IS tissues contained 13-44% α-pinene, 11-

31% β-phellandrene, 13-17% α-thujene, 9-13% β-pinene, 7-8% δ-3-carene, 3-8% myrcene, and less 

than 3% of the other eight identified monoterpene compounds (Figure 3.3 E-F). In these last two tissues, 

remarkable was the amount of α-thujene, which, as stated before, was not identified in P. banksiana 

and P. contorta (Hall et al. 2013b). This bicyclic compound was found to represent 1-10% of the total 

monoterpene fraction in several widespread American conifers, such as Pinus strobus (eastern white 

pine), Tsuga canadensis (eastern hemlock), Thuja occidentalis (eastern white cedar), and Juniperus 

spp. (juniper) (Geron et al. 2000). At the same time, in these same tissues, it is worth nothing the 

relatively high amount of δ-3-carene, which, contrary to what was observed for the roots, is comparable 
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to that determined in leader and interwhorl stem tissues from P. contorta and P. banksiana (Hall et al. 

2013b). 

 

 

Figure 3.3. Total monoterpene contents (top left panel A) and levels of individual monoterpenes (panels B-F) in different 

tissues of three-years old Calabrian pine saplings. Error bars indicate the standard deviation of the mean. The statistical 

significance of the differences was evaluated by one-way ANOVA, followed by the Tukey’s test. Different letters denote 

statistical significance of the difference at p < 0.01. 

 

As Figure 3.3 indicates that the needles, and in particular the young ones, are the tissues in which, 

comparatively speaking, the lowest accumulation of monoterpenes occurs, it could be of interest to 

understand the possible functional and ecological basis of such circumstance. One possible explanation 

could be that, in the needles, monoterpenes are not only components of the oleoresin, but also actively 
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emitted as volatile compounds, to play the well-known array of physiological and ecological functions 

in plant-to-environment interactions (see Introduction). As a matter of fact, in a previous study of ours 

conducted on adult individuals of Calabrian pine thriving in the same natural context of the present 

study (Foti et al. 2020) we adopted the “headspace” GC/MS approach to collect volatile terpenoids 

emitted from vegetation and we found that, together with a tenth of different sesquiterpenes, at least a 

half of the same monoterpenes reported in Figure 3.3, namely bornyl acetate, limonene, myrcene, β-

phellandrene, α- and β-pinene, and α-terpineol, are persistently and consistently present in the blend of 

volatiles released by the young needles throughout their growing season, with β-phellandrene, α- and 

β-pinene being the major components, on a comparative basis. 

Taken together, the above results suggest that the quali-quantitatively profile of monoterpenes in 

Calabrian pine is remarkably tissue-specific, and the perusal of the available literature indicate species-

specificity as well, thus confirming our previous results on the diterpenoids from the same conifer 

species (Alicandri et al. 2021). As it was shown by several studies (Kopaczyk et al. 2020; Geron et al. 

2000; Pokorska et al. 2012), there is a notable variation in monoterpenes composition between different 

genera and species of conifer trees. Moreover, even closely related species may differ significantly with 

regard the quality and quantity of monoterpene compounds they produce, as observed in the Pinus 

genus (Kopaczyk et al. 2020; Hall et al. 2015; Blanch et al. 2009; Mukrimin et al. 2019). 

Another aspect of potential interest in the non-model conifer species studied here, in view of its 

possible physiological, ecological and technological implications, concerns the reciprocal quantitative 

relationships among the major terpenoids components of oleoresin, as well as the developmental and 

environmental factors driving the differential distribution of them in plant tissues. In the aforementioned 

twin study of ours (Alicandri et al. 2021), we analyzed quantitatively, in the identical plant material 

studied here and by adopting an essentially similar GC/MS approach, the diterpenoid components of 

oleoresin, in the form of diterpene resin acids (DRAs), i.e., the stable and functional conformers 

deriving from the combined action of DTPSs and of cytochrome P450 monooxygenases (Celedon and 

Bohlmann, 2019). By comparing the results obtained in the two experiments (Figure 3.3 and Alicandri 

et al. 2021), on a DW basis, total monoterpenes as a whole, in Calabrian pine, are about six times more 

abundant than total DRAs. Upon dissecting such cumulative data at the level of each specific tissue, 

however, it can be found that while such approx. 6:1 ratio among monoterpenes and DRAs is 

maintained in the leader stem and in the root, it is otherwise substantially lower, i.e., approx. 2-3:1, in 

the interwhorl stem, but it is much higher, and as much as 60:1 and 120:1, in the mature and young 

needles, respectively. Although a much more rigorous analysis would be needed, and albeit the third 

macro-component, namely sesquiterpenes, is not considered here, the above considerations confirm that 

monoterpenes are the most abundant terpenoids in conifer oleoresin (Alicandri et al. 2021) and seem to 
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suggest that the relative abundance of the different terpenoids categories might be tissue specific. While 

the possible functional significance, if any, of such tissue-specificity awaits and deserves further 

studies, it can be hypothesized that the massive prevalence of monoterpenes over DRAs in needles, and 

especially in the young ones, might be associated with the ability of the former terpenoids, but not of 

the latter, to act as volatile signals for the chemical communication with the plant’s environment (see 

above), by using the most obvious and pervious communication channel between the plant and the 

surrounding atmosphere, i.e. stomata. 

 

➢ 3.3.2 A phylogeny-based approach for isolating partial and full-length cDNAs 

coding for monoterpene synthases in Calabrian pine 

  

Based on the same strategy we previously used for isolating DTPS genes in the same non-model 

conifer species (Alicandri et al. 2021), a phylogeny-based approach was adopted to isolate MTPS cDNA 

sequences potentially involved in the synthesis of the monoterpenes identified in the different tissue 

types of Calabrian pine. In practice, PCR amplification of cDNA sequences was conducted by utilizing 

specific primer pairs designed on conserved regions of available MTPSs from Pinus species belonging 

to different phylogenetic groups. 

Phylogenetic relationships concerning conifer MTPS were drawn from a broader study (Alicandri 

et al. 2020) in which we conducted an exhaustive in silico search to discover all possible FL TPSs for 

primary and specialized metabolisms in several Pinus species. As far as the present work is concerned, 

BLAST searches using as queries selected gymnosperm MTPSs enabled us to identify 74 FL sequences 

implicated in the synthesis of hemi- and mono- terpenes in pine species (Alicandri et al. 2021). Indeed, 

the deduced amino acid sequences from 42 cDNA sequences out of 74, belonging to 18 Pinus species, 

were predicted to synthetize 2-methyl-3-buten-2-ol (MBO), a C5 alcohol related to isoprene by a 

structural and biosynthetic point of view, since both derive from the common precursor dimethylallyl 

diphosphate (Gray et al. 2011) (referred to as MBO synthases, MBOSs, in the following). Because the 

predicted amino acid sequences of the 42 MBOSs showed a high level of homology among each other 

(93-99% identity), only five of them were used in the phylogenetic analysis, together with the remaining 

32 FL cDNA retrieved, whose deduced amino acids sequences were predicted to belong to proper 

MTPSs (Alicandri et al. 2021). The resulting phylogenetic tree showed that all the 37 pine 

MBOS/MTPS sequences clustered together into the d1 clade of TPS, which includes seven well-

supported major groups, denoted as 1-7. The first group contained the five selected MBOSs, while each 
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of the remaining six groups contained MTPS proteins thought to be functionally related among each 

other (Alicandri et al. 2021).  

In each of the seven groups, we aligned the deduced amino acid and nucleotide sequences contained 

therein (Table 3.3) to reveal group-specific highly conserved regions, which were then used to design 

group-specific primers, shown in the upper panel of Table 3.1, for the isolation of partial transcripts of 

orthologous genes in Calabrian pine.  

By using the above strategy, we isolated and sequenced partial MBOS/MTPS transcripts of putative 

orthologous genes in Calabrian pine, one for each of the groups 1-7, which were then utilised as 

templates for the isolation of as many full length cDNAs by carrying out 5’ and 3’ RACE (Rapid 

Amplification of cDNA Ends) extensions. The primer sequences used for 5’ and 3’ RACE are listed in 

the middle panel of Table 3.1. 

In the case of the partial MTPS transcripts from groups 2, 4, and 7, two slightly different sequences 

were identified among the three clones analysed for each cDNA fragment, due to nucleotide 

substitutions, the majority of which being synonymous, i.e., not changing the identity of the amino acid 

encoded by the nucleotides triplet, on a background of otherwise high level of sequence identity among 

each other (over 96%). These slightly different MTPS transcripts, already observed in other Pinus 

species (Hall et al. 2013b), and reminiscent of analogous observation we previously made during the 

isolation of DTPS transcripts (Alicandri et al. 2021), might derive from alleles of the same gene or from 

duplicated copies of the same gene, implying that Calabrian pine may contain as many more MTPS 

closely related genes belonging to each phylogenetic group, a possibility which deserve further studies. 

However, across the three sequenced clones for the corresponding 5’ and 3’ RACE products, we found 

the same sequences that were identical to the 5’ and 3’ ends of two of the three sequenced cDNA 

products, demonstrating that they are part of the same FL transcript. Therefore, the assembled seven 

unique FL cDNAs isolated from Calabrian pine and denoted as Pnl MBOS1/Pnl MTPS2-7, each of them 

belonging to one of the seven TPS-d1 groups, contained open reading frames (ORFs) of 1845, 1881, 

1866, 1887, 1911, 1866 and 1890 bp, respectively, and were predicted to encode proteins of 614, 626, 

624, 628, 636, 622 and 629 aa (Figure 3.4). 

The FL cDNA sequences of the Pnl MBOS1/Pnl MTPS2-7 genes have been deposited in the 

GeneBank database under the accession numbers from OL689404 to OL689410.  
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Table 3.3. Full-length cDNA sequences of putative MBOSs and MTPSs in Pinus spp. retrieved from the NCBI database 

Species Function Abbreviation 

Accession 

mRNA 

sequence 

ORF 

(bp) 

Accession 

protein 

sequence 

Amino 

acids 

(aa) 

Pinus arizonica var. cooperi 2-methyl-3-buten-2-ol synthase Par MBOS1 JN039226 1845 AFJ73545 614 

Pinus banksiana  (-)-α pinene synthase Pb MTPS1  JQ240304 1890 AFU73856  629 

 (-)-β-pinene synthase Pb MTPS2 JQ240291 1887 AFU73843 628 

 (-)-β-pinene synthase (TPS-(-)Bpin2) Pb MTPS3 JQ240292 1884 AFU73844  627 

 (-)-α/β-pinene synthase Pb MTPS4 JQ240290 1872 AFU73842 623 

 α terpineol synthase Pb MTPS5 JQ240308 1881 AFU73860 626 

 (+)-3-carene synthase Pb MTPS6 JQ240306 1881  AFU73858  626 

 (+)-3-carene synthase Pb MTPS7 JQ240305 1881 AFU73857 626 

  (+)-α pinene synthase Pb MTPS8 JQ240298  1887  AFU73850 628 

 Monoterpene synthase Pb MTPS9 JQ240296 1887 AFU73848 628 

 Monoterpene synthase Pb MTPS10 JQ240297 1887 AFU73849 628 

  (-)-β-phellandrene synthase Pb MTPS11 JQ240302 1866 AFU73854 621 

Pinus contorta (-)-α pinene synthase Pc MTPS1 JQ240303  1890 AFU73855 629 

 (-)-β-pinene synthase Pc MTPS2 JQ240293 1884 AFU73845 627 

 Monoterpene synthase Pc MTPS3 JQ240294  1884 AFU73846 627 

 (+)-3-carene synthase Pc MTPS4 JQ240307 1881 AFU73859 626 

 (+)-α pinene synthase Pc MTPS5 JQ240295 1887 AFU73847 628 

 α terpineol /1,8-cineole synthase Pc MTPS6 JQ240309 1851 AFU73861 616 

 (-)-camphene / (+)-α-pinene synthase Pc MTPS7 JQ240299 1860 AFU73851 619 

 (-)-β-phellandrene synthase Pc MTPS8 JQ240301 1866 AFU73853 621 

  (-)-β-phellandrene synthase Pc MTPS9 JQ240300 1875 AFU73852  624 

Pinus kesiya var. langbianensis Monoterpene synthase Pk MTPS1 KX394684 1956 AQZ36562 651 

  α-pinene synthase Pk MTPS2 KM382173 1875 AIY22674 624 

Pinus massoniana (-)-α pinene synthase Pm MTPS1 KF547035 1890 AGW25369 629 

  α-terpineol synthase Pm MTPS2 KJ803197 1863 AIL88641 620 

Pinus pinaster  α-pinene synthase  Pp MTPS1 KP780394 1890 ALB78130  629 

  α-pinene synthase  Pp MTPS2 KP780395  1890 ALB78131 629 

Pinus pinea α-pinene synthase  Ppinea MTPS1 KR011842 1890 ALD18902 629 

  α-pinene synthase  Ppinea MTPS2 KR011841   1890 ALD18901  629 

Pinus pseudostrobus 2-methyl-3-buten-2-ol synthase Pps MBOS1 JN039254 1845 AFJ73572 614 

Pinus pseudostrobus var. estevezii  2-methyl-3-buten-2-ol synthase  Pest MBOS1 JN039251 1845 AFJ73569 614 

Pinus sabiniana  2-methyl-3-buten-2-ol synthase Psab MBOS1 JF719039 1845 AEB53064 614 

Pinus tabuliformis α-pinene synthase Ptab MTPS1 EF608499 1890 ABY65904 629 

Pinus taeda (-)-α-pinene synthase Pt MTPS1 AF543527 1890 AAO61225  629 

 α-terpineol synthase Pt MTPS2 AF543529 1884 AAO61227 627 

  (+)-α-pinene synthase Pt MTPS3 AF543530 1887 AAO61228 628 

Pinus teocote 2-methyl-3-buten-2-ol synthase Pteo MBOS1 JN039258 1845 AFJ73576 614 

Physcomitrella patens ent-kaurene synthase Pt TPS-entKS AB302933 2646 BAF61135 881 
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Figure 3.4. Alignment of deduced amino acid sequences of the seven putative hemi- and mono-terpene synthases from 

Calabrian pine (Pnl MBOS1/Pnl MTPS 2-7) isolated in the present study. Amino acid residues with black background 

indicate highly conserved regions, while amino acid residues which are identical in more than 50% of the proteins are in 

grey background. The horizontal square bracket indicates the putative N-terminal transit peptide region. The "RRX8W" and 

class-I "DDxxD" signature motifs are indicated with red open rectangles. 

 

 

➢ 3.3.3 Sequence-based analysis of the predicted MBOS and MTPS proteins in 

Calabrian pine 

 

The deduced amino acid sequences of the seven FL cDNAs obtained from Calabrian pine were 

found to possess highly conserved and distinctive regions of plant MTPSs (Figure 3.4). First, each of 

the seven predicted proteins featured a potential transit peptide, ranging in length from 50 (Pnl MBOS1) 

to 67 amino acids (Pnl MTPS4) (Figure 3.4), which is predicted to facilitate the import of mature 

proteins into plastids. Such putative transit peptides are located just before a conserved RR(X8)W motif 
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(Figure 3.4), which is thought to be required for the catalysis of monoterpene cyclization (Alicandri et 

al. 2020; Whittington et al. 2002; Hyatt et al. 2007). Furthermore, all the seven predicted proteins 

showed a conserved Asp-rich domain, namely DDxxD, which is thought to be responsible for class I 

activity and coordinates substrate binding through the formation of divalent cation salt bridges (Tarshis 

et al. 1996; Lesburg et al. 1997). 

As shown in Figure 3, phylogenetic relationships were found among the 37 pine MBOS/MTPS 

sequences retrieved from the NCBI database (Table 3.3) and the seven MBOS/MTPS sequences 

obtained from Calabrian pine, thus confirming the validity of the approach used for their isolation. Pnl 

MBOS1 clustered with the five selected pine MBOSs in the phylogenetic group 1 (Figure 3.5), of which 

only that from Pinus sabiniana (Psab MBOS1) was functionally characterized as producing both MBO 

and isoprene in a 90:1 ratio (Gray et al. 2011).  The high amino acid sequence identity detected among 

Pnl MBOS1 and Psab MBOS1 (about 95%) suggested that we isolated a FL transcript from a putative 

MBOS orthologous gene in Calabrian pine. Conifer MBOSs seem to have evolved independently from 

their homologous proteins in angiosperms, i.e., isoprene synthases (Sharkey et al. 2013). Indeed, 

phylogenetic analysis revealed that MBOSs fall into the TPS-d1 clade, together with the gymnosperm 

MTPSs, and are most closely related to linalool synthases from P. abies and P. sitchensis (Alicandri et 

al. 2020; Gray et al. 2011). 

Pnl MTPS2 was found to cluster in the phylogenetic group 2 (Figure 3.5), together with two 

proteins, one from P. contorta (Pc MTPS6) and the other from P. banksiana (Pb MTPS5), both of which 

were functionally characterised as producing α-terpineol as their major product (Hall et al. 2013b). It 

is worth nothing that these two proteins showed only 60 to 62% sequence identity with Pt MTPS2 from 

P. taeda, which also was found to produce α-terpineol (Phillips et al. 2003) but was assigned instead to 

the phylogenetic group 4 (Figure 3.5).  

As shown in Figure 3.5, Pnl MTPS3 was closely related (92-93 % protein sequence identity) to 

two proteins from P. banksiana (Pb MTPS 6-7) and one from P. contorta (Pc MTPS4), all of them 

assigned to the phylogenetic group 3, which were previously shown to produce (+)-3-carene as their 

major product (Hall et al. 2013b). The most remarkable difference among the four proteins was a 

deletion of 15 bp in the nucleotide sequence of Pnl MTPS 3, which determines the loss of five amino 

acids in its C-terminal region (Figure 3.6).  

Pnl MTPS4 was found to be closely related (93-96% sequence identity) to seven MTPSs from four 

Pinus species belonging to phylogenetic group 4 (Figure 3.5), of which those from P. contorta (Pc 

MTPS 2), P. banksiana (Pb MTPS 2-4) and Pinus taeda (Pt MTPS2) were functionally characterized. 

Pc MTPS 2 and Pb MTPS 2-4 were reported to produce (−)-β-pinene as their major product, and (−)-
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α-pinene as well, although in comparatively lower amounts (Hall et al. 2013b), whereas Pt MTPS2 was 

shown to form (−)-α-terpineol, but neither (−)-β-pinene nor (−)-α-pinene (Phillips et al. 2003).  

Pnl MTPS5 clustered in the phylogenetic group 5, together with ten putative α-pinene synthases 

(Figure 3.5), among which only three, namely Pt MTPS1 from P. taeda, Pc MTPS1 from P. contorta, 

and Pb MTPS1 from P. banksiana, have been functionally characterized as producing (−)-α-pinene as 

their dominant product (Hall et al. 2013b; Phillips et al. 2003). Pnl MTPS5, although highly like the 

three functionally characterised α-pinene synthases (94-95% protein sequence identity), showed an 

insertion of six aa in its N-terminal region, not present in any members of the phylogenetic group 5 

(Figure 3.7).  

Pnl MTPS6 was found to cluster in the phylogenetic group 6 (Figure 3.5), together with four 

MTPSs, three from P. contorta (Pc MTPS7-9) and one from P. banksiana (Pb MTPS11), which were 

functionally characterized by Hall and Co-workers (Hall et al. 2013b). These Authors showed that Pc 

MTPS8, Pc MTPS9 and Pb MTPS11 form (-)-β-phellandrene as their major product, whereas Pc 

MTPS7, although showing a 95% identity with the aforementioned proteins, predominantly produces 

(-)-camphene and (+)-α-pinene, together with other monoterpene products to a lesser extent. 

Finally, Pnl MTPS7 clustered in the phylogenetic group 7 (Figure 3.5), together with six MTPSs 

from four pine species, of which those from P. taeda (Pt MTPS3), P. banksiana (Pb MTPS8) and P. 

contorta (Pc MTPS5) were functionally characterized as forming (+)-α-pinene as their dominant 

product (Hall et al. 2013b; Phillips et al. 2003). 

In summary, placing the phylogenetic analysis reported in Figure 3 on the background of the 

available literature leads us to hypothesize that, on the basis of their predicted protein sequences, the 

seven FL MBOS/MTPS cDNAs isolated from Calabrian pine could be involved in the biosynthesis of 

2-methyl-3-buten-2-ol (Pnl MBOS1), α-terpineol (Pnl MTPS2), (+)-3-carene (Pnl MTPS3), (−)-β-

pinene/(−)-α-pinene (Pnl MTPS4 and Pnl MTPS5), and (-)-β-phellandrene/(-)-camphene/(+)-α-pinene 

(Pnl MTPS6 and Pnl MTPS7). As a matter of fact, except for MBO, which probably escaped the 

extraction methodology used here probably because of its volatile nature [35], all of the aforementioned 

monoterpenes were actually found to be present in all the tissues of Calabrian pine examined, some of 

which, such as β-phellandrene, α-pinene, and β-pinene, even in comparatively conspicuous amounts 

(Figure 3.3; see also section 3.3.1). It is important to recall, however, that predicting potential MTPSs 

functions solely based on sequence homology could not be always reliable, as proven by the apparent 

lack of structure-function correlation previously reported for some members of the TPS-d1 clade (see 

above). For this reason, a functional characterization of the isolated FL transcripts by expression of 

recombinant proteins in bacterial or yeast systems and in vitro enzyme assays would be crucial to 
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decipher the actual functional roles of Calabrian pine MTPSs, regardless of their sequence homology 

with MTPSs from other conifers. 

 

 

Fig. 3.5. Phylogenetic tree of the deduced amino acid sequences of MTPS and MBOS genes identified in different Pinus 

species (Table S1) and those from the seven Calabrian pine MBOS and MTPS genes   isolated in the present study (yellow 

triangles). The ent-kaurene synthase from Physcomitrella patens (Pt TPS-entKS, BAF61135) was used to root the tree. 

Branches marked with dots represent bootstrap support more than 80% (1000 repetitions). The seven phylogenetic groups 

identified in the pine members of the TPS- d1- clade are indicated by square brackets.  
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Figure 3.6. Alignment of deduced amino acid sequences of MTPSs belonging to the phylogenetic group 3. Amino acid 

residues with blue background indicate highly conserved regions, while amino acid residues which are identical in more 

than 50% of the proteins are in pink background. Pb, Pinus banksiana; Pc, Pinus contorta; Pnl, Pinus nigra subsp. laricio 

(Calabrian pine). 

 

 

Figure 3.7. Alignment of deduced amino acid sequences of MTPSs belonging to the phylogenetic group 5. Amino acid 

residues with blue background indicate highly conserved regions, while amino acid residues which are identical in more 

than 50% of the proteins are in pink background. Pb, Pinus banksiana; Pc, Pinus contorta; Pt, Pinus taeda; Pnl, Pinus 

nigra subsp. laricio (Calabrian pine). 
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➢ 3.3.4 Genomic organization of MBO/monoterpene synthases in Calabrian pine 

on the background of MTPS functional evolution 

The genomic sequences encoding the seven MBOS and MTPS proteins in Calabrian pine were 

amplified by using primers designed to the 5’and 3’ termini of the coding region of the corresponding 

cDNAs (Table 3.1) and the genomic DNA extracted from Calabrian pine needles as template. In all 

cases, a single PCR product larger than the corresponding cDNA was obtained. Three clones for each 

of the seven genomic fragments were partially sequenced at their ends using universal primers; once 

the correspondence of each cDNA with its parent genomic fragment was confirmed, a single clone for 

each gene was chosen and both strands were completely sequenced using internal primers designed 

based on the corresponding cDNA.  

The lengths of the genomic sequences encompassing the ORFs of the seven genes were: Pnl MTPS1: 

2988 bp; Pnl MTPS2: 3313bp; Pnl MTPS3: 2978 bp; Pnl MTPS4: 3386 bp; Pnl MTPS5: 2854 bp; Pnl 

MTPS6: 2893 bp; Pnl MTPS7: 3132 bp. These genomic sequences have been deposited in the 

GeneBank database under the accession numbers from OL689411 to OL689417. 

Sequence alignment showed an almost perfect matching among the cDNAs and the corresponding 

exonic regions of the genomic sequences, allowing a reliable determination of the exon/intron structure 

of each gene. All the seven genomic sequences were found to contain 10 exons and 9 introns (Table 

3.4), being consistent with the previously characterized genomic sequences of conifer MTPSs ((Hall et 

al. 2011; Trapp and Croteau, 2001; Hamberger et al. 2009). Moreover, the genomic structural 

characteristics of the seven MBOS/MTPS genes from Calabrian pine were found to be highly conserved, 

in terms of intron placements, exon number and sizes, and the location of RR(X8)W and class-I DDxxD 

amino acids motifs (Figure 3.8). The intron sizes were generally small (about 70-200 nt), except for the 

last intron of Pnl MTPS4, encompassing 469 bp (Table 3.4). In addition, the introns of the seven 

MBOS/MTPS genes were AT rich, with repetitive sequences rich in T (3-10 mers). With few exceptions, 

all the seven genes had intron-exon junctions that matched the GT/AG boundary rules (Brown and 

Simpson, 1998). Furthermore, the phasing of the intron insertion, identified as the location of intron 

before the first, second, or third nucleotide position of the neighbouring codon and referred to as phase 

0, 1, and 2, respectively (Li, 1997), seemed to be equally well conserved (Table 3.4). The high 

conserved genomic organization detected among the Calabrian pine MBOS/MTPS genes provides 

strong evidence of their common origin in conifers, confirming previous phylogenetic and protein 

structural studies, which demonstrated that the genes involved in hemiterpenes synthesis evolved 

independently in angiosperms and gymnosperms (Alicandri et al. 2020; Sharkey et al. 2013; Gray et 

al. 2011).  
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Table 3.4. Comparison of the introns for the hemi-terpene synthase (MBOS) and of the monoterpene synthases (MTPS) 

genes isolated in the present study: position (the letters are referred to the last coded amino acid of the exon), size (in 

parentheses), total number and phase. No asterisk indicates no interruption between codons; single asterisk indicates intron 

inserted between the first and the second nucleotide; double asterisk indicates intron inserted between the second and third 

nucleotide; hyphen indicates intron not present. The introns are numbered according to Trapp and Croteau (2001).  

 

Intron 

Pnl 

MBOS1 

Pnl 

MTPS2 

Pnl 

MTPS3 

Pnl 

MTPS4 

Pnl 

MTPS5 

Pnl 

MTPS6 

Pnl 

MTPS7 

I - - - - - - - 

II - - - - - - - 

III 
G74 

(97) 

E87 

(318) 

G86 

(177) 

Y91 

(102) 

G89 

(123) 

E87 

(91) 

G88 

(183) 

IV - - - - - - - 

V - - - - - - - 

VI - - - - - - - 

VII 
Y141** 

(159) 

S153** 

(79) 

R154** 

(81) 

S156** 

(124) 

S157** 

(90) 

S155** 

(90) 

S156** 

(89) 

VIII 
S179* 

(115) 

S190* 

(101) 

S191* 

(106) 

A193* 

(148) 

A195* 

(80) 

S192* 

(111) 

S193* 

(104) 

IX 
E249 

(94) 

Q261 

(225) 

E261 

(124) 

E263 

(263) 

E271 

(74) 

E262 

(97) 

E263 

(86) 

X 
L281** 

(269) 

E290** 

(289) 

S292** 

(186) 

T292** 

(69) 

E301** 

(181) 

Q295** 

(221) 

I293** 

(297) 

XI 
R314** 

(105) 

R326** 

(108) 

R326** 

(91) 

R328** 

(125) 

R336** 

(93) 

R321** 

(94) 

R328** 

(98) 

XII 
R386** 

(111) 

R398** 

(111) 

R398** 

(114) 

R400** 

(91) 

R408** 

(92) 

R393** 

(98) 

R400** 

(208) 

XIII 
A432 

(99) 

A444 

(89) 

A444 

(100) 

A446 

(108) 

A454 

(111) 

W440 

(113) 

A446 

(89) 

XIV 
Q515 

(94) 

Q527 

(112) 

G543 

(133) 

Q529 

(469) 

Q537 

(99) 

A523 

(112) 

K529 

(88) 

Genomic 

size 

(bp) 
2988 3313 2978 3386 2854 2893 3132 

Protein 

length 

(aa) 

 

614 

 

626 

 

621 

 

628 

 

636 

 

621 

 

629 

 

 

In an attempt to gain insights into the functional evolution of terpene synthase genes in plants, Trapp 

and Croteau [36] divided them into three classes, namely I, II, and III, which might have evolved 

sequentially by introns loss mechanisms. According to such classification, the seven Calabrian pine 

MBOS/MTPS genes isolated in the present study belong to class II, formed by gymnosperm 

monoterpene and sesquiterpene synthase genes containing nine introns. According to Trapp and 

Croteau (2001), the gene coding for the bifunctional DTPS abietadiene synthase from A. grandis (AgAs) 
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could represent the most obvious modern candidate that resembles the ancestral progenitor gene in 

gymnosperms.  

To further and complete the analysis of Trapp and Croteau (2001), the genomic sequences of 

Calabrian pine MTPSs isolated in the present work were compared with those of the MTPSs already 

assigned to class II and with representative members of class I and III genes (Figure 4). Such 

comparison indicates that, as already noticed among the seven MBOS/MTPS genes from Calabrian pine 

(see above), number, position, and phase of the nine introns, numbered according to Trapp and Croteau 

(Trapp and Croteau, 2001) as III and VII-XIV, are highly conserved in all the class II MTPS genes. 

Moreover, the comparison of the isolated Calabrian pine genes and the available class II genes, with 

the class-I AgAs gene, regarded as descending from a putative ancestral progenitor of all the TPS genes 

(see above), confirms that class I genes gave rise to class II genes by a complex intron loss mechanism. 

In particular, class II genes have lost the introns I and II and the entire N-terminal domain, named 

conifer diterpene internal sequence (CDIS), spanning the regions of exons 4, 5, and 6, and a small 

portion of exon 7, which includes introns IV, V and VI of all class I genes (Figure 3.8). In addition, by 

considering the comparison with the gene encoding for the limonene synthase in Arabidopsis (AtLS), it 

was confirmed that the class III genes, which include mono-, sesqui- and di-terpene synthase genes 

involved in secondary metabolism in angiosperms, derive from class II types by a further loss of intron 

VII and sequential loss of introns IX and X (Figure 3.8). According to Trapp and Croteau (2001), the 

class III genes contain the six conserved introns (III, VIII, XI-XIV) that are found in all TPS genes 

(Figure 3.8).  
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Figure 3.8. Genomic organization of class I, class II and III terpene synthase genes sensu Trapp and Croteau (2001). Black vertical 

slashes represent introns (indicated by Roman numerals) and are separated among each other by colored boxes with indicated lengths 

in amino acids, representing exons. The numbers above the introns of the first row from the top represent the intron phase type 

classification according to Li (1997) and indicate conservation throughout the plants’ TPS genes. Schematization, intron numbers, and 

exon coloring scheme are based upon Trapp and Croteau (2001). Genomic DNA sequences compared are as follows: AgAS, Abies 

grandis abietadiene synthase (NCBI accession no. AF326516), AgLS, Abies grandis limonene synthase (AF326518); AgLS, Abies 

grandis pinene synthase (AF326517); AtLS, Arabidopsis thaliana putative limonene synthase (Z97341); Pnl MBOS1/Pnl MTPS2-7 

denote the MBOS and MTPS genes isolated from Calabrian pine in the present study. 
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➢ 3.3.5 Transcripts profiling of Calabrian pine monoterpene synthase genes 

reveal differential expression across different tissues and suggest their 

putative roles in the biosynthesis of monoterpenes 

 

All the seven Calabrian pine MBOS/MTPS genes were shown to be constitutively expressed in all 

the five tissues studied, but their transcription levels were highly variable (Figure 3.9 and Table 3.5).   

Compared to the six MTPS genes, Pnl MBOS1 was highly expressed in all the five tissues studied, 

with the highest transcript levels detected in LS. The expression levels of such gene were also 

comparatively high in YN, MN and R, while the lower amount of transcripts were detected in IS (Figure 

3.9 and Table 3.5). Based on protein sequence homology (see above, Figure 3.4), the protein encoded 

by Pnl MBOS1 may be involved in the synthesis of hemiterpenes, such as isoprene and/or its isomer 

MBO. Isoprene is known to be produced by many plant groups, especially Angiosperms trees, while in 

gymnosperms this hemiterpene is known to be emitted from species belonging to the genus Picea, 

including P. abies and P. glauca, but not from species belonging to the genus Pinus (Lerdau et al. 2003; 

Loreto, 2015). Instead, the related hemiterpene MBO is emitted by Pinus species native of Northern 

America, e.g., P. ponderosa, P. contorta and P. jeffreyi (Gray et al. 2011; Harley et al. 1998). A 

quali/quantitative analysis of the hemiterpenes was not carried out in the five Calabrian pine tissues 

examined, because the identification and quantification of these compounds requires dedicated 

sampling equipment and analytical procedures, such as selected-ion flow-tube (SIFT)-MS (Lehnert et 

al. 2020), respect to those used for the identification and analysis of the C10 monoterpenes. However, 

the comparatively high expression level detected in the present study for Pnl MBOS1, suggests that the 

hemiterpenes could be produced in, and conceivably emitted by, different tissues of Calabrian pine. 

Based on these findings, further studies will be planned to elucidate the molecular and biochemical 

basis of hemiterpene formation in Calabrian pine.  

Among the five tissues analysed, the relative amount of transcripts for each of the six MTPS genes 

was the highest in LS (Figure 3.9 and Table 3.5), which is also the tissue that accumulated the largest 

amount of monoterpenes (Figure 3.3). By considering all the five tissues, the highest level of expression 

was detected for Pnl MTPS6 and Pnl MTP5, compared to the remaining four MTPS genes (Figure 3.9 

and Table 3.5).  

In addition to LS, the expression levels of Pnl MTPS6 were also comparatively high in MN and IS, 

and moderate in R and YN (Figure 3.9 and Table 3.5).  The tissue-specific expression pattern of Pnl 

MTPS6, found to be highly homologous to P. contorta and P. banksiana MTPS genes encoding β-

phellandrene synthase, appeared to be indeed consistent with the tissue-specific levels of β-
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phellandrene, which was found to be the predominant monoterpene in three of the five tissues studied, 

namely MN, IS and YN (Figure 3.3 B-F).  

 

Figure 3.9. Heat maps of the relative expression levels of the hemi-terpene synthase (MBOS) and of the monoterpene 

synthases (MTPS) genes isolated from five different tissues of Calabrian pine.  The expression data of each gene were 

normalized using the geometric average of the two reference genes CYP and upLOC. Relative expression levels were 

calculated by setting a value of 1 for the lowest value among the seven genes in the five tissues considered (MTPS3 in YN). 

For each gene, the differences in the relative expression levels were shown in colour according to the scale and statistical 

evaluation of the differences among the seven genes in the five tissues is reported in Table 3.5. IS: bark and xylem combined 

from the interwhorl stems; LS: bark and xylem combined from the leader stem; MN: mature needles; R: roots; YN: young 

needles. 

 

Pnl MTPS5, which based on sequence homology was predicted to produce α-pinene (see section 

2.3, above), was highly expressed in LS and MN tissues, followed by moderate levels of transcripts 

detected in YN and R, and low levels in IS (Figure 3.9 and Table 3.5). A similar expression pattern was 

observed for Pnl MTPS7, whose predicted protein could also be involved in the synthesis of α-pinene, 

although its transcription levels were significantly lower than those of Pnl MTPS5. By matching the 

expression of the two genes with the corresponding monoterpene profiles, a remarkable level of 

correlation was found. Indeed, the highest amount of α-pinene was detected in LS, followed by MN, 

YN, R and IS tissues (Figure 3.3 B-F).  

The expression levels of Pnl MTPS4 were comparatively high in LS and R, respect to the very low 

amount of transcripts detected in YN, MN and IS (Figure 3.9 and Table 3.5). Again, tissue-specific 

gene expression levels appeared to be consistent with the corresponding monoterpene profiles; indeed, 

the predicted protein sequence of Pnl MTPS4 exhibited high sequence identity with four proteins from 

P. contorta and P. banksiana, which were shown to produce β-pinene as their major product. As matter 

of fact, compared to the other MTPS genes, Pnl MTPS4 showed the highest level of expression in roots 

(R), in which the β-pinene was the predominant monoterpene (Figure 3.3 F).  
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Finally, Pnl MTPS2 and Pnl MTPS3 exhibited the lowest transcript levels among the six isolated 

MTPS genes in all the five tissues studied (Figure 3.9 and Table 3.5). Based on sequence homology, 

the encoded proteins from Pnl MTPS2 and Pnl MTPS3 were predicted to produce α-terpineol and δ-3-

carene, which were found to accumulate in very low amount in the Calabrian pine tissues studied here 

(Figure 3.3 B-F).  

In summary, transcript profiling of the Calabrian pine MTPS genes revealed differential expression 

across the different tissues and were found to be consistent with the corresponding monoterpene 

profiles, suggesting potential roles for the six MTPS genes in the biosynthesis of monoterpene 

compounds in this non-model species. However, because it is not always possible to predict the catalytic 

capability of the TPSs based only on the sequence similarity, the specific functions of the isolated genes 

need to be further verified. Moreover, the genes coding for enzymes potentially involved in the 

synthesis of some monoterpenes that accumulate in comparatively low/moderate amounts in some 

Calabrian pine tissues, such as limonene, bornyl acetate and α-tujene (see Figure 3.3 B-F), have not 

been identified. The isolation of FL cDNAs encoding for less represented monoterpene components of 

conifer oleoresin is fraught with difficulties arising first from the scarcity of retrievable sequences in 

public databases: as a matter of fact, while monoterpene synthases producing limonene have been 

isolated from a few conifers, including Norway spruce (Martin et al. 2004), Sitka spruce (Byun-McKay 

et al. 2006) and grand fir (Bohlmann et al. 1997), those responsible for the biosynthesis of (+)-bornyl 

diphosphate, the likely precursor of bornyl acetate, and of α-tujene have been isolated and characterized 

in Salvia officinalis (Wise et al. 1998) and Litsea cubeba (Chang and Chu, 2011), respectively, but 

never in any conifer species. Secondly, those less represented monoterpenic components might 

conceivably result from the transcription of low-expression/under-represented genes, whose 

characterization is difficult on the background of a very complex genetic family as MTPS is in conifers.  

This notwithstanding, studying those less represented monoterpenes at the molecular levels could 

be worth, because some of them could undergo inductive dynamics in response to a wealth of 

environmental cues: as a matter of fact, in a previous work of ours conducted on adult individuals of 

Calabria pine thriving in the same environment of the present study (Foti et al. 2020) we found that the 

foliar emissions of bornyl acetate and, to a lesser extent, of β-ocimene, differentiated plants infested by 

the caterpillars of the pine processionary moth (Thaumetopoea pityocampa) from their respective non 

infested controls, being higher in the former during the period of maximal trophic activity of the larvae. 

On such basis, we are currently pursuing the isolation of FL cDNAs coding for the enzymes responsible 

to produce limonene, bornyl acetate and α-tujene in Calabrian pine, to decipher their possible functional 

and ecological roles in plant-environment biotic and abiotic interactions.  
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Table. 3.5 Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among the relative expression 

levels of MBOS and MTPS genes in five different tissues of Calabrian pine. The expression data of each gene were 

normalized using the geometric average of the two reference genes CYP and upLOC. Relative expression levels of the 

different MBOS and MTPS genes were referred to a calibrator, set to the value 1, which was represented by the gene in the 

five tissues with the lowest expression (MTPS3 in YN). Different letters denote significant differences according to the 

Tukey’s test (p < 0.01). YN: young needles; MN: mature needles; LS: bark and xylem combined from the leader stem; IS: 

bark and xylem combined from the interwhorl stems; R: roots. 

 

MTPS 1 _LS 218,873 a   ± 28.42    

MTPS 6_LS 185,546 a ± 21.82 

MTPS 5_LS 180,853 a ± 22.09 

MTPS 1_MN 137,811 b ± 14.98 

MTPS 1_R 129,661 b ± 13.33 

MTPS  1_YN 120,568 bc ± 14.55 

MTPS 7_LS 120,355 bc ± 14.52 

MTPS 4_LS 113,445 bc ± 12.97 

MTPS 6_R 105,215 bc ± 11.61 

MTPS 6_IS 98,0454 c ± 10.89 

MTPS 6_MN 95,839 c ± 9.06 

MTPS 5_MN 82,6652 c ± 10.08 

MTPS 2_LS 45,5297 d ± 5.83 

MTPS 1_IS 40,0133 d ± 5.27 

MTPS 7_MN 38,7512 d ± 4.74 

MTPS 4_R 36,3261 de ± 4.23 

MTPS 2_R 32,1126 de ± 4.86 

MTPS 3_LS 27,2339 de ± 3.80 

MTPS 5_YN 27,1918 de ± 3.43 

MTPS 5_R 21,3925 de ± 3.00 

MTPS 4_MN 17,3541 ef ± 2.80 

MTPS 6_YN 15,1923 ef ± 2.90 

MTPS 2_MN 14,0932 f ± 2.76 

MTPS 4_IS 13,318 f ± 2.56 

MTPS 5_IS 9,31126 f ± 2.20 

MTPS 7_R 4,37264 g ± 1.18 

MTPS 7_YN 4,23804 g ± 1.37 

MTPS 7_IS 3,66427 g ± 1.26 

MTPS 4_YN 3,40483 g ± 1.16 

MTPS 2_IS 2,39381 g ± 0.89 

MTPS 3_IS 2,31444 g ± 0.77 

MTPS 3_R 2,25211 g ± 0.66 

MTPS 2_YN 1,95116 g ± 0.43 

MTPS 3_MN 1,2958 g ± 0.38 

MTPS 3_YN 1 g ± 0.30 
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3.4 . CONCLUSIONS 

 

The importance of terpenes in the physiological and ecological processes in plants, and in conifers, 

as well as their current and potential practical uses, deserve adequate consideration. In the present study 

we carried out for the first time, to the best of our knowledge, a quantitative analysis of monoterpene 

composition in different tissues of the non-model conifer species Pinus nigra subsp. laricio (Calabrian 

pine), namely young needles, mature needles, leader stem, interwhorl stem and roots. In a bid to 

understand the molecular mechanism regulating terpene synthesis in the studied species, we have also 

faithfully isolated and characterized monoterpene synthase genes, in an attempt to predict their 

involvement in the specialised monoterpenoid metabolism.  

All the Calabrian pine tissues examined indicated the presence of the same fourteen monoterpenes. 

It was shown that β-phellandrene is the most abundant monoterpene in the young and mature needles 

and in interwhorl stem, while leader stem and roots show α-pinene and β-pinene, respectively, as the 

most abundant compounds. However, the leader stem revealed to contain the major quantity of 

monoterpenes among all the tested tissues. Taken together, these results indicate a tissue-specificity in 

the quantitative composition of C10 terpenoids. 

Phylogenetic analysis of the Pinus members of the terpene synthases d1-clade allowed the 

recognition of seven distinct groups. By examining the members of each phylogenetic group for their 

conserved regions, it was possible to design specific primers to be used for isolating from Calabrian 

pine seven FL transcripts, denoted as Pnl MBOS1/Pnl MTPS2-7, each belonging to one of the above 

phylogenetic groups. The subsequent analysis of the deduced amino acid sequences allowed to predict 

the potential roles of each of the Calabrian pine MTPSs in the synthesis of the monoterpenoids 

identified in this same species. Gene expression analysis revealed that transcripts profiling of the 

Calabrian pine MTPSs genes have differential abundances across the different tissues. Such tissue-

specific expression profiles were found to be consistent with the corresponding monoterpene profiles, 

suggesting the potential involvement of the isolated MTPS genes in the biosynthesis of monoterpenoids. 

Finally, the FL MBOS/MTPS cDNAs from Calabrian pine were the basis for isolating the 

corresponding complete genomic sequences, for each of which the exon/intron structure was 

determined. This filled a knowledge gap in the genomics of the MTPSs genes in Pinus spp., since no 

complete genomic sequence has been characterized so far in the non-model conifer species studied here. 

The study of monoterpene synthase genes and of their putative functions in conifers appears to be 

relevant because of the multiple functions that monoterpenes can provide, not only in terms of 

physiological and ecological roles in plant fitness, but also for their proneness to be employed in a vast 

array of bio-based technological fields, including the biological control of plant pests and pathogens. 
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4. CHAPTER 4: PROFILING VOLATILE TERPENOIDS DURING THE 

INFESTATION BROUGHT ABOUT BY THE PINE 

PROCESSIONARY MOTH ON CALABRIAN PINE STANDS WITHIN 

THE ASPROMONTE NATIONAL PARK (SOUTHERN ITALY) 

Adapted from: Foti et al. (2020) Profiling volatile terpenoids during the infestation brought 

about by the pine processionary moth on Calabrian pine stands within the Aspromonte 

National Park (Southern Italy). Plants, 9, 1362. https://doi.org/10.3390/plants9101362 

 

Abstract: Terpenoids make up the biggest and most diversified class of chemical substances discovered 

in plants, encompassing over 40,000 individual compounds.  In conifers, the production of terpenoids, 

either as oleoresin or emitted as volatile compounds, play an important role in the physical and chemical 

defense responses against pathogens and herbivores. In the present work, we examined, for the first 

time to the best of our knowledge, the terpenic defensive relations of Calabrian pine [Pinus nigra subsp. 

laricio (Poiret) Maire], facing the attack of the pine processionary moth [Thaumetopoea pityocampa 

(Denis and Schiffermüller, 1775)], brought about in the open on adult plant individuals growing at two 

distinct forest sites.  Among the volatile terpenoids emitted from pine needles, bornyl acetate [(4,7,7-

trimethyl-3-bicyclo[2.2.1]heptanyl) acetate] was  the most frequently and selectively associated with 

the infestation, increasing during the period of  most intense trophic activity of the caterpillars 

(defoliation), and decreasing thereafter. Although further work is needed to clarify whether the observed 

response reflects defense reactions and/or they are involved in communication among the infested 

plants and their biotic environment, the present results boost the currently growing interest in the 

isolation and characterization of plant secondary metabolites that can be used to control pests, pathogens 

and weeds. 

 

Keywords: Calabrian pine; Pinus nigra subsp. laricio (Poiret) Maire; pine processionary moth; 

Thaumetopoea pityocampa (Denis and Schiffermüller, 1775); terpenoids; bornyl acetate; green leaf 

volatiles; foraging behavior; headspace analysis. 
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4.1.  INTRODUCTION 
 

Terpenoids, also referred to as terpenes or isoprenoids, make up the biggest and most diversified 

class of chemical substances discovered in plants, encompassing over 40,000 individual compounds 

(Tholl, 2015; Singh et al. 2014, Abbas et al. 2017; Alicandri et al. 2020). The evolutionary success of 

the terpenoid metabolites largely depends on the flexibility of building molecules of various sizes. 

Indeed, terpenoids, arising from the two basic five-carbon (C5) isoprenoid units, namely isopentenyl 

diphosphate and its isomer, dimethylallyl diphosphate, can be categorized as hemiterpenoids (C5), 

monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), triterpenoid (C30), tetraterpenoid 

(C40) or polyterpenoids (C5n), based on the number of C5 units they contain (Alicandri et al. 2020; 

Tholl and Lee, 2011).  

While terpenoids are known to play essential primary functions as precursors of phytohormones and 

growth regulators, photosynthetic pigments, electron carriers, and key components of membrane 

structures, “secondary” terpenoid metabolites have been identified as having a range of specialized 

roles in plant/environment and plant/plant interactions (Tholl, 2015; Abbas et al. 2017; Zhou et al. 

2012). Low-molecular-weight terpenoids such as isoprene, monoterpenoids, sesquiterpenoids, and 

diterpenoids, which are volatile, semi-volatile or non-volatile at ambient temperature, respectively, are 

involved in plant defense from abiotic stress and in many above- and below-ground biotic interactions 

(Tholl, 2015; Abbas et al. 2017; Loreto et al. 2014). 

The involvement of induced volatile terpenoid compounds in attracting natural enemies of 

pathogens and herbivores is also well documented (reviewed in Gols, 2014; Pierik et al. 2014). Such 

indirect defense strategy is used by plants to protect their photosynthetic tissues from pathogens and 

herbivores, as well as to limit insect oviposition (Buchel et al. 2011). 

Besides their role in the interaction with herbivores and their antagonists, constitutive and induced 

volatile terpenoids can act as interspecific, intraspecific, and intraplant signals to promote defense 

responses in nearby plants or in healthy tissues of the same plant (Tholl, 2015; Heil, 2014). 

Monoterpenes and sesquiterpenes, are particularly suited as long-distance chemical messengers, 

because of their low‐molecular‐weight, high vapor pressure at ordinary temperatures, and lipophilic 

nature, which facilitates their interactions with membrane systems (Tholl, 2015; Abbas et al. 2017; 

Alicandri et al. 2020). However, there is still a poor understanding of the molecular 

mechanisms involved in plant-to-environment communication mediated by volatile compounds, and 

especially so as far as non-model plant species are concerned. 
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In conifers, the production of terpenoids, either as oleoresin or emitted as volatile compounds, play 

an important role in the physical and chemical defense responses against pathogens and herbivores 

(Tholl, 2015; Keeling and Bohlmann, 2006; Zulak and Bohlmann, 2010; Hall et al. 2011).  

The objective of the present work was to study, for the first time, to the best of our knowledge, the 

terpenic defensive relations of an endemic conifer of the Calabria territory, namely Calabrian black 

pine [Pinus nigra subsp. laricio (Poiret) Maire], facing the attack of the pine processionary moth (PPM) 

[Thaumetopoea pityocampa (Denis and Schiffermüller, 1775)] brought about on adult forest stands in 

the open.  

Currently, black pine covers a large expanse of over 3.5 million hectares (Isajev et al. 2004), making 

it one of the most widespread conifer species in the Balkans and Asia Minor. Its widest distribution 

worldwide is in Turkey, with more than 2.5 million hectares (Enescu, 2016). Outside Europe, it has 

become naturalized in the midwestern states of the U.S, normally south of the normal ranges of native 

pines, where it is known as Austrian pine and also in northern states in New England, around the Great 

Lakes and in the Northwest (Enescu, 2016). Pinus nigra subsp. laricio (Poiret) is one of the six 

subspecies of black pine; it is found in Corsica, and in southern Italy, with a natural range extending 

from Calabria to Sicily (Nicolaci et al. 2015). In Calabria, where it is considered an endemic species, it 

grows on the Sila and Aspromonte mountains, and represents an essential element of the forest 

landscape, playing an important role not only in soil conservation and watershed protection, but also in 

the local forest economy (Nicolaci et al. 2015).  

There are about 40 different species of processionary moths, the most widespread in Italy being 

Thaumetopoea pityocampa. This is one of the most important defoliators of pine trees in the 

Mediterranean region, and its eruptive dynamics inflict serious economic and ecological losses, with 

desiccation and defoliation which can even lead to the death of the attacked tree, as well as severe 

allergic reactions in humans and other mammals (Werno and Lamy, 1990). This insect is limited by the 

low winter temperatures, and the current climate warming is consequently expanding the limits of its 

distribution to more northerly territories and to higher altitudes, where it was not previously common 

(Battisti et al. 2005). Pinus nigra is among the preferred species of such insect. 

To shed light on the chemical interactions among Calabrian pine and PPM, we aimed mainly to 

determine whether the concentrations of volatile terpenes differ between infested individuals (I plants 

in the following) and unattached ones (not infested plants; NI, in the following), from both the 

qualitative and semi-quantitative point of view, to evaluate which substance(s) might be involved in 

plant protection. To do this, we measured the volatile terpenoids emitted from pine needles by means 

of gas chromatography/mass spectrometry (GC/MS) analysis.  
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To increase its informative and predictive value, the study of plant-host interactions was matched 

with the biological cycle of the insect, by collecting plant material for analysis throughout almost all of 

its phenological phases, to understand in which of these the plant might show the need to modulate the 

emission of its volatile terpenes to possibly implement its defensive strategies. To such aim, samples of 

Calabrian pine needles were periodically collected at each of two different forest locations, namely 

Bova and Canolo, within the premises of the Aspromonte National Park, Southern Italy. The first 

sampling of pine needles was carried out when the young PPM larvae spend most of their time inside 

their nests and come out sporadically to start feeding (NEST stage, in the following). The second and 

third samplings were coincident with the maximal trophic activity of the insect, occasionally leading to 

massive defoliation (denoted as DEFO-1 and DEFO-2, in the following). The fourth and fifth samplings 

took place at the beginning of the "subsidence" of the insect underground, preceded by the well-known 

“procession” of the PPM caterpillars (denoted as PROCE-1 and PROCE-2, in the following). Finally, 

the sixth and final sampling was carried out during the stage in which adult PPM females lay their eggs 

(oviposition; OVI, in the following; see Materials and Methods for further details). 

An additional aim of the present study was to characterize, for the first time, the blend of volatile 

terpenes emitted by the studied forest stands under the peculiar environmental conditions occurring in 

the Aspromonte territory, to learn lessons concerning forest management practices and the possible 

technological exploitation of these substances. 
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4.2. MATERIALS AND METHODS 
 

➢ 4.2.1. Plants sampling sites 

The Calabrian pine-PPM interaction which is the object of the present work was studied in two artificial 

and pure pine plantations located near Bova Superiore (Bova, in short) and Canolo Nuova (Canolo, in short), 

which are located at the southern and the northern limits, respectively, of the Aspromonte National Park, 

about 40 Km apart from each other as the crow flies, in the south-most part of continental Italy. Access to 

the above study areas and sampling of plant material was approved and authorized by the Aspromonte 

National Park Authority within the framework of an ad hoc research agreement with the Department of 

Agriculture of the Mediterranean University of Reggio Calabria, Italy.  

The sampling area of Canolo (38° 33'33'' N, 16° 15'63" E; altitude 904 MASL, exposed South), at 

the northern limit of the Park, hosts a main arboreal composition of Calabrian pine and a secondary 

composition of brushwood with the bracken fern [Pteridium aquilinum (L.) Kuhn], with signs of plant 

renewal of Quercus spp. These are mostly adult monoplane high forests, derived from artificial 

afforestation carried out in the Seventies of the previous century. Two Calabrian pine sampling plots 

were chosen there, one with plants showing visible signs and symptoms of PPM infestation, and another 

representing the not infested control. Three infested plants, each showing several and characteristic 

PPM nests also on branches close to the ground, were chosen. The mean percentage of defoliation due 

to the PPM caterpillars was around 40%. As many control plants, not showing any visible sign or 

symptom of PPM infestation, were selected from a nearby forest plot (38 ° 33'92'' N; 16 ° 14'99'' E; 

altitude 950 MASL, exposed South-East), about 100 m apart from the infested plot as the crow flies. 

Once selected, the Calabrian pine individuals in the two plots were marked with cuttings of white-red 

signal tape around the trunk bases, in order to facilitate their retrieval. Always these same marked plants 

were used for needles collection throughout the entire sampling campaign (see below). 

The sampling area of Bova is located on the eastern slopes of the Aspromonte massif, at the southern 

limit of the park. Similarly, to the Canolo sampling site (see above), also Bova hosts a main arboreal 

composition of Calabrian pine, which forms mostly adult monoplane high forests derived from artificial 

afforestation carried out in the Fifties of the previous century. As for Canolo (see above), two Calabrian 

pine sampling plots were chosen at Bova, one with plants showing visible signs and symptoms of PPM 

infestation, and another acting as the not infested control. Three infested plants, each showing several 

and characteristic PPM nests also on branches close to the ground, were chosen from a plot located at 

38 ° 1'58''N, 15 ° 26'46 "E, 1194 MASL, exposed South-East. The mean percentage of defoliation due 

to the PPM caterpillars was around 50%.  As many control plants, not showing any visible sign or 
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symptom of PPM infestation, were selected from a plot located at 38 ° 1'58''N, 15 ° 26'46 "E, 1194 

MASL, exposed North-West, about 70 m apart from the infested plot as the crow flies. Once selected, 

the Calabrian pine individuals in the two plots were marked as described above. Always these same 

marked plants were used for needles collection throughout the entire sampling campaign (see below). 

 

➢ 4.2.2. Sampling of pine needles  

From each of the two sampling areas previously described, and from each infested or not infested plot 

within each of them, three samples of needles were collected from as many individual plants. Samples were 

identified as I1, I2, and I3 for PPM-infested plants, and as NI1, NI2, and NI3 for not infested (control) plants. 

Needles were collected by means of a pruner from branches located at 3-4 m from the ground, at 15-25 cm 

from their tips, taking care to avoid branches showing visible symptoms of defoliation and/or damage, 

whatever the cause. Once excised from the plant, each collected twig was cut into portions of about 10 cm 

in length, each bearing one or two tufts of needles, placed inside a transparent plastic bag and stored in a 

thermal bag at 4 °C.  Once back into the laboratory, needles samples were stored (24-48 h) in the fridge at 

4 °C until GC/MS analysis. 

The number and frequency of pine needles samplings from the aforementioned forest plots was 

planned a priori by keeping in mind the progression of the PPM biological cycle. A total of six 

samplings were carried out in each of the two sampling areas:  The first sampling (half of February) 

coincided with the 3rd phenological stage of the PPM, that is when the young larvae spend most of their 

time inside the nests and come out sporadically to start feeding on pine needles (denoted as the NEST 

stage). The second and third samplings (bimonthly during March) were coincident with maximal 

trophic activity of the insect (4th phenological stage), occasionally leading to massive defoliation 

(denoted here as the DEFO-1 and the DEFO-2 stages). The fourth and fifth samplings (bimonthly during 

April) coincided with the 5th phonological stage of the insect, with reduced or no defoliation activity, 

which marks the beginning of the "subsidence" of the insect underground, preceded by the well-known 

“procession” of the PPM caterpillars (denoted here as the PROCE-1 and PROCE-2 stages). Finally, the 

sixth and final sampling (late August) was carried at the end of the pupal stage, upon which, after 

emerging and mating, adult females lay their eggs on the nearest pines (6th phonological stage, 

oviposition; denoted here as the OVI stage). 

Upon each sampling date, plant material was always collected from both the Bova and Canolo 

experimental sites during the same day, within a total time span of about three hours.  
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A voucher specimen of the collected plant material has been deposited in the Department of Agriculture 

of the Mediterranean University of Reggio Calabria, Italy. A total of 2580 g of Calabrian pine needles were 

collected during the six sampling campaigns. 

 

 

➢ 4.2.3. Head space GC/MS analysis of volatiles from pine needles 

Volatiles from pine needles were chemically characterized by means of a Thermo Fisher gas 

chromatograph apparatus (Trace 1310) equipped with a single quadrupole mass spectrometer (ISQ LT). 

The capillary column was a TG-5MS 30 m × 0.25 mm × 0.25 μm; the carrier gas was helium with a 

flow rate of 1 mL min-1. Before the GC/MS analysis, the pine needles samples were taken out from the 

fridge and left at room temperature for one hour, to allow the emission of volatiles, otherwise inhibited 

by the low temperatures. Subsequently, needles were selected from the twigs among those not showing 

evident signs of deterioration or yellowing.  

For each sample, one gram of the selected needles was placed inside a SPME incubation vial, the 

vial closed, and left in a well-balanced position for 90 min. After this time, a SPME device holding a 

DVB/CAR/PDMS (gray) fiber (Supelco, Bellefonte, PA, USA] was inserted into the vial through its 

rubber screw cap and left in incubation for 30 min, to allow the sample volatiles to be adsorbed. The 

fiber was subsequently inserted into the GC injection port, in splitless mode and the volatile substances 

desorbed. 

The gas chromatographic conditions were as follows: isocratic for 3 min at 60 °C, from 60 °C to 

240 °C at 6 °C min-1, then isocratic for 4 min at 240 °C. The mass spectra were recorded in EI mode at 

70 eV, with scanning at 30-300 m/z. The pine volatilome constituents were identified from their 

retention indices (KI), calculated as relative to the homologous series of (C5–C36) alkanes analyzed 

under the same GC/MS conditions, and by comparison with the built-in mass spectra database of the 

GC/MS apparatus (NIST 2005 and Wiley 7.0). 

 

➢ 4.2.4. Statistical analysis 

The statistical analysis of the volatiles from the Calabrian pine needles was carried out by means of 

the MetaboAnalyst software, taking into consideration the percentage area of each GC/MS peak. 

Metabolite concentrations were checked for integrity, and missing values were replaced with a small 

positive value (the half of the minimum positive number detected in the data). Data were then 

normalized by a reference sample, by creating a pooled average sample from control groups, 

transformed through log normalization, to make the metabolite concentration values more comparable 
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among different compounds, and scaled through the Pareto-Scaling, i.e., mean-centered and divided by 

the square root of standard deviation of each variable (Araniti et al. 2017). Data were then classified 

through Principal Component Analysis (PCA). If separation was not achieved, data were further 

analyzed through Partial Least Squares - Discriminant Analysis (PLS-DA), built by using the first two 

Latent Variables (or components) allowing samples separation.  In order to identify the metabolites 

responsible for the discrimination among the volatiles profiles, the Variable Importance for Prediction 

(VIP) score was used to select those with the most significant contribution in a PLS-DA model. VIPs 

are a weighted sum of PLS weights for each variable and measure the contribution of each predictor 

variable to the model (Hodgson et al. 2008). Further, the VIP statistic summarizes the importance of 

the metabolites in differentiating the study groups (i.e., not infested vs infested plants, in the present 

case) in a multivariate space. In the present experiment, therefore, the volatiles exhibiting the higher 

VIPS (≥ 1.4) were assumed to be the most influent variables.  

 

 

4.3.  RESULTS 
 

Headspace GC-MS analysis revealed twenty-one volatile compounds, all of which monoterpenes or 

sesquiterpenes, released by the Calabrian pine needles (Table 4.1).  

When a more restrictive criterion was applied, in which only compounds present in at least two 

replicates out of three were considered, Tables 2.2 and 2.3 were obtained, in which volatiles from NI 

and I plants are listed in decreasing order on the basis of % area of each peak over the total area of the 

chromatogram. 

Fig. 4.1 is intended to exemplify that the needles of I plants in Bova seemed to have a more massive 

terpenes emission than their NI counterparts (Fig. 4.1a), but not in Canolo (Fig. 4.1b).  

Fig. 4.2 shows the results obtained by applying the Principal Component Analysis (PCA) to the 

volatiles dataset from the two sampling locations and to the six sampling times. It is apparent from the 

results shown that PCA was not able to separate I plants from NI ones, because of the high variability 

among samples. Therefore, data were further analyzed by using Partial Least Squares - Discriminant 

Analysis (PLS-DA) 

PLS-DA applied to the NEST sampling in Bova (Fig. 4.3) showed that components 1 and 2 alone 

explained 65.2% of the variability. For NI and I plants, the first two components (1 and 2) helped 

explain 47.4% and 17.8% of the variability, respectively. In order to identify the volatiles responsible 

for the discrimination among infested plants and not infested ones, the Variable Importance for 

Prediction (VIP) scores were calculated. Such analysis revealed that the metabolites with highest VIPS 
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in the NEST samples from Bova were β-ocimene, β-myrcene, bornyl acetate and terpinolene, all of 

which were up-accumulated in the PPM-infested plants (Fig. 4.3). 

 

 

Table 4.1. Volatile organic compounds identified by GC/MS analysis in the head space of Calabrian pine needles. RT, 

retention time; KI, retention index. 

  
N° Common name IUPAC name Type of terpene RT KI Structural formula

1 Pinene alpha* (1S ,5S )-2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene ((−)-α-Pinene) monoterpenoid 7,38 939

2 Pinene beta* 6,6-Dimethyl-2-methylidenebicyclo[3.1.1]heptane monoterpenoid 8,35 982

3 Myrcene beta 7-Methyl-3-methylene-1,6-octadiene monoterpenoid 8,75 1000

4 Phellandrene alpha  2-Methyl-5-(1-methylethyl)-1,3-cyclohexadiene monoterpenoid 9,61 1035

5 Limonene* 1-Methyl-4-(prop-1-en-2-yl)cyclohex-1-ene monoterpenoid 9,8 1043

6 Ocimene beta* (Z )-3,7-Dimethyl-1,3,6-octatriene monoterpenoid 10,06 1053

7 Terpinolene* 4-Methyl-1-(1-methylethyl)-1,3-cyclohexadiene monoterpenoid 11,09 1095

8 Thymol methyl ethere 2-methoxy-4-methyl-1-propan-2-ylbenzene monoterpenoid 11,98 1131

9 Camphor* 1,7,7-Trimethylbicyclo[2.2.1]heptan-2-one monoterpenoid 12,48 1152

10 Bornyl acetate 4,7,7-Trimethyl-3-bicyclo[2.2.1]heptanyl) acetate monoterpenoid 15,82 1292

11 Gurjunene gamma (1R,3aR,4R,7R)-1,4-dimethyl-7-prop-1-en-2-yl-1,2,3,3a,4,5,6,7-octahydroazulene Sesquiterpenes 16,4 1318

12 Elemene delta (3 R  , 4 R  ) -1-Isopropil-4-metil-3- (prop-1-en- 2-il) -4-vinylcyclohex-1-ene Sesquiterpenes 16,99 1344

13 Cubebene alpha* (1R,5S,6R,7S,10R)-10-methyl-4-methylidene-7-(propan-2-yl)tricyclo[4.4.0.0¹,⁵]decane Sesquiterpenes 17,27 1357

14 Copaene alpha* (1S,6S,7S,8S)-1,3-dimethyl-8-(propan-2-yl)tricyclo[4.4.0.0²,⁷]dec-3-ene Sesquiterpenes 17,89 1384

15 Bourbonene beta 1-methyl-5-methylidene-8-(propan-2-yl)tricyclo[5.3.0.0²,⁶]decane Sesquiterpenes 18,82 1427

16 Caryophyllene* (1R ,4E ,9S )-4,11,11-Trimethyl-8-methylidenebicyclo[7.2.0]undec-4-ene Sesquiterpenes 18,88 1430

17 Bisabolene alpha  (E )-1-Methyl-4-(6-methylhepta-2,5-dien-2-yl)cyclohex-1-ene Sesquiterpenes 19,63 1466

18 Humulene* 2,6,6,9-Tetramethyl-1,4-8-cycloundecatriene Sesquiterpenes 19,93 1480

19 Murolene gamma* (1S,4aS,8aR)-7-methyl-4-methylidene-1-propan-2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene Sesquiterpenes 20,4 1492

20 Germacrene D* (1E ,5E ,8S )-1,5-dimethyl-8-(prop-1-en-2-yl)cyclodeca-1,5-diene Sesquiterpenes 20,18 1502

21 Candinene gamma* (1S,4aR,8aR)-7-methyl-4-methylidene-1-propan-2-yl-2,3,4a,5,6,8a-hexahydro-1H-naphthalene Sesquiterpenes 20,89 1526
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Table 4.2. Volatile organic compounds from the needles of not infested Calabrian pines detected in at least two replicates 

out of three at each sampling time in the two sampling sites of Canolo and Bova. 

 

 

 

 

 

Table 4.3. Volatile organic compounds from the needles of pine processionary moth-infested Calabrian pines detected in at 

least two replicates out of three at each sampling time in the two sampling sites of Canolo and Bova. 
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Fig. 4.1a. A typical headspace-GC/MS chromatogram obtained from Calabrian pine needles collected at Bova. Upper 

panel, plant infested by the pine processionary moth; lower panel, not infested (control) plant. 

 

 

 

Fig. 4.1b. A typical headspace-GC/MS chromatogram obtained from Calabrian pine needles collected at Canolo Nuova. 

Upper panel, plant infested by the pine processionary moth; lower panel, not infested (control) plant. 
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Fig. 4.2. Principal Component Analysis applied to volatiles emission data obtained from pine processionary moth-infested- 

(red circles) or not infested (green circles) pine needles collected in Bova (left) or in Canolo (right) during six samplings 

along the insect biological cycle. (Continues). 
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Fig. 4.2. Continued from the previous page. 
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Fig. 4.3. Partial Least Squares - Discriminant Analysis applied to the volatiles emitted from pine needles collected upon 

the NEST sampling in Bova. Symbols as in Fig. 4.2. 

 

 

In the DEFO-1 sampling in Bova (Fig. 4.4), the components (latent variables) 1 and 2 explained 63.2% 

of the variability. In particular the PC1 explained 35.6%, whereas the PC2 explained 27.6%. VIPS > 

1.4 were found for α-humulene, β-ocimene, bornyl acetate, germacrene D, β-myrcene, α-muurolene 

and thymol methyl. The first three metabolites, the fifth, and the seventh were up-accumulated in the I 

plants, whereas the fourth and the sixth in the NI ones. 

 

Fig. 4.4. Partial Least Squares - Discriminant Analysis applied to the DEFO-1 sampling in Bova. Parameters and symbols 

as in Fig. 4.3. 
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In the DEFO-2 sampling in Bova (Fig. 4.5), the components 1 and 2 explained 72.2% of the 

variability. In particular the PC1 explained 44%, whereas the PC2 explained 28.2%. VIPS > 1.4 were 

found for thymol methyl, β-ocimene, camphor, germacrene D, bornyl acetate, all of which were up-

accumulated in the PPM-infested plants. 

 

 

Fig. 4.5. Partial Least Squares - Discriminant Analysis applied to the DEFO-2 sampling in Bova. Parameters and symbols 

as in Fig. 4.3. 

 

In the PROCE-1 sampling in Bova (Fig. 4.6), the components 1 and 2 explained 52.8% of the 

variability.  In particular the PC1 explained 36.8%, whereas the PC2 explained 16%. VIPS > 1.4 were 

found for β-ocimene, α-bisabolene and caryophyllene. The first and the third metabolite were up-

accumulated in the PPM-infested plants, whereas the second in the NI plants. 
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Fig. 4.6. Partial Least Squares - Discriminant Analysis applied to the PROCE-1 sampling in Bova. Parameters and symbols 

as in Fig. 4.3. 

 

In the PROCE-2 sampling in Bova (Fig. 4.7), the components 1 and 2 explained 73.8% of the 

variability. In particular PC1 explained 42.5%, whereas the PC2 explained 31.3%. VIPS > 1.4 were 

found for thymol methyl, trans-caryophyllene and α-humulene, all of which were up-accumulated in 

the PPM-infested plants. 

 

Fig. 4.7. Partial Least Squares - Discriminant Analysis applied to the PROCE-2 sampling in Bova. Parameters and symbols 

as in Fig. 4.3. 
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In the OVI sampling in Bova (Fig. 4.8), the components 1 and 2 explained 62.7% of the variability. 

In particular, the PC1 explained 35.6%, whereas the PC2 explained 27.1%. VIPS > 1.4 were found for 

β-phellandrene, β-ocimene, δ- cadinene, humulene and bornyl acetate. The first, third, fourth, and fifth 

metabolites were up-accumulated in PPM-infested plants, whereas the second in the NI plants. 

 

Fig. 4.8. Partial Least Squares - Discriminant Analysis applied to the OVI sampling in Bova. Parameters and symbols as 

in Fig. 4.3. 

 

In the NEST sampling in Canolo (Fig. 4.9), the components 1 and 2 explained 69.7% of the 

variability. In particular, the PC1 explained 33.8%, whereas the PC2 explained 35.9%. VIPS > 1.4 were 

found for β-phellandrene, β-myrcene, D-limonene and α-terpinolene. The first metabolite was up-

accumulated in the NI plants, whereas the remaining three in the PPM-infested plants. 
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In the DEFO-1 sampling in Canolo (Fig. 4.10), the components 1 and 2 explained 73.8% of the 

variability. In particular, the PC1 explained 41%, whereas the PC2 explained 32.8%. VIPS > 1.4 were 

found for caryophyllene, δ-elemene, and bornyl acetate, all of which were up-accumulated in the PPM-

infested plants. 

 

Fig. 4.9. Partial Least Squares - Discriminant Analysis applied to the NEST sampling in Canolo. Parameters and symbols 

as in Fig. 4.3. 

Fig. 4.10. Partial Least Squares - Discriminant Analysis applied to the DEFO-1 sampling in Canolo. Parameters and 

symbols as in Fig. 4.3. 
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In the DEFO-2 sampling in Canolo (Fig. 4.11), the components 1 and 2 explained 72.2% of the 

variability. In particular the PC1 explained 44%, whereas the PC2 explained 28.2%. VIPS > 1.4 were 

found for thymol methyl, β-ocimene, camphor, germacrene D, and bornyl acetate, all of which were 

up-accumulated in the PPM-infested plants. 

 

Fig. 4.11. Partial Least Squares - Discriminant Analysis applied to the DEFO-2 sampling in Canolo. Parameters and 

symbols as in Fig. 4.3. 

 

In the PROCE-1 sampling in Canolo (Fig. 4.12), the components 1 and 2 explained 60.7% of the 

variability. In particular, the PC1 explained 50.5%, whereas the PC2 explained 10.2%. VIPS > 1.4 were 

found for D-limonene, β-myrcene and terpinolene, all of which were up-accumulated in the PPM-

infested plants. 
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Fig. 4.12. Partial Least Squares - Discriminant Analysis applied to the PROCE-1 sampling in Canolo. Parameters and 

symbols as in Fig. 4.3. 

In the PROCE-2 sampling in Canolo (Fig. 4.13), the components 1 and 2 explained 62.7% of the 

variability. In particular, the PC1 explained 51.5%, whereas the PC2 explained 11.2%. VIPS > 1.4 were 

found for α-pinene, germacrene D, D-limonene, β-ocimene and δ-cadinene, all of which were up-

accumulated in the NI plants. 

 

Fig. 2.13. Partial Least Squares - Discriminant Analysis applied to the PROCE-2 sampling in Canolo. Parameters and 

symbols as in Fig. 4.3. 
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In the OVI sampling at Canolo (Fig. 4.14), the components 1 and 2 explained 49.5% of the 

variability. In particular the PC1 explained 34.4%, whereas the PC2 explained 15.1%. VIPS > 1.4 were 

found for β- myrcene, camphor, β-terpinolene and α-cubebene. The first and the third metabolites were 

up-accumulated in the NI plants, whereas the second and the fourth in the PPM-infested plants. 

 

Fig. 4.14. Partial Least Squares - Discriminant Analysis applied to the OVI sampling in Canolo. Parameters and symbols 

as in Fig. 4.3. 

 

 

The four heatmaps shown below (Fig. 4.15), one for each of the two experimental variants and for 

each of the two sampling sites, aim at presenting a synopsis of the temporal semi-quantitative changes 

observed in the emission of green leaf volatiles from Calabrian pine needles during the course of the 

sampling campaigns.  
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Fig. 4.15. Heatmap synopsis of the changes in the emission of volatile terpenoids from Calabria pine needles (y axis) at five 

sampling points (x axis) during the trophic season of the pine processionary moth caterpillars. Brownish colors indicate 

increase, bluish colors indicate decrease. A, infested plants in Bova; B, noninfested plants in Bova; C, infested plants in 

Canolo; D, noninfested plants in Canolo. 

 

By considering only those of the aforementioned green leaf volatiles showing the highest VIPS, and 

by using a more restrictive criterion, the terpenoids shown to be present in all or almost all the 

headspaces analysed were the two monoterpenes bornyl acetate [(4,7,7-trimethyl-3-

bicyclo[2.2.1]heptanyl) acetate] and β-ocimene (cis/trans-3,7-dimethyl-1,3,6-octatriene). 

The data reported above suggest that, at both sampling sites, a differential emission of bornyl acetate 

took place from the needles I plants as compared to their respective NI counterparts, being higher in the 

former. Such difference was maximal during the period of more intense trophic activity of the PPM 

larvae, i.e., on DEFO-1 and DEFO-2 samplings, and tended to disappear thereafter.  

 

 

A B 

C D 
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4.4.  DISCUSSION 
 

The role of terpenes in insect-conifer interactions has been extensively studied since the 60s-70s of 

the previous century (Paine et al. 1997; Koricheva et al. 2004; Mumm et al. 2006). A topic attracting 

most attention has been the bark beetle – conifer interactions, due to the importance of terpenes in these 

relations, and the great economic and ecological impacts of these pests, especially in the American 

forests (Paine et al. 1997; Trapp and Croteau, 2001). Folivorous insects (insects feeding on conifer 

needles, such as Lepidoptera) also have important impacts on conifer forests (Jacquet et al. 2012).  

Plant defenses and herbivorous attacks can raise (Sampedro et al. 2011) or decrease (Litvak and 

Monson, 1998) the concentration of terpenoids, and can induce changes in the composition and 

production of resins and in the emission of volatiles, including terpenes (Staudt and Lhoutellier, 2007). 

The emission of volatile terpenes by conifers also has important functions in indirect resistance, because 

these compounds act as airborne molecular messengers that deter herbivores, attract parasitoids of 

herbivores (Hilker et al. 2002) or warn other plants of attack, but may also be used as an olfactory cue 

by herbivores for their host selection (Peñuelas, 2004). this fascinating complexity makes the role of 

terpenes in the defense of plants against defoliators controversial, needing further study to understand 

the functioning of these interactions. 

In the present work, green leaf volatiles emitted from Calabrian pine needles challenged by PPM 

infestation was carried out both qualitatively and semi-quantitatively. To the best of our knowledge, no 

previous study of the kind was carried out concerning such plant-host interaction.  Indeed, in a study 

dating back to the Seventies of the previous Century, Arbez et al (1974) did measure terpenoids in the 

oleoresins extracted from Calabrian pine, but the analytical approach they adopted was traditional gas-

chromatography, i.e., not interfaced with mass-spectrometry; furthermore, no differentiation among 

volatile and non-volatile terpenoids was attempted, and, most importantly, no plant-insect interaction 

was considered. On the other hand, and much more recently, the role of volatile terpenoids in the arm 

race among conifers and PPM was studied in detail by Peñuelas and Co-workers [Achotegui et al. 2015; 

Achotegui et al. 2013], but the plant species involved was Scots pine (Pinus sylvestris L.), instead of 

P. nigra. 

The results reported here suggest that bornyl acetate and, to a lesser extent, β-ocimene foliar 

emissions differentiated PPM-infested plants from their respective non-infested controls, being higher 

in the former during the period of maximal PPM trophic activity. It is noteworthy that these same 

differences were observed at both sampling sites, namely Bova and Canolo, which are located at the 

opposite ends of the Aspromonte National Park, i.e., about 40 km apart from each other as the crow 

flies.  
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However, such differential terpenoids emission among infested and non-infested individuals was 

more pronounced in the Bova plants than in the Canolo ones. Speculatively speaking, this might have 

resulted from the higher degree of PPM-infestation observed in the Bova plants, respect to the Canolo 

ones, and/or from a different proximity of the PPM nests with respect to the branches chosen for 

samplings, being Canolo trees larger than Bova ones, thus bearing the PPM nests at higher heights 

respect to the sampled branches (see Materials and Methods for further details). 

Bornyl acetate is a monoterpene known to be involved in plant defense, and the present study 

suggests in fact that its emission increased during the period of most intense trophic activity of PPM 

caterpillars. However, the previous studies available on such topic suggest that the role of such volatile 

terpenoid in plant-insect interactions might be complex. For example, Cates et al. (1987) carried out an 

agar diet study on Western spruce budworm populations, to determine the effects of varying 

concentrations of nitrogen, β-pinene, and bornyl acetate on larval growth and survival. Bornyl acetate 

reduced both growth and survival, suggesting that this compound may be functioning as a toxin or a 

feeding deterrent. β-pinene, instead, was associated with increased growth rate and may be functioning 

as a feeding stimulant. On the other hand, Ryan and Guerin (1982) found that (-)-bornyl acetate can act 

as a host-location cue for the carrot fly larva Chamaepsila rosae Fabricius, 1794, and Nishino and 

Manabe (1983) reported that. (+)-bornyl acetate is a mimic of the sex pheromone of the American 

cockroach (Periplaneta americana L.). A recent upsurge of interest for bornyl acetate and other 

components of essential oils from Lamiaceae, Lauraceae, and Valerianaceae as natural insecticides to 

combat insects feeding on storage products, has come from the studies of Rozman et al. (2007) and of 

Feng et al. (2020; 2019).  

The reported results suggest that the presence of defoliator insects influences the emission of 

specific terpenes by the infested plants. According to the current knowledge, it remains to be ascertained 

if this might have defensive purposes, either as toxins/repellents towards the attacking insect/ attractants 

for its parasitoids (often referred to as tri-trophic interactions), or as an alarm signal to be communicated 

to the neighboring plants. 

 

4.5.  CONCLUSION 
 

The present study, which was the first of its kind to be carried out on Calabrian pine, suggests once 

again how terpenes, despite being considered part of the so-called “secondary metabolism”, are 

profoundly engaged in all respects in the defense of the plant. Indeed, and despite a great variability 

among individual plants living in the open environment, it has been shown here that a specific 

monoterpene, namely bornyl acetate, is emitted in comparatively greater amounts by plants undergoing 

https://en.wikipedia.org/wiki/Johan_Christian_Fabricius
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pine processionary moth infestation, and especially so during the periods of most intense trophic activity 

of the insect. Calibrating the sampling of plant material over the biological cycle of the insect, as it was 

done in the present study, was another remarkable approach of the present research, to obtain a more 

realistic and reliable scenario of the plant-insect interaction dynamics. There is no doubt that a better 

understanding of plant defense mechanisms will be beneficial to agroforestry. More attention will be 

paid to the study of terpenoids that participate in plant defense responses and the isolation of new 

secondary metabolites that can be used to control pests, pathogens, and weeds. 
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5. CHAPTER 5: THE EXPRESSION OF TERPENE SYNTHASE 

GENES IN CALABRIAN PINE SAPLINGS INFESTED BY THE 

PINE PROCESSIONARY MOTH UNDER SEMI-NATURAL 

CONDITIONS 

 

Abstract 

The pine processionary moth, Thaumetopoea pityocampa (Denis & Schiffermüller, 1775), is one of 

the most important phytophagous of the Mediterranean forest, that in general proliferates on species 

belonging to Pinus spp. It is considered one of the most important defoliators of the pine trees, causing 

important economic and ecological losses. The terpenoids of needles play a central role in plant defence 

system, with the production of toxic substances for the host and as volatile signals in the context of 

plant-to-plant communication. In the present work we report about the temporal expression profiles of 

mono- and di- terpene synthase genes in the needles of Pinus nigra subsp. laricio (Calabrian black pine) 

facing the experimental infestation brought about by the pine processionary moth under semi-natural 

conditions. Transcript profiling of the Calabrian pine DTPS and MTPS genes revealed differential 

expression across the different sampling times during the infestation of pine processionary moth on 

pine trees, suggesting their potential roles in plant-insect interactions. 

 

Keywords: monoterpene synthase; diterpene synthase; pine processionary moth; Thaumetopoea 

pityocampa (Denis & Schiffermüller, 1775); Calabrian black pine; Pinus nigra subsp. laricio (Poiret) 

Maire; defoliation. 
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5.1. INTRODUCTION 

Because of global climate changes, the incidence of biotic and abiotic stresses on plant biology is 

expected to increase, and especially so on natural or semi-natural plant communities such as forest 

ecosystems, giving raise to decline in growth and deterioration in health, with negative consequences 

in terms of carbon sequestration, biodiversity, and ecosystem services. To respond to abiotic and biotic 

stimuli, conifers have evolved complex biochemical defence systems (Celedon and Bohlmann, 2019), 

including the production, either constitutive or inducible, of oleoresin and/or the emission of volatile 

terpenoids, which are directly or indirectly related to stress response. Indeed, these secondary 

metabolites are also known to mediate plant-insect interactions (Boncan et al. 2020), by acting as toxic 

substances against pests and pathogens and as biologically active agents to dissuade predation by insects 

(Phillips and Croteau, 1999). In contrast to broad-leaved trees, which emit mainly isoprene (C5), conifer 

species produce a large amount of terpene compounds (Kopaczyk et al. 2020; Andreani-Aksoyoglu and 

Keller, 1995) such as mono- (C10), sesqui- (C15) and di- (C20) terpenoids which are volatile, semi-

volatile or non-volatile at ambient temperature, respectively. Both constitutive and induced terpenes are 

produced by a wide array of terpene synthase (TPSs), a large family of enzymes that catalyse the 

synthesis of hundreds terpenoids involved in general or specialized metabolism (Alicandri et al. 2020). 

In recent years, such topic has become the subject of intensive research, both because of the many 

potential applications of terpenoids in several technological fields (e.g., production of biofuels, 

fragrances, nutraceuticals and pharmaceuticals), and to exploit their desirable contribution in the 

biocontrol of herbivores and/or pathogens. Despite the efforts to fill the knowledge gap related to this 

last biological application field, systemic responses of conifer species to insect herbivory remain largely 

unexplored (Lòpez-Goldar et al. 2020). 

Mediterranean pine forests are often under attack of a severe defoliating pest, the pine processionary 

moth (PPM) Thaumetopoea pityocampa (Dennis and Schiff., Lepidoptera: Thaumetopoeidae) that, in 

response to the climate warming, increased its spread on Pinus species during the last years, inflicting 

serious economic and ecological losses (Hòdar et al. 2003) as well as severe allergic reactions in 

humans and other mammals (Werno et al. 1990; Foti et al. 2020). 

In the present work, we examined the transcriptional regulation of TPS genes in saplings of the non-

model conifer Pinus nigra subsp. laricio, Calabrian black pine, facing the attack of PPM caterpillars 

under semi-natural conditions.  

To achieve this aim, two ad hoc protective enclosures were provided by the Regional Observatory 

for Biodiversity in Santo Stefano in Aspromonte (RC) to host nine PPM-infested and as many healthy 

plants acting as the control. Three sampling times at larval stages 2-3 and 5, at 30-60 and 200 days after 
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hatching, respectively, were performed in order to monitor the expression level of mono- and di- terpene 

synthase genes. 

 

5.2. MATERIAL AND METHODS 

 

➢ 5.2.1. Study site and experimental design 

The present study was carried out at the Regional Observatory for Biodiversity in Santo Stefano in 

Aspromonte, locality of Cucullaro (Lat 38.172128°; Lon 15.816535°; 1.156,9 m a.s.l.), within the 

Aspromonte National Park, Southern Italy, (Fig. 5.1). 

 

 

Fig. 5.1. Map of the study site in Southern Italy, within the Aspromonte National Park in Calabria region (RC). 

 

Eighteen Calabrian pines saplings grown in pots were obtained from the Calabria Regional Forest 

nursery (Calabria Verde Agency, Catanzaro, Italy) and randomly assigned to two treatment groups at 

the experimental sites: 9 control pines (no PPM infestation) labelled as 1-2-3X, 1-2-3Y and 1-2-3Z, and 

9 pines (assigned to future attack) labelled as 1-2-3A, 1-2-3B and 1-2-3C, were placed in two adjacent 

greenhouse-type enclosures, under otherwise undisturbed environmental conditions (Fig. 5.2), in which 

the plants were watered twice a week.   
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The experiment lasted from the end of October 2019 to the mid-May 2020 (Fig. 5.3). 

 

Fig. 5.2. Experimental design of pine sampling in not infested (1) and infested (2) greenhouses. 

 

 

  

Fig. 5.3. Timeline and sampling scheme of the experimental site. 

The study site is located in an area with pure stands of Pinus nigra subsp. laricio, normally showing 

a large presence of PPM colonies, from which, on October 28, 2019, PPM nests of uniform size and 

weight, previously checked for the effective presence and vitality of PPM larvae, were taken for the 

experimental infestation of the Calabrian pine saplings. One PPM nest was placed on each of the nine 

pine samplings selected for the PPM infestation and secured with the help of plastic ties (Fig 5.4A). At 
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the time of the experimental infestation, the processionary larvae were at their second stage and ranged 

from 10 to 15 mm in length (Fig. 5.4B). 

 

 

Fig. 5.4. Detail of a pine processionary nest placed on a Calabrian pine through plastic ties (A) and PPM larvae in the 

sampled nest (B). 

 

➢ 5.2.2. First sampling 

The first sampling of plant material was carried out from 9.00 am to 11.00 am on November 19th, 

2019. Control plants 1X - 2Y - 3Z and infested plants 1A - 2B - 3C were sampled. For each infested 

plant, needles of attached branches were collected. Each of the nine infested plants showed signs of 

trophic activity (the plants were partially defoliated and the needles visibly damaged) suggesting that 

the infestation had been successful. Only the needles not visibly damaged were collected. Immediately 

after excision, the collected plant material was frozen in liquid nitrogen and then kept a -80 °C until 

analysis. 

➢ 5.2.3. Second sampling 

The second sampling was carried out from 9.00 am to 11.00 am on January 22, 2020. Control plants 

1Z - 2X - 3Y and infested plants 1C - 2A - 3B and were sampled according to the previously described 

procedure. All the infested plants showed severe signs of trophic activity except 1C and 3A plants, 
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indicating that the larvae had started their trophic activities on the original plants on which their nests 

had been placed, but that they moved to the neighbouring pine individuals during the 60 days between 

the first and second sampling for reasons to be ascertained. On the remaining infested plants, signs of 

activity were observed such as the presence of larvae on the first and secondary stems during their 

trophic activity (Fig. 5.5). To each of the infested plants, one or two (in case of severe defoliation) 

additional pine saplings were put aside, to provide enough needles for trophic activity of the larvae in 

order to complete the experiment. 

 

 

Fig. 5.5. Trophic procession of PPM larvae on infested Calabrian pine during the winter season (third larval stage). 

 

➢ 5.2.4. Third sampling 

The third sampling was carried out from 9.00 am to 11.00 am on May 13, 2020. Control plants 1Y 

- 2Z - 3X and infested plants 1B - 2C - 3A were sampled according to the previously described 

procedure. Because all the infested plants except 1C and 3A (see previously section) were completely 

defoliated through the first and the second stem, in this sampling the damaged needles were collected 

(Fig. 5.6).  
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Fig. 5.6. Infested Calabrian pine tree during the third sampling, completely defoliated after the trophic activity of PPM 

larvae 

 

➢ 5.2.5. RNA isolation and cDNA synthesis 

Total RNA was extracted from 250 mg of needles according to Pavy et al. (2008). RNA 

concentration and integrity were checked by using a NanoDrop ND-1000 spectrophotometer (Labtech, 

East Sussex, UK). Only RNA samples with a 260/280 wavelength ratio between 1.9 and 2.1, and a 

260/230 wavelength ratio greater than 2.0, were used for cDNA synthesis. First-strand cDNA was 

synthesized from 3 μg of total RNA of both treated and control samples using a Xpert cDNA Synthesis 

Kit (GRiSP Research Solution, Porto, Portugal) according to the manufacturer’s instructions. 
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➢ 5.2.6. Gene expression analysis 

The quantitative real time (qRT-PCR) analysis to detect the expression patterns of the isolated P. 

nigra subsp. laricio di- and mono- terpene synthase genes in the control and infested needles collected 

during the three samplings was conducted as described in Chapter 2 for diterpene synthase genes and 

Chapter 3 for monoterpene synthase genes (see Sections 2.2.10 and 3.2.3) (Alicandri et al. 2021; 

Alicandri et al. 2022). These include samples replication, quantitative real time (qRT-PCR) conditions, 

the selection of the most appropriate and stable reference genes for normalization, the designing of 

primer pairs for both target and reference genes (see Tables 2.1 and 3.2), the evaluation of primers 

specificity and amplification efficiency, and the criteria used to calculate normalized relative values of 

gene expression and their standard deviation. 

 

5.3. RESULTS AND DISCUSSION 

➢ 5.3.1. Diterpene synthase genes expression analysis 

Among the diterpene synthase genes the DTPS1 showed the high expression level in infested plants 

compared to control ones (Figure 5.7 and Table 5.1). In particular, DTPS1 [likely involved in the 

production of palustradiene, levopimaradiene, abietadiene and neoabietadiene (Hall et al. 2013; 

Alicandri et al. 2021)] appear to have a strong increase in the second and third samplings during the 

most intense trophic activity of the caterpillars (larval stages 3 and 5). Indeed, infested plants labelled 

as 2B-2A-2C and 3C-3B-3A were found significantly different from all the three control plants 

samplings and from the first sampling of infested plants (1A-1C-1B) (Figure 5.7 and Table 5.1), 

suggesting a large involvement of DTPS1 in the plant-insect interaction.  

Contrary, the DTPS2 [for which it was not possible to predict its possible role in DRAs biosynthesis 

(Hall et al. 2013; Alicandri et al. 2021)] showed a strong decrease in all the infested plant compared to 

control ones that were comparatively higher expressed in all the three-sampling time (Figure 5.7 and 

Table 5.1). 

A similar trend was found for DTPS4 [likely involved in the production of pimaradiene (Hall et al. 

2013; Alicandri et al. 2021)] for which infested plants significantly decreased in the transcript 

abundance than control ones in all the three-sampling time (Figure 5.7 and Table 5.1). 

Finally, DTPS3 did not significantly differ between control and infested plants in the first and in 

the second sampling (Figure 5.7 and Table 5.1). A slight decrease was found in the infested plants of 

the third sampling (3C-3B-3A), when the pines were completely defoliated by the caterpillars, that 

significantly differ from the control ones of the 3rd sampling (larval stage 5) and from the control and 

infested plants of other 1st and 2nd samplings.  
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Fig. 5.7. Relative expression levels of four diterpene synthase genes (DTPS1–4) in both control and infested Calabrian pine 

needles in the three-sampling time. The expression data of each gene were normalized using the geometric average of the 

two reference genes CYP and upLOC. Relative expression levels for each of the different DTPS genes were referred to a 

calibrator, set to the value 1, which was represented by the gene in the five tissues with the lowest expression.  

 

Tab. 5.1. Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among the relative expression 

levels of DTPS genes in both control and infested Calabrian pine needles in the three-sampling time. Different letters denote 

significant differences according to the Tukey’s test (p < 0.01).  

 

Samples DTPS1   DTPS2   DTPS3   DTPS4   

1st 

sampling 

control 

plants 

1X 2,012868 D 20,22762 A 3,113811 A 9,521089 B 

1Z 1,781069 D 20,31525 A 2,196123 ABC 13,85332 A 

1Y 1,413071 D 15,21077 AB 2,222572 ABC 10,74472 AB 

1st 

sampling 

infested 

plants 

1A 2,46631 D 2,398796 C 2,685203 AB 3,06443 CD 

1C 2,629023 D 3,521319 C 2,625294 AB 3,769407 CD 

1B 1,967223 D 1 C 1,994184 ABC 1 D 

2nd 

sampling 

control 

plants 

2Y 2,491727 D 20,14711 A 2,92041 AB 12,27893 AB 

2X 1,098467 D 16,32129 AB 2,744598 AB 10,28288 AB 

2Z 1,025002 D 14,68668 AB 2,880054 AB 11,16505 AB 

2nd 

sampling 

infested 

plants 

2B 24,67044 AB 2,483959 C 3,310389 A 4,784024 CD 

2A 29,80243 AB 1,850199 C 2,813757 AB 4,889335 CD 

2C 27,55694 AB 1,482044 C 2,375222 AB 2,87769 CD 

3rd 

sampling 

control 

plants 

3Z 1,412152 D 17,87826 A 2,049653 ABC 13,21413 A 

3Y 1,030081 D 18,26849 A 2,064116 ABC 11,14858 AB 

3X 1 D 11,72106 B 2,190633 ABC 10,53973 AB 

3rd 

sampling 

infested 

plants 

3C 18,83733 C 3,075091 C 1 C 3,505153 CD 

3B 23,40333 BC 2,83929 C 1,439471 BC 5,753326 C 

3A 17,83322 C 2,252961 C 1,433986 BC 2,084712 CD 
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➢ 5.3.2. Monoterpene synthase genes expression analysis 

Among the monoterpene synthase genes, MBOS1 showed the highest expression level in infested 

plants compared to control ones (Figure 5.8 and Table 5.2). In particular, MBOS1 [likely involved in 

the production of isoprene (Gray et al. 2011; Alicandri et al. 2022)] appear to have a strong increase in 

the 1st sampling time (larval stage 2), after 30 days from the nest infestation on pine trees, and a 

decreasing trend during the 2nd and 3rd sampling (larval stage 3 and 5 respectively) (Figure 5.8 and 

Table 5.2). A different trend was found by Chen et al. (2018) for Pinus massoniana under feeding 

pressure of beetle Monochamus alternatus. Indeed, this monoterpene synthase increase soon after beetle 

feeding and gradually returned to the normal level after 3–6 days (Chen et al. 2018). By contrast, in 

another conifer species, Picea sitchensis (Sitka spruce), the 2-methyl-3-buten-2-ol synthase genes 

induced by weevils increased within 1–2 days and remained at a high level for the next 2 weeks (Chen 

et al. 2018; Miller et al. 2005). The control plants for each of three samplings didn’t show significant 

differences in MBOS1 transcripts abundance. 

Also in the case of MTPS2 [likely involved in the production of α-terpineol (Hall et al. 2013b; 

Alicandri et al. 2022)] and of MTPS4 [likely involved in the production of (−)-β-pinene, (−)-α-pinene 

and α-terpineol (Hall et al. 2013b; Phillips et al. 2003; Alicandri et al. 2022)] infested plants showed a 

high expression level in comparison to control ones, with an increasing trend from the first sampling to 

the last ones (Figure 5.8 and Table 5.2). Indeed, the highest transcripts abundance for both MTPS2 and 

MTPS4 has been reached in the third sampling by the plants 3C-3B-3A, during the most intense trophic 

activity of the caterpillars, when the pines had been defoliated by up to 90% (Figure 5.8 and Table 5.2). 

A similar trend was found in MTPS5 [likely involved in the production of (−)-α-pinene (Hall et al. 

2013b; Phillips et al. 2003; Alicandri et al. 2022)] that showed the same expression level in all the 

control plants and in infested plants of the first sampling (1A-1C-1B) and was comparatively higher in 

the second and third samplings of infested plants. Indeed, the two last sampling of infested plants were 

found significant different to the first ones (Figure 5.8 and Table 5.2). 

Contrary, transcripts abundance of MTPS3 [likely involved in the production of (+)-3-carene (Hall 

et al. 2013b; Alicandri et al. 2022)] appeared higher in control plants compared to the infested ones 

(Figure 5.8 and Table 5.2). Indeed, control plants were comparatively high in the first (1X-1Z-1Y), 

second (2Y-2X-2Z) and third (3Z-3Y-3X) samplings, respect to very low amount detected for each of 

three sampling times of infested plants (Figure 5.8 and Table 5.2). 

Finally, MTPS6 and MTPS7 [likely involved in the production of (-)-β-phellandrene, (-)-camphene 

and (+)-α-pinene for MTPS6 and (+)-α-pinene for MTPS7 (Hall et al. 2013b; Alicandri et al. 2022)] 

exhibited the same transcripts abundance trend with similar expression levels in the first and second 
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sampling for both control and infested plants, and highly expressed in the infested plants of the last 

sampling (3C-3B-3A) (Figure 5.8 and Table 5.2). 

In summary, transcript profiling of the Calabrian pine DTPS and MTPS genes revealed differential 

expression across the different sampling times during the infestation of pine processionary moth on 

pine trees, suggesting their potential roles in plant-insect interactions. 

 

 

Fig. 5.8. Relative expression levels of seven monoterpene synthase genes (MBOS1/MTPS2–7) in both control and infested 

Calabrian pine needles. The expression data of each gene were normalized using the geometric average of the two reference 

genes CYP and upLOC. Relative expression levels for each of the different MTPS genes were referred to a calibrator, set 

to the value 1, which was represented by the gene in the five tissues with the lowest expression. 
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Tab. 5.2. Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among the relative expression levels of MBOS and MTPS genes in both control and 

infested Calabrian pine needles in the three-sampling time. Different letters denote significant differences according to the Tukey’s test (p < 0.01). 

  

Samples MBOS1   MTPS2   MTPS3   MTPS4   MTPS5   MTPS6   MTPS7   

1st 

sampling 

control 

plants 

1X 1,182356 E 1,558913 DEF 23,88354 A 1,675534 CD 4,727761 C 2,561933 BC 2,432793 BC 

1Z 1,085951 E 1,300517 EF 18,00153 AB 1,056421 D 3,715338 C 2,103172 CD 2,085784 CD 

1Y 2,578264 E 1,632741 DEF 14,22065 C 1,263473 CD 2,668977 C 2,335923 CD 2,259338 BCD 

1st 

sampling 

infested 

plants 

1A 27,42788 AB 2,798448 DE 1,888658 F 3,27195 B 2,963191 C 1,796652 CD 1,716278 CD 

1C 33,75244 A 3,253911 D 1,935301 F 3,064224 B 3,814333 C 2,090315 CD 1,977068 CD 

1B 26,02343 ABC 3,317384 D 1,307208 F 2,369347 BC 1,47095 C 1,628169 CD 1,591627 CD 

2nd 

sampling 

control 

plants 

2Y 1,158799 E 1,714979 DEF 15,50598 BC 1,513701 CD 2,087561 C 2,84077 BC 2,722768 BC 

2X 1 E 1,456095 EF 16,3661 B 1,33608 CD 1,672538 C 3,750005 B 3,548091 B 

2Z 1,101875 E 1,282985 EF 13,95585 BCDE 1,432471 CD 1,984807 C 2,866318 BC 2,695777 BC 

2nd 

sampling 

infested 

plants 

2B 21,94352 BCD 5,436982 C 1,549988 F 4,753184 A 17,2545 B 1,964108 CD 1,75804 CD 

2A 21,16063 BCD 6,642539 C 1,930528 F 4,972322 A 22,89934 A 2,622772 BC 2,599443 BC 

2C 20,0562 CD 5,269247 C 1,346413 F 4,611305 A 19,2883 AB 2,217974 CD 2,06465 CD 

3rd 

sampling 

control 

plants 

3Z 1,112455 E 1,109891 EF 9,455949 CDE 1,416384 CD 1,512515 C 1,915792 CD 1,974012 CD 

3Y 1,447546 E 1,195187 EF 8,139018 E 1 D 1,784669 C 2,042598 CD 2,041108 CD 

3X 1,262182 E 1 F 8,360855 DE 1,185894 D 1 C 1 D 1 D 

3rd 

sampling 

infested 

plants 

3C 21,89085 BCD 13,63559 A 1,098858 F 5,145062 A 23,435 A 6,238453 A 7,265589 A 

3B 20,0355 CD 11,17629 B 1,578446 F 5,721843 A 23,07892 A 7,081676 A 7,58441 A 

3A 16,45856 D 10,68128 B 1 F 4,886361 A 19,05527 AB 5,850331 A 6,557026 A 
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5.4. CONCLUSION 

The present study, conducted on the non-model species Pinus nigra subsp. laricio aimed to fill a 

knowledge gap on the interactions between this Calabrian conifer and one of its most important 

phytophagous Thaumetopoea pityocampa.  

Expression analyses of diterpene and monoterpene synthase genes showed that during PPM larval 

developmental (L2-L3 and L5), the relative abundances of the DTPS and MTPS were very different in 

the needle tissue. DTPS1 and MBOS1 appear to be the most largely activated genes under biotic stress, 

while DTPS2, DTPS4 and MTPS3 appeared to be the lowest expressed in response to the herbivory 

infestation. Other genes, such as DTPS3 doesn’t show significant differences between control and 

infested plants.  

Further studies on the identification and production of diterpenes and monoterpenes could correlate 

the involvement of the DTPS and MTPS genes analyzed in this study with the putative corresponding 

metabolic products and elucidate about the function of these metabolites during the biotic stress.  

The study of terpene synthase genes and terpenoids that participate in plant defense responses could 

contribute to developing bio-control strategies to control pests, pathogens, and weeds.  
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 

The increasing interest in new terpenoid products for their many potential uses makes dependence 

on natural resources alone not always sufficient or feasible. However, new possibilities exist nowadays 

for developing and improving the production of high value terpenoid compounds on an industrial scale, 

via metabolic engineering of the natural biosynthetic pathway in bacterial (E. coli) and yeast 

(Saccharomyces cerevisiae) systems, and in heterologous plant hosts. Therefore, novel and in-depth 

knowledge of the evolutionary diversification of members of conifer TPS family, their modular 

structure, and their putative functions appears to be important not only for a deeper understanding of 

their physiological and ecological roles, but also to foster metabolic engineering and synthetic biology 

tools for the production of high value terpenoid compounds.  

In such context, an extensive characterization and phylogeny of all the known TPSs from different 

Pinus species is reported in the present thesis, which, to the best of our knowledge, represents for such 

genus the first effort to explore the evolutionary history of the large family of TPS genes involved in 

specialized metabolism. 

A phylogeny-based approach allowed the isolation and sequencing of four di- and seven mono-

terpene synthase genes belonging to the d3- and d1-TPS subclades, respectively, in five different tissues 

of Calabrian pine (young and mature needles, leader and interwhorl stems and roots). The analysis of 

the eleven deduced amino acid sequences allowed to predict their potential roles in the biosynthesis of 

diterpene resin acids and monoterpenoids in Calabrian pine.  

In addition, for the first time, the metabolite profiles of di- and mono-terpenoids were also obtained 

from the same tissue types, to assign the isolated genes to their putative corresponding metabolite 

compounds. 

Transcripts profiling of the Calabrian pine DTPS and MTPS genes revealed differential expression 

across the different tissues and were found to be consistent with the corresponding di- and mono- 

terpenoids profiles confirming a possible correlation. 

Taken together, the above results seem to suggest a remarkable tissue-specificity, as well as species-

specificity, of terpenoids composition in conifers, whose functional significance in terms of plant’s 

biological performance, as well as in terms of possible exploitation for a variety of applications, awaits 

and deserves further studies.  

In addition, to better understand the potential roles and employment of terpenoid in plant defence, 

and by considering the foreseeable increasing impact of biotic and abiotic stress factors as consequences 

of global changes, two experimental tests were conducted in natural and semi-natural conditions for the 

study of the Calabrian pine and Thaumetopoea pityocampa (pine processionary moth PPM) 
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interactions. In such contest, the determination of the quali-quantitative profiles of terpene synthase 

genes and terpenoid metabolites can help to obtain a more realistic and reliable scenario of the plant-

insect interaction dynamics to better understanding of plant defence mechanisms that can occur in 

natural ecosystem. In prospect, this could contribute to improving and diversifying forest management 

options, as well as to developing bio-control strategies in a range of possible contexts, including 

forestry, agroforestry and urban greenery, so complying with the commitments of the United Nations 

Agenda 2030 and its sustainable development goals. 

In conclusion, the DTPS and MTPS sequences identified in the present thesis provide a starting 

point to further investigate the complexity of the TPS gene family in Calabrian pine. For instance, most 

of the genes coding for enzymes involved in the synthesis of sesqui-terpenes remain to be discovered 

and characterized. The study of the TPS gene family in P. laricio and the functional characterization of 

their members will further help to understand the chemical diversity of terpenoids in this species, as 

affected by the interactions with its native environment. 
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Fig. 1. The principal environmental stimuli affecting the qualitative and quantitative terpene profiles of 

conifer species. (Adapted from Kopaczyk et al. 2020). 

Fig. 2.  Distribution of Pinus nigra subspecies considering the classification of Euro+Med Plantbase. 

Fig. 1.1. The two biochemical pathways leading to isopentenyl diphosphate (IPP), the basic unit for 

terpenoid biosynthesis in plants. Acronyms are in red for enzymes and in black for metabolites. 

Abbreviations: AACT, acetoacetyl‐CoA thiolase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase; DMAPP, dimethylallyl diphosphate; DXR, 1-deoxy-D-xylulose 5-phosphate reducto-

isomerase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; GAP, glyceraldehyde-3-phosphate; HDR, 

4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, 4-hydroxy-3-methylbut-2-enyl 

diphosphate synthase; HMG, 3‐hydroxy‐3‐methylglutaryl‐CoA; HMGR, HMG reductase; HMGS, 

HMG synthase; IDI, IPP/DMAPP isomerase; MCT, 4-diphosphocytidyl-2-C-methyl-D-erythritol 

synthase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MEP, methylerythritol 

phosphate; MK, mevalonate kinase; MVA, mevalonic acid; MVD, mevalonate diphosphate 

decarboxylase; PMK, phosphomevalonate kinase. The double arrow denotes the cross-talk between 

cytosol and plastids based on the exchange of IPP. Adapted from Tholl 2015 and Abbas et al. 2017. 

Fig. 1.2. Terpenoid biosynthetic pathways and their subcellular localization. Enzymes are marked in 

red and specialized terpenoids are marked in green; all other intermediates and terpenoid end products 

are in black. Solid and dashed arrows indicate single and multiple enzymatic steps, respectively. 

Abbreviations: ABA, abscisic acid; CPS, ent‐copalyl diphosphate synthase; CPT, cis-prenyltranferase; 

DMAPP, dimethylallyl diphosphate; FPP, farnesyl diphosphate; FPS, FPP synthase; GGPP, 

geranylgeranyl diphosphate; GGPS, GGPP synthase; GPP, geranyl diphosphate; GPS, GPP synthase; 

GRR, geranylgeranyl reductase; IPP, isopentenyl diphosphate; KS, ent-kaurene synthase; MEP, 2-C-

methyl-D-erythritol 4-phosphate; NDPS, neryldiphosphate synthase; NNPP, nerylneryl diphosphate; 

NPP, neryl diphosphate; OPP, (all-E)-octaprenyl diphosphate; OSC, oxidosqualene cyclase; OPS, 

oligoprenyl diphosphate synthase; PPP, prenyl diphosphate; PPS, prenyl diphosphate synthase; PSY, 

phytoene synthase; SPP, solanesyl diphosphate; SQS, squalene synthase; TPS, terpene synthase. 

Adapted from Tholl et al. 2015. 

Fig. 1.3. Structural features of plant monoterpene- (MTPSs), diterpene- (DTPSs), sesquiterpene 

(STPSs) synthases, and of microbial terpene synthase-like proteins (MTPSLs) based on the 

combination of the γ, β, and α domains and the presence of distinctive aminoacidic motifs. The two 

highly conserved aspartate-rich catalytic motifs “DDXXD” and “DXDD” responsible for class I and 

class II activities, and the less well conserved “NSE/DTE” and “EDDXXD”motifs, which also 
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contribute to the activity of class-I and class-II TPSs, are indicated. The N-terminal plastid transit 

peptide (TP) and “RR(X8)W” motif are also shown. 

Fig. 1.4. Proposed model for the structural evolution of diterpene synthases (DTPSs) (Cao et al. 2010; 

Gao et al. 2012) and hypothesis on evolution of sesquiterpene synthases (STPSs) and monoterpene 

synthases (MTPSs) according to two potential routes based on the analysis of multisubstrate enzymes 

(Pazouki and Niinemets 2016). 

Table 1.1. Size of typical plant TPS family and subfamilies in selected plant species. 

Table 1.2. Function and taxonomic distribution of plant terpene synthases (TPSs) subfamilies. 

Table 1.3. Full-length cDNA sequences retrieved from the NCBI database upon which the phylogenetic 

analysis of terpene synthases in gymnosperms was carried out (Fig. 1.5). The ent-kaurene synthase from 

the moss Physcomitrella patens was included as an outgroup. 

Fig. 1.5. Phylogenetic tree of terpene synthases (TPSs) in gymnosperms: Cupressaceae (red diamonds), 

Pinaceae (black), Taxaceae (green), Ginkgoaceae (brown) and Cycadaceae (heavenly). The 

Physcomitrella patens ent-kaurene synthase (PtTPS-entKS; violet diamond) was used to root the tree. 

Branches indicated with dots represent bootstrap support more than 80% (100 repetitions). 

Modifications in the typical γβα-domain architecture of TPS and the presence of functional active sites 

(a yellow cross indicate loss of function) are illustrated corresponding to the different subfamilies of 

the TPS plant family and to the different group within the TPS-d3 subfamily. For acronyms denoting 

plants species. Abbreviations: DTPSs, diterpene synthases; MTPSs, monoterpene synthases; STPSs, 

sesquiterpene synthases. 

Table 1.4. Full-length cDNA sequences of functionally characterized terpene synthases (TPSs) 

employed for the BLAST search in the NCBI database of the putative TPSs of Pinus spp. 

Table 1.5. Full-length cDNA sequences of putative terpene synthases retrieved from the NCBI database 

upon which the phylogenetic analysis of terpene synthases in Pinus spp. was carried out (Fig. 1.7). The 

ent-kaurene synthase from the moss Physcomitrella patens was included as an outgroup (continue on 

the next page). 

Fig. 1.6. Phylogenetic tree for the deduced amino acid sequences of the 2‐methyl‐3‐buten‐2‐ol 

synthases (MBOSs) from Pinus species identified in NCBI database (Table 1.5). Physcomitrella patens 

ent‐kaurene synthase (Pt TPS-entKS) was used to root the tree. 

Fig. 1.7. Phylogenetic tree of the deduced amino acid sequences of terpene synthases (TPSs) in Pinus 

spp. The Physcomitrella patens ent-kaurene synthase (Pt TPS-entKS) was used to root the tree. 

Branches indicated with dots represent bootstrap support more than 80% (100 repetitions). Colour 

rectangles denote TPS subfamilies and groups within the TPS-d subfamily. For acronyms denoting 

plants species, see Table 1.3. Abbreviations: CPS, ent‐copalyl diphosphate synthase; DTPS, diterpene 
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synthase; KS, ent-kaurene synthase; MBOS, 2‐methyl‐3‐buten‐2‐ol synthase; MTPS, monoterpene 

synthase; STPS, sesquiterpene synthase. 

Fig. 1.8. Alignment of deduced amino acid sequences of full-length cDNAs (Pnl MBOS-1.1, Pnl 

MTPS-1.2, -1.5 and -1.7) and partial genomic and cDNA sequences (Pnl MTPS-1.3 and-1.4) isolated 

from Pinus nigra subsp. laricio needles. The black-shaded residues are highly conserved ones; the gray-

shaded residues are identical in at least three of the six sequences shown. The brace indicates the 

putative N-terminal transit peptide region. The “RRX8W” and the “DDxxD” motifs are indicated with 

red open rectangles. Abbreviations: MBOS, 2‐methyl‐3‐buten‐2‐ol synthase; MTPS, monoterpene 

synthase. 

Fig. 1.9. Strategy adopted for the genomic amplification of a putative Pinus nigra subsp. laricio gene 

belonging to the phylogenetic TPS-d1 Group 3. A) Schematic representation of the full-length cDNA 

of a representative member of the phylogenetic TPS-d1 Group 3 (PcMTPS4 from Pinus contorta, in 

the present case, see Fig. 1.7 and Table 1.5) in which the positions of the forward (F2) and the reverse 

(R3) primers used in the amplification of genomic DNA are shown. B) Intron (yellow)/exon (blue) 

structure of the amplified Pinus nigra subsp. laricio genomic sequence. The positions of the primers 

used to amplify the genomic fragment are also shown. 

Fig. 1.10. Phylogenetic tree of the deduced amino acid sequences obtained by combining monoterpene 

synthases (MTPSs) and the five selected 2‐methyl‐3‐buten‐2‐ol synthases (MBOSs) identified in 

different Pinus species (Fig. 1.7 and Table 1.5) and the six sequences isolated from Pinus nigra subsp. 

laricio (outlined in red). Physcomitrella patens ent-kaurene synthase (Pt TPS-entKS) was used to root 

the tree. Branches indicated with dots represent bootstrap support more than 80% (100 repetitions). The 

seven phylogenetic groups identified in the pine members of TPS-d1 clade are highlighted with square 

brackets. For acronyms denoting plants species, see Table 1.5. 

Figure 2.1. Chemical structures of the most represented diterpenoids in Pinus spp. [R = CH3 olefins 

constituents; R = CH2OH alcoholic constituents; R = CHO aldehydic constituents; R = COOH 

diterpene resin acid (DRA) constituents]. 

Table 2.1. List of primer pairs of Calabrian pine DTPS and reference (CYP and upLOC) genes used in 

qRT-PCR analyses. 

Fig. 2.2. A representative example of the quantitative relationships among acidic (diterpene resin acids, 

DRAs) and neutral (olefins) components of the diterpenes extracted from Pinus nigra subsp. laricio 

(Calabrian pine) tissues, visualized by overlapping GC-MS ion chromatograms at selected m/z, i.e., 

374/359 for DRA and 272/257 for olefins (magnified inset on the bottom left side of the item). 

Fig. 2.3. A representative GC-MS profile of the diterpene resin acids extracted from the leader stem of 

Calabrian pine. The single ion monitoring at m/z 374 (red line, non-dehydrogenated species) was 
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overlapped with the single ion monitoring at m/z 372 (blue line, dehydrogenated species). (1), pimaric 

acid; (2), sandaracopimaric acid; (3), isopimaric acid; (4), palustric acid; (5), levopimaric acid; (6), 

dehydroabietic acid; (7), abietic acid; (8), neoabietic acid; (9), non-identified dehydroisomer. 

Fig. 2.4. Mass spectra of the nine diterpene resin acids identified in Pinus nigra subsp. laricio. Pimaric 

acid (A), Sandaracopimaric acid (B), Isopimaric acid (C), Palustric acid (D), Levopimaric acid (E), 

Dehydroabietic acid (F), Abietic acid (G), Neoabietic acid (H) and Dehydroisomer acid (I).  

Fig. 2.5. A representative GC-MS profile of the diterpene olefins and aldehydes in the extract obtained 

from leader stem tissue of Calabrian pine. The selected m/z 272 and 257 for diterpene olefins (red 

number above peaks) were overlapped with the selected m/z 286 for aldehydes (black number above 

peaks). (1) sandaracopimaradiene; (2) levopimaradiene; (3) palustradiene; (4) abietadiene; (5) 

neoabietadiene; (6) sandaracopimaradienal; (7) palustradienal; (8) isopimara-dienal; (9) abietadienal; 

(10) neoabietadienal. 

Fig. 2.6. Total diterpene resin acids (DRAs, panel at the top) and levels of individual DRAs in different 

tissues of 3-year-old Pinus nigra subsp. laricio (Calabrian pine) saplings. Error bars indicate the 

standard deviation of the mean. The statistical significance of the differences was evaluated by one-

way ANOVA, followed by the Tukey’s test. Different letters denote statistical significance of the 

difference at p < 0.01. YN, young needle; MN, mature needle; LS, leader stem (LS); IS, interwhorl 

stem; R, root; DW, dry weight. 

Table 2.2. Full length cDNA sequences identified in the National Center for Biotechnology Information 

(NCBI) database coding for putative diterpene synthases (DTPS) in the Pinus species. ORF, open 

reading frame; bp, base pair. 

Fig. 2.7. Schematic representation of the full length cDNAs of four representative diterpene synthase 

(DTPS) members of the phylogenetic d3 clade of genes, two from Pinus banksiana (Pb) and two from 

Pinus contorta (Pc) and the positions of their Forward and Reverse primers used in the present study 

for the isolation of the partial transcripts coding for the orthologous genes (F1c/R1c) in Calabrian pine. 

The position of the specific primers used for 5' and 3' RACE (Rapid Amplification of cDNA Ends) 

extensions of partial transcripts of Calabrian pine DTPS (groups 1-4) are indicated in blue. UTR, 

untranslated region. 

Table 2.3. Forward and Reverse primers used for the isolation of cDNAs and genomic diterpene 

synthase sequences in Pinus nigra subsp. laricio. RACE, Rapid Amplification of cDNA Ends. 

Fig. 2.8. Alignment of deduced amino acid sequences of the four putative diterpene synthases from 

Calabrian pine (Pnl DTPS 1-4) isolated in the present study. Amino acid residues with black 

background indicate highly conserved regions, while amino acid residues which are identical in more 
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than 50% of the proteins are in grey background. The DTPS class II (DxDD) and class I (DDxxD, 

NSE/DTE) signature motifs are indicated.  

Fig. 2.9. Phylogenetic tree of the deduced amino acid sequences of 13 diterpene synthases (DTPSs) 

identified in different Pinus species and the four DTPSs from Calabrian pine isolated in the present 

study (red squares). The ent-kaurene synthase from Physcomitrella patens (Pt TPS-entKS, BAF61135) 

was used to root the tree. Branches marked with dots represent bootstrap support more than 80% (1000 

repetitions). The four phylogenetic groups identified in the pine members of the d3 clade of terpene 

synthases are indicated by square brackets. 

Fig. 2.10. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the 

phylogenetic group 1. Amino acid residues with black background indicate highly conserved regions, 

while amino acid residues which are identical in more than 50% of the proteins are in grey background. 

The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) signature motifs are indicated. Pb, Pinus 

banksiana; Pc, Pinus contorta; Pt, Pinus taeda; Pnl, Pinus nigra subsp. laricio. 

Table 2.4. Amino acid sequence identity matrix of DTPS candidate genes from P. laricio (in red) with 

previously characterized DTPSs from P. taeda (Pt), P. contorta (Pc) and P. banksiana (Pb). 

Fig. 2.11. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the 

phylogenetic group 2. Amino acid residues with black background indicate highly conserved regions, 

while amino acid residues which are identical in more than 50%   of the proteins are in grey background. 

The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) signature motifs are indicated. 

Fig. 2.12. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the 

phylogenetic group 3. Amino acid residues with black background indicate highly conserved regions, 

while amino acid residues which are identical in more than 50% of the proteins are in grey background. 

The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) signature motifs are indicated. 

Fig. 2.13. Alignment of deduced amino acid sequences of diterpene synthase (DTPS) belonging to the 

phylogenetic group 4. Amino acid residues with black background indicate highly conserved regions, 

while amino acid residues which are identical in more than 50% of the proteins are in grey background. 

The DTPS class II (DxDD) and class I (DDxxD, NSE/DTE) signature motifs are indicated. 

Fig. 2.14. Schematic representation of the exon/intron structures of the four diterpene synthase (DTPS) 

genes isolated from Calabrian pine (Pnl) in the present study. For both exons (blue boxes) and introns 

(black lines) the lengths in bp are indicated. Introns were numbered (Roman numerals) starting from 

the 5’ end of each genomic sequences.  

Fig. 2.15. Genomic organization of plant DTPS genes. Black vertical bars represent introns (indicated 

by Roman numerals) and are separated by colored boxes with specified lengths in aa (amino acids) 

representing exons. The number above the intron Roman numeral represents the intron phase number 
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and demonstrates conservation throughout the plant DTPS genes. Introns are classified into three phase 

types according to Li (1997). Schematic, intron numbers, and exon coloring scheme are based upon 

Trapp and Croteau (2001). Genomic DNA sequences compared are as follows: AgAS, A. grandis 

abietadiene synthase (NCBI accession no. AF326516); GbLS, G. biloba levopimaradiene synthase 

(AY574248); TbTXS, Taxus brevifolia taxadiene synthase (AF326519); PgKS, P. glauca ent-kaurene 

synthase (GU059905); AtCPS, A. thaliana copalyl diphosphate synthase (AT4G02780); Pnl DTPS 1-4 

isolated in this study.  

Fig. 2.16. Relative expression levels of four diterpene synthase genes (DTPS1-4) in five different 

tissues of Calabrian pine. The expression data of each gene were normalized using the geometric 

average of the two reference genes CYP and upLOC. Relative expression levels of the different DTPS 

genes were referred to a calibrator, set to the value 1, which was represented by the gene in the five 

tissues with the lowest expression (DTPS3 in YN). YN, young needles; MN, mature needles; LS, bark 

and xylem combined from the leader stem; IS, bark and xylem combined from the interwhorl stems; R, 

roots. Different letters denote significant differences according to the Tukey’s test (p < 0.01). 

Table 3.1. Forward and Reverse primers used for the isolation of cDNAs and genomic sequences 

coding for MBOS (Group 1) and MTPSs (Groups 2-7) in Pinus nigra subsp. laricio. RACE, Rapid 

Amplification of cDNA Ends. 

Table 3.2. List of primer pairs of Calabrian pine MBOS, MTPS and reference (CYP and upLOC) genes 

used in qRT-PCR analyses 

Fig. 3.1. A representative GC-MS profile of the monoterpenes extracted from the young needles of 

Calabrian pine. Single ion monitoring at m/z 136, 121 and 93. (1) tricyclene, (2) α-thujene, (3) α-pinene, 

(4) α-fenchene, (5) camphene, (6) sabinene, (7) β-pinene, (8) myrcene, (9) δ-3-carene, (10) β-

phellandrene, (11) limonene, (12) terpinolene, (13) α-terpineol and (14) bornyl acetate. 

Fig. 3.2. Chemical structures of the monoterpenes found in different tissues of Calabrian pine. 

Fig. 3.3. Total monoterpene contents (top left panel A) and levels of individual monoterpenes (panels 

B-F) in different tissues of three-years old Calabrian pine saplings. Error bars indicate the standard 

deviation of the mean. The statistical significance of the differences was evaluated by one-way 

ANOVA, followed by the Tukey’s test. Different letters denote statistical significance of the difference 

at p < 0.01. 

Table 3.3. Full-length cDNA sequences of putative MBOSs and MTPSs in Pinus spp. retrieved from 

the NCBI database 

Fig. 3.4. Alignment of deduced amino acid sequences of the seven putative hemi- and mono-terpene 

synthases from Calabrian pine (Pnl MBOS1/Pnl MTPS 2-7) isolated in the present study. Amino acid 

residues with black background indicate highly conserved regions, while amino acid residues which are 
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identical in more than 50% of the proteins are in grey background. The horizontal square bracket 

indicates the putative N-terminal transit peptide region. The "RRX8W" and class-I "DDxxD" signature 

motifs are indicated with red open rectangles. 

Fig. 3.5. Phylogenetic tree of the deduced amino acid sequences of MTPS and MBOS genes identified 

in different Pinus species (Table S1) and those from the seven Calabrian pine MBOS and MTPS genes 

isolated in the present study (yellow triangles). The ent-kaurene synthase from Physcomitrella patens 

(Pt TPS-entKS, BAF61135) was used to root the tree. Branches marked with dots represent bootstrap 

support more than 80% (1000 repetitions). The seven phylogenetic groups identified in the pine 

members of the TPS- d1- clade are indicated by square brackets. 

Fig. 3.6. Alignment of deduced amino acid sequences of MTPSs belonging to the phylogenetic group 

3. Amino acid residues with blue background indicate highly conserved regions, while amino acid 

residues which are identical in more than 50% of the proteins are in pink background. Pb, Pinus 

banksiana; Pc, Pinus contorta; Pnl, Pinus nigra subsp. laricio (Calabrian pine). 

Fig. 3.7. Alignment of deduced amino acid sequences of MTPSs belonging to the phylogenetic group 

5. Amino acid residues with blue background indicate highly conserved regions, while amino acid 

residues which are identical in more than 50% of the proteins are in pink background. Pb, Pinus 

banksiana; Pc, Pinus contorta; Pt, Pinus taeda; Pnl, Pinus nigra subsp. laricio (Calabrian pine). 

Table 3.4. Comparison of the introns for the hemi-terpene synthase (MBOS) and of the monoterpene 

synthases (MTPS) genes isolated in the present study: position (the letters are referred to the last coded 

amino acid of the exon), size (in parentheses), total number and phase. No asterisk indicates no 

interruption between codons; single asterisk indicates intron inserted between the first and the second 

nucleotide; double asterisk indicates intron inserted between the second and third nucleotide; hyphen 

indicates intron not present. The introns are numbered according to Trapp and Croteau (2001). 

Fig. 3.8. Genomic organization of class I, class II and III terpene synthase genes sensu Trapp and 

Croteau (2001). Black vertical slashes represent introns (indicated by Roman numerals) and are 

separated among each other by colored boxes with indicated lengths in amino acids, representing exons. 

The numbers above the introns of the first row from the top represent the intron phase type classification 

according to Li (1997) and indicate conservation throughout the plants’ TPS genes. Schematization, 

intron numbers, and exon coloring scheme are based upon Trapp and Croteau (2001). Genomic DNA 

sequences compared are as follows: AgAS, Abies grandis abietadiene synthase (NCBI accession no. 

AF326516), AgLS, Abies grandis limonene synthase (AF326518); AgLS, Abies grandis pinene 

synthase (AF326517); AtLS, Arabidopsis thaliana putative limonene synthase (Z97341); Pnl 

MBOS1/Pnl MTPS2-7 denote the MBOS and MTPS genes isolated from Calabrian pine in the present 

study. 
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Fig. 3.9. Heat maps of the relative expression levels of the hemi-terpene synthase (MBOS) and of the 

monoterpene synthases (MTPS) genes isolated from five different tissues of Calabrian pine.  The 

expression data of each gene were normalized using the geometric average of the two reference genes 

CYP and upLOC. Relative expression levels were calculated by setting a value of 1 for the lowest value 

among the seven genes in the five tissues considered (MTPS3 in YN). For each gene, the differences in 

the relative expression levels were shown in colour according to the scale and statistical evaluation of 

the differences among the seven genes in the five tissues is reported in Table 3.5. IS: bark and xylem 

combined from the interwhorl stems; LS: bark and xylem combined from the leader stem; MN: mature 

needles; R: roots; YN: young needles. 

Table. 3.5 Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among 

the relative expression levels of MBOS and MTPS genes in five different tissues of Calabrian pine. The 

expression data of each gene were normalized using the geometric average of the two reference genes 

CYP and upLOC. Relative expression levels of the different MBOS and MTPS genes were referred to a 

calibrator, set to the value 1, which was represented by the gene in the five tissues with the lowest 

expression (MTPS3 in YN). Different letters denote significant differences according to the Tukey’s 

test (p < 0.01). YN: young needles; MN: mature needles; LS: bark and xylem combined from the leader 

stem; IS: bark and xylem combined from the interwhorl stems; R: roots. 

Table 4.1. Volatile organic compounds identified by GC/MS analysis in the head space of Calabrian 

pine needles. RT, retention time; KI, retention index. 

Table 4.4. Volatile organic compounds from the needles of not infested Calabrian pines detected in at 

least two replicates out of three at each sampling time in the two sampling sites of Canolo and Bova. 

Table 4.3. Volatile organic compounds from the needles of pine processionary moth-infested Calabrian 

pines detected in at least two replicates out of three at each sampling time in the two sampling sites of 

Canolo and Bova 

Fig. 4.1a. A typical headspace-GC/MS chromatogram obtained from Calabrian pine needles collected 

at Bova. Upper panel, plant infested by the pine processionary moth; lower panel, not infested (control) 

plant. 

Fig. 4.1b. A typical headspace-GC/MS chromatogram obtained from Calabrian pine needles collected 

at Canolo Nuova. Upper panel, plant infested by the pine processionary moth; lower panel, not infested 

(control) plant. 

Fig. 4.2. Principal Component Analysis applied to volatiles emission data obtained from pine 

processionary moth-infested- (red circles) or not infested (green circles) pine needles collected in Bova 

(left) or in Canolo (right) during six samplings along the insect biological cycle. (Continues). 

Fig. 4.2. Continued from the previous page. 
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Fig. 4.3. Partial Least Squares - Discriminant Analysis applied to the volatiles emitted from pine needles 

collected upon the NEST sampling in Bova. Symbols as in Fig. 4.2. 

Fig. 4.4. Partial Least Squares - Discriminant Analysis applied to the DEFO-1 sampling in Bova. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.5. Partial Least Squares - Discriminant Analysis applied to the DEFO-2 sampling in Bova. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.6. Partial Least Squares - Discriminant Analysis applied to the PROCE-1 sampling in Bova. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.7. Partial Least Squares - Discriminant Analysis applied to the PROCE-2 sampling in Bova. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.8. Partial Least Squares - Discriminant Analysis applied to the OVI sampling in Bova. Parameters 

and symbols as in Fig. 4.3. 

Fig. 4.9. Partial Least Squares - Discriminant Analysis applied to the NEST sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.10. Partial Least Squares - Discriminant Analysis applied to the DEFO-1 sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.11. Partial Least Squares - Discriminant Analysis applied to the DEFO-2 sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.14. Partial Least Squares - Discriminant Analysis applied to the PROCE-1 sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.13. Partial Least Squares - Discriminant Analysis applied to the PROCE-2 sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.14. Partial Least Squares - Discriminant Analysis applied to the OVI sampling in Canolo. 

Parameters and symbols as in Fig. 4.3. 

Fig. 4.15. Heatmap synopsis of the changes in the emission of volatile terpenoids from Calabria pine 

needles (y axis) at five sampling points (x axis) during the trophic season of the pine processionary 

moth caterpillars. Brownish colors indicate increase, bluish colors indicate decrease. A, infested plants 

in Bova; B, noninfested plants in Bova; C, infested plants in Canolo; D, noninfested plants in Canolo. 

Fig. 5.1. Map of the study site in Southern Italy, within the Aspromonte National Park in Calabria 

region (RC). 

Fig. 5.2. Experimental design of pine sampling in not infested (1) and infested (2) greenhouses. 

Fig. 5.3. Timeline and sampling scheme of the experimental site. 

Fig. 5.4. Detail of a pine processionary nest placed on a Calabrian pine through plastic ties (A) and 

PPM larvae in the sampled nest (B). 
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Fig. 5.5. Trophic procession of PPM larvae on infested Calabrian pine during the winter season (third 

larval stage). 

Fig. 5.6. Infested Calabrian pine tree during the third sampling, completely defoliated after the trophic 

activity of PPM larvae. 

Fig. 5.7. Relative expression levels of four diterpene synthase genes (DTPS1–4) in both control and 

infested Calabrian pine needles in the three-sampling time. The expression data of each gene were 

normalized using the geometric average of the two reference genes CYP and upLOC. Relative 

expression levels for each of the different DTPS genes were referred to a calibrator, set to the value 1, 

which was represented by the gene in the five tissues with the lowest expression. 

Table 5.1. Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among 

the relative expression levels of DTPS genes in both control and infested Calabrian pine needles in the 

three-sampling time. Different letters denote significant differences according to the Tukey’s test (p 

< 0.01). 

Fig. 5.8. Relative expression levels of seven monoterpene synthase genes (MBOS1/MTPS2–7) in both 

control and infested Calabrian pine needles. The expression data of each gene were normalized using 

the geometric average of the two reference genes CYP and upLOC. Relative expression levels for each 

of the different MTPS genes were referred to a calibrator, set to the value 1, which was represented by 

the gene in the five tissues with the lowest expression. 

Table 5.2. Statistical evaluation of the differences (one-way ANOVA followed by Tukey test) among 

the relative expression levels of MBOS and MTPS genes in both control and infested Calabrian pine 

needles in the three-sampling time. Different letters denote significant differences according to the 

Tukey’s test (p < 0.01). 

 

 

 

 

 


