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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 medium to large in size, comprising from 30to 100 functional members. In conifers,
TPSs belonging to the gymnosperm- specific TPS-d subfamily produce a complex mixture of mono-, sesqui-
, and diterpenoid specialized metabolites, which are found in volatile emissions and oleoresin secretions. Such
substancesare involved in the defence against pathogens and herbivores and can help to protect against abiotic
stress. Oleoresin terpenoids can be also profitably used in a number of different fields, from traditional and
modern medicine to fine chemicals, fragrances, and flavours, and, in the last years, in biorefinery 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, can be seen as 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 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 defence,

Gymnosperms, Gene family evolution
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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 etal. 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 (Cs) isoprenoid units, isopentenyl diphosphate (IPP) and its isomer and dimethylallyl diphosphate
(DMAPP), can be categorized as hemiterpenoids (Cs), monoterpenoids (C10), sesquiterpenoids (C15),
diterpenoids (C20), triterpenoid (C3p), tetraterpenoid (C40) or polyterpenoids (Csp), based on the number of

Cs units they contain (Tholl and Lee 2011). While a number of plant 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 medium-size to
large family with approximately 30—100 functional members in the genomes of nearly all the plant species
sequenced so far (Chen et al. 2011; Warren et al. 2015; Kumar et al. 2018; Karunanithi and Zerbe 2019).
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, conifers 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 etal. 2011). The TPSs belonging to the gymnosperm-specific
TPS-d subfamily produce a complex mixture of mono-, sesqui-, as well as diterpenoid specialized
metabolites, which are found in volatile emissions and oleoresin secretions. These specialized metabolites are
involved in the defence against pathogens and herbivores and can help to protect against abiotic stress (Zulak and
Bohlman 2010; Hall etal. 2011; Tholl et al. 2015; Celedon and Bohlmann 2019). Oleoresin terpenoids are also
important for the production of flavours and fragrances, therapeutics, solvents, coatings and resins, and more
recently have been taken into consideration as potential precursors of biofuels (Bohlman and Keeling 2008; Zulak
and Bohlman 2010; Hall et al. 2013a). Because of such wide functional diversification and versatility, 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
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phylogeny of all the known TPSs from different Pinus species will be reported, which, to the best of our
knowledge, constitutes forsuch genus thefirst 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 MTPSs gene sequences for the first time 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.

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 plantlenvironment 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, semi-volatile or non- volatile at ambient temperature, respectively, are involved in plant
defence 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 etal. 2014). Other physiological functions of isoprene against abiotic stress

in plants include tolerance to ozone and protectionfromoxidative stress (Loretoetal. 2001; Behnke et al. 2009;

Schnitzler et al. 2010).

Plant volatile terpenoids play a role against biotic stress as well, being part of the constitutive and/or inducible

defence 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)3- 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.
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Sesquiterpenes and diterpenes can function as phytoalexins in many plant species (Mumm et al. 2008). In cotton,
for instance, gossypol and its related sesquiterpene aldehydes play a role in the inducible and constitutive
defence responses against several pathogens (Townsend et al. 2005). Moreover, Prisic et al. (2004) isolated fourteen
different diterpenes exhibiting antimicrobial properties from rice leaves challenged withthe pathogenic blast fungus
Magnaporthe grisea.

In conifers, the production of terpenoids, either as oleo- resin or emitted as volatile compounds, play an
important role in the physical and chemical defence responses against pathogens and herbivores (Zulak and
Bohlman 2010; Cele- donand Bohlmann 2019). Oleoresin, whose main components are mono- and diterpenes
(including diterpene resin acids, DRAS), 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 fromthe ductsand reaches the wounded area, acting asa physical
and chemical weapon against invading organisms (Zulak and Bohlman 2010; Celedon and Bohlmann 2019).
The importance of terpenoids in the defence 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 tum 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 her-
bivores is also well documented (reviewed by Gols 2014; Pierik et al. 2014). Such indirect defence strategy
is used by plants to protect their photosynthetic tissues from pathogens and herbivores, as well as to limit insect
oviposition. For instance, eggs deposition by theelm leaf beetle (Xan- thogaleruca luteola) on the leaves of
Ulmus minor causes the production of volatile compounds, including the irregular homoterpene (E)-4,8-dimethyl-
1,3,7-nonatriene, which playsa key role in attracting the specialized egg parasitoid Oomyzus gallerucae (Biichel
et al. 2011).

Besides their role in the interaction with herbivores and their antagonists, constitutive and induced volatile
terpe- noids can act as interspecific, intraspecific, and intraplant signals to promote defence 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 the plant-to-plant communication mediated by volatile compounds.
Not every organisms in contact with plants are enemies, inasmuch as some of them, in fact, can act as partners
involved in mutually beneficial interactions. Inthis 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). For instance, many studies demonstrated the role of volatile terpenoids as constituents

of floral scent in communication between plants and pollinators (Baldwin et al. 2006; Abbas et al. 2017). Floral
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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 pollinatorsto flowers, particularly in night-emitting plants, for which scent intensity
will have to compensate for the limited visibility of flowers under low illumination (Dudarevaet 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, high vapour pressure at ordinary temperatures, and
lipophilic nature, which facilitate their interactions with membrane systems (Tholl 2015; Abbas et al. 2017).
Although terpenes have been mostly studied in the above- ground tissues, similar functions in direct and indirect
defence responses have been also identified in the below-ground environment. For instance, Arabidopsis roots produce
semi-volatile diterpene hydrocarbons, known as rhizathalenes, able to limit root damage by acting as local antifeedant
towards herbivores (Vaughan et al. 2013). Similarly, the triterpene saponins known as avenacins are powerful
phytoalexins exuded by oat roots (Thimmappa etal. 2014). Indirect defence brought about by volatile terpenes is also
seen below ground; for instance, maize roots attacked by the western corn rootworm (Dia- brotica virgifera)
emit (E)-B-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 func- tions, are also able to promote the

beneficial root infection brought about by mycorrhiza (Akiyama 2005).

Biosynthesis of Terpenoids in Plants

Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the Cs momomeric precursors
of all terpenes. They derive from two distinct metabolic routes, namely the mevalonate (MVA) pathway,
and the methyl- erythritol 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 Cs building blocks, yielding intermediates such as geranyl
diphosphate (GPP, C1o), farnesyl diphosphate (FPP, C15), geranylgeranyl diphosphate (GGPP, C2(), and
squalene (C3o), respectively (Tholl 2015; Pazouki and Niinemets 2016). These intermediates are finally converted
into terpenes by the action of TPSs, which are named according to the length of their respective reaction

products: hemiterpene- or isoprene- (Cs), monoterpene- (C10), sesquiterpene- (C15), and diterpene- (C2q)
synthases (Chen et al. 2011; Tholl 2015; Pazouki and Niinemets 2016).

The First Step: The Terpenoid Basic Units, Namely IPP and DMAPP, are Synthetized in Two Compartmentally
Separated Metaholic Pathways
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Both the IPP and DMAPP Cs precursors, which can be inter- converted into each other, can derive from both

the MV A and the MEP pathways; the former pathway is localized intothe cytosol, although it also operates
in the endoplasmic reticulum and peroxisomes, whereas the latter operates inside 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; VVranova et al. 2013; Tholl 2015).

The plant MV A pathway (Fig. 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-di- phosphate. The last step in the MV A pathway
is the ATP- dependent decarboxylation of mevalonate-5-diphosphate to PP, 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, 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 reductoisomerase (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 stoichi- ometry of about 5:1 (Tholl 2015; Abbas et al. 2017).
The biosynthesis of terpenoids containing more than five carbon atoms (Fig. 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 MV A pathway,



194
195
196
197
198
199
200
201
202
203
204
205
206

207
208
209
210
211
212
213
214

215
216
217
218
219

220
221
222
223
224
225

since its final product is PP only (Fig. 1, left), whereas in the MEP pathway, whose final products are both
IPP and DMAPP (Fig. 1, right), IDI is thought to ensure an optimal IPP/DMAPP ratio for the assemblage
of the Cs units leading to terpenoid pre- cursors and/or to fuel export from plastids to cytosol. It is worth
nothing (Fig. 2, right) that DMAPP can be also used as a substrate for hemiterpene (Cs) biosynthesis, by
the activity of isoprene synthase (IPS in Fig. 2). A single and twodistinct IDI genes were identified in the
genomes of Catharanthus roseus and Arabidopsis thaliana, respectively, and found to be transcribed as
splice variants. In both species, the ‘long’ protein variant is transported into chloroplasts and/or mitochondria,
while the ‘short’ protein variant, missing a targeting signal, is localized into peroxisomes (Guirimand et al.
2012), underlining the involve- ment of different subcellular compartments in isoprenoid biosynthesis in

plants.

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 path- ways, IPP and DMAPP are used as building
blocks for the assembling of the prenyldiphosphates (see below), from which all the terpenes derive. A
large group of prenyltransferases (Fig. 2, see below), whose general name is also isoprenyl diphosphate
synthases, are the enzymes in charge for producing prenyldiphosphates, whose bio- synthesis 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 C1o 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 diphosphates.

Since the double bonds of the prenyl diphosphate to be formed can be either in cis- or in trans configuration,
distinct families of cis- or trans-prenyltransferases, respectively, have to come into play (Kharel 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 dehydro- dolichol
diphosphates (Takahashi and Koyama 2006; Surmacz and Swiezewska 2011) (Fig. 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. 2). Recently, cis-prenyltransferase analogs of the trans-acting enzymes have been

detected, among which neryldiphosphate synthase (NDPS), (Z,2)-FPP synthase and nerylneryldiphosphate

7
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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. 2).

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
thenused in several plant cell compartments such as plastids, mitochondria, and the cytosol, for the formation
of amyriad of terpenoids, allocated to either the primary or the secondary metabolism (Fig. 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,
respectively, are acted upon by specific TPSs, to yield specialized metabolites such as monoterpenes,
sesquiterpenes, and diterpenes, respectively (Fig. 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, 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. 2). A similar condensation reaction of two molecules of GGPP produces phytoene, fueling the
downstream synthesis of carotenoids (Fig. 2). Geranylgeranyl diphosphate is also involved in the biosynthesis
of ent-kaurene, from which all the plant gibberellins derive. Such conversion is carried out in sequence by two
structurally related TPSs, firstent-copalyl diphosphate (ent-CPP) synthase (CPS), which transforms 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. 2).

Cross Talk and Interactions Between the MVA and MEP Pathways

The MV A and the MEP pathways fuel distinct routes in terpenoids metabolism. The MV A pathway mostly
feedsthe 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. 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 sup- ported by genome-wide co-expression analyses in
Arabidopsis, which showed limited interaction between MVVA and MEP genes (Vranova et al. 2013; Rodriguez-
Concepcionand 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
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IPP/DMAPP, and C10-20 prenyl diphosphate intermediates (GPP, FPP and GGPP) (Fligge 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; Hem-
merlin et al. 2003; Laule etal. 2003; Gutensohn et al. 2013). A possible exchange of isoprenoid intermediates
among plastids and cytosol has also been deduced from studies on mutant lines overexpressing the genes of
the MV A or the MEP pathway. IPPand DMAPP are primarily derived from the MEP pathway in Lavandula
latifolia. Nevertheless, a significant increase of monoterpenoids such as 1,8-eucalyptol and camphor was
observed in mutant lines overexpressing HMGR, a MV A 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; Shi et 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 fromthe MV A pathway. Confocal
microscopy and green florescence protein fusion showed that HDR was located in chloroplast and the trans-
port of IPP from chloroplast to cell cytoplasm was observed after 13C labelling experiment, indicating that more
IPP was accessible to the MV A 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 interchange were suggested. The export of IPP from
plastidstothe cytosolwas proposed to proceed by a plastidial proton symport system (Bick and Lange 2003),
while the study of Fliigge 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-
9
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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 MV A and MEP path- ways (Tholl 2015). For instance, sucrose supplementationinduced 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 grownin a
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;
Rodriguez-Concepcién 2006), but up- regulates the expression of MEP pathway genes and genes for
carotenoid and chlorophyll biosynthesis (Ghassemian et al. 2006; Rodriguez-Concepcion 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 1PP 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 (Vranova et al. 2013) and exposure to dark can instead boost the
activ- ity of MV A 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 (Dudarevaet 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 MV A pathway are transferred to etioplasts to fuel carotenoid
and gibberellin  synthesis prior to the induction of MEP pathway enzymes under illumination (Rodriguez-
Concepcidn et al. 2004).

Late studies have shownthatterpenoid biosynthesis by MV A and MEP pathways isnot exclusively channeled
via IPPand DMAPP, but may require a pool of the respective isopentenyland 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) and the IP kinases (IPKSs), which catalyze the hydrolysis and
phosphorylation of IPP and IP, respectively (Fig. 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 MVVA and MEP genes (Vannice et al. 2014). In Arabidopsis, it has been
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shown that IPK is localized in cytosol and seems to control the pro- duction of both MV A- and MEP-derived
terpenoids (Henry et al. 2015). Indeed, Arabidopsis T-DNA insertion knockout lines for IPK showed a
significant decrease in the levels of sesquiterpenesand sterols, whereas the overexpression of the AtIPK gene
in transgenic Nicotiana tabacum led to significant increases in monoterpenes and sesquiterpenes. More attempts
to understand the formation of IP/IDMAP in plants recognized the function of Nudix hydrolases (Nudxs), a large
family of two-domain hydrolases/peptidases widely detected in bacteria, plants and animals (Henry et al. 2018).
Studies on the two cytosolic Nudxs found in the genome of Arabidopsis, AtNudx1 and AtNudx3, proved
their effectiveness in dephosphorylating IPPand 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).

Plant Terpene Synthases

As described above, TPSs transform acyclic cis- or trans- prenyl diphosphate intermediatesbearing 5 to 20
carbon atoms into hemiterpenes (Cs), such as isoprene, monoterpenoids (C10), sesquiterpenoids (C15), or
diterpenoids (Czo) (Fig. 2). These terpenoid compounds can be further modified to produce biologically
active final products of greater structural diversity by means of secondary enzy- matic 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 present in nearly all plant species
(Chen etal. 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 con- sequence of minor structural
changes (Tholl 2015; Pazouki and Niinemets 2016; Karunanithi and Zerbe 2019). As a result, TPS enzymes
have attracted increasing consideration forin 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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Structure of Plant Terpene Synthases

The functional diversity of TPSs is determined by their modular structure, based on a conserved o-helical folding
pattern within which three common domains, denoted asy, 3, and a, are variably arranged (Cao et al. 2010)
(Fig. 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-l, class-Il, or class-I/l
enzymes (Chen et al. 2011; Tholl 2015; Karunanithi and Zerbe 2019).

Intheclass-1 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 a-domain, where the ionization of the prenyl
diphosphate substrate is mediated by a divalent cation. Electronabstraction oper- ated 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 a-domain of class-1 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 it to a trinuclear magnesium cluster, which triggers the ionization of the substrate and initiate the
cyclization reaction.

The class-11 TPSs, which also host just one active site and include only DTPSs (Fig. 3), contain a functional N-
terminal B-domain together with a third “insertion” y-domain. Within such p-domain, a conserved “DXDD” motif
is present, whichis responsible forthe protonation-initiated cyclization of the substrate (Christianson 2017). The
y-domain hasa highly acidic “EDXXD-like” motif, which further contributes to the activity of class-11 TPSs
(Cao et al. 2010).

Finally, a limited number of three-domain (yBa) 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-1/11 enzymes (Fig. 3). They include the diterpene synthases (CPS/KS) found in the
mosses Physcomitrella patens and Jungermannia subulata and in the lycophyte Selaginella moellendorffii,
which catalyse 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-1/11 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 possess all
the three domains, namely vy, B, and o (Cao et al. 2010). In general, however, just one of the domains is

functional. For instance, DTPSs involved in gibberellin biosynthesis in both angiosperms and gymnosperms, as
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well as those implicated in the biosynthesis of the large group of labdane-type spe- cialized diterpenes in
angiosperms, are class-I1 or class-1 enzymes which lost the activity of the a- or the B-domain, respectively
(Fig. 3). In the gibberellin biosynthetic path- way, the class-11 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-1 ent-kaurene
synthase (a lyase) converts ent-CPP into ent-kaur-16-ene plus diphosphate (Zi et al. 2014) (Fig. 2).
Moreover, in both gymnosperms and angiosperms, some DTPSs involved in the secondary metabolism have
been found toretain class-1 activity only (without the loss of the B-domain) (Fig. 3) and use GGPP to directly
produce a diterpene withouta CPP intermediate (Chen et al. 2011; Koksal et al. 2011a; Hall et al. 2013a).
Interestingly, the occurrence of three-domain (yBa) STPSs that retain only class-I TPS activity has also been
reported (Fig. 3), as seen in a-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-1 TPSs, see above), in
most of which the B-domain is actually present, but is rendered inactive because of the absence of the conserved
“DXDD” motif (Whittington et al. 2002) (Fig. 3).

Most MTPSs and DTPSs, unlike the cytosolic STPSs, have obvious N-terminal plastid transit peptides
(Fig. 3). Transit peptides are removed from the mature TPS upstream of the “RR(Xs)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. 3).

A new class of plant TPSs designated as microbial TPS-like proteins (MTPSLs) 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 much more
strongly related, from the evolutionary point of view, to microbial TPSs rather than to the typical plant
ones (Jia et al. 2018). According to their different origin (see below), MTPSLs and typical plant TPSs
differ from each others 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 3
classes depending on the presence of 12—14 introns, 9 introns, or 6 introns (Trapp and Croteau 2001). In the
MTPSLs genes of S. moellendorffii, by contrast, the number of introns can vary from none, or just one, in
the majority of cases, to as many as seven in certain others. Secondly, structural differences also emerged
at the protein level. In fact, all known MTPSLs containthe a-domain only (Fig. 3), unlike the (Ba)- or (ypa)-
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 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).
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Origin and Evolution of Plant Terpene Synthases

Figure 4 sketchily depicts current models and hypotheses illustrating the recombination among the vy, B, and «
domains and key aminoacidic motifs during the evolution of TPSs in plants.

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. Later on, Hayashi et al. (2010) and Keeling et al. (2010)
proposed the class-1/I1 DTPS from P. patens to be the common ancestor. Notably, two diterpene synthases
has beenfound inthe bacterium Bradyrhizobium japonicum, namely ent-copalyldiphosphate synthase and ent-
kaurene synthase, which show structural relatedness with the p-domain (class-11 activity) and the o-domain
(class-I activity) of plant and fungal TPSs, respectively. Thisled Morrone et al. (2009) to hypothesize acommon
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-11 and class-1/ |1 DTPSs, became available (Kampranis et al.
2007; Gennadios et al. 2009; Koksal et al. 2011a, 2011b, 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 ypa-
domain structure might have arisen from the fusion among two ancestral DTPS genes of bacterial origin, one
bearing an yB-domain and the other an a-domain, which, in turn, might have evolved from pre-existing ancestors,
I.e. a yB-domain triterpene synthase and an a-domain prenyltransferase, respectively (Fig. 4, upper part). In
the course of evolution, the ancestral three-domain (ypa) class-1/ 11 DTPS described above, with functional o- and
B-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-11 type DTPSs (yBa-assemblies in which the o-
domain activity has been lost) and class-I type DTPSs (yBa-assemblies in which the f-domain activity has
been lost) (Cao et al. 2010; Gao et al. 2012) (Fig. 4, central part). Following 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 I1PSs
and MTPSs have lost their y-domain, while STPSs lost the transit peptide and, in most cases, the y-domain
(Hillwiget al. 2011; Koksal et al. 2011a, 2011b; Rajabiet al. 2013) (Fig. 4).

Recently, the analysis of several proteins with mixed-substrate specificity allowed to put forward new hypotheses
about the pathwaysand the timing of the main evolutionary changes regarding the loss of y-domain and transit
pep- tidein TPSs (Pazouki and Niinemets 2016) (Fig. 4, bottom part). For instance, structural analysis of a bi-
domain (o—B) DTPS from Triticum aestivum (TaKSL5), which can use either ent-CPP for the production of
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ent-kaurene (C2o) or (E,E)-FDP for the production of (E)-nerolidol (C1s) (Hillwig et al. 2011), suggested that
evolution of STPSs probably took place first as a result of the loss of y-domain, followed by changes in
subcellular sorting (loss of transit peptide) and further diversification by the loss of capacity to use Cxo
substrates. This hypothesis is supported by the finding of multisubstrate (E)-nerolidol (Cus)/(E,E)-
geranyllinalool (C20) synthases in Vitis vinifera, namely VVPNLNGI1 and VVCSENerGlI, which are able to
use both C15 and C2q substrates, but lack both the transit peptide and the y-domain (Martinet 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 y-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. 4, bottom part). Indeed, mixed-substrate TPS have been found in a

number of species, among which: A. majus, which has two (E)- nerolidol (C15)/linalool (C10) synthases, i.e.

AMNES/LIS-1and AmMNES/LIS-2 (Nagegowda et al. 2008); A. thaliana, which hastwo (E,E)-a-farnesene
(C15)/(E)-B-ocimene (C10) synthases, i.e. AtTPS02 and AtTPS03 (Huang et al. 2010); and Fragaria
ananassa, which has two (E)-nerolidol (C1s)/ 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 AmMNES/LIS-1, AtTPS03, and
FaNESL1, 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. 4).

Taken together, the above findings suggest an evolutionary model in which, starting from a tri-domain (ypo)
class-I DTPS, the loss of the y-domain first led to the formation of a bi-domain (Ba) DTPS (e.g. the TaKSL5
of T. aestivum) and ultimately to a STPS, by the loss of the transit peptide (e.g. VVPNLNGI1 and
VVCSENerGl in V. vinifera) or toa 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. 4).

Ingymnosperms, on the other hand, there is evidence for a different evolutionary scenario for the formation
of STPSs. Here, a tri-domain (yBa) cytosol-active TPS might have arisen after the loss of the transit peptide
from a class-I DTPS, followed by the loss of the y-domain and leading to the formation of a bi-domain (o)
cytosol-localized TPS. Evidence for such hypothesis came from the analysis of

three A. grandis C10/C15 multisubstrate TPSs, namely (E)- a-bisabolene, 5-selinene- and y-humulene
synthases (Bohlmannet al. 1998). All these three TPSs lack the transit peptide, but the firstisa tri-domain (yBo)
protein, whereas the other two are bi-domain (Ba) proteins. This suggests that during the evolution of
gymnosperm STPSs, the transit pep- tide could have been lost first, followed by the loss of the y-domain (Fig.
4, bottom part).

New insights concerning the evolution of plant TPSs came from the identification in cryptogamae of the
15
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afore- mentioned MTPSL genes, which encode proteins containing only the a-domain and produce mainly
monoterpenes and sesquiterpenes (Li et al. 2012; Jia et al. 2018). In accordance with the evolution of the two-
domain (Boy) typical plant TPSs from the three-domain (yBa) proteins (Fig. 4), MTPSLs may have originated
either from an ancestral yBo TPS, which has then lost its y-f domains, or from a a. TPS progenitor after the
loss of the p 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 o-
domain, rather than to the a-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 relatednessto bacterial and fungal TPSs, and show lineage-specific features, to the
point that two distinct MTPSLs families can be recognized, dependingon their clustering with bacterial or with
fungal TPSs. Inthe latter MTPSL family, in turn, three separate subgroups can be identified. Onsuch basis,
it is therefore firmly reputed that notonly 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 harbour 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
monoterpe- nes 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.

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 sizes range from 20 to 170 members, counting both full-length genes and pseudogenes, the
only notable exception being the moss P. patens, whose genome contain a single functional TPS gene (Table
1). In particular, full- length genes coding for typical plant TPSs range from 14 in S. moellendorffii to 113,
106 and 69 in Eucalyptus gran- dis, 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). The recently draft genome assemblies of Picea glauca (Birol et al. 2013; Warren et al. 2015), 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
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assembly, identified 83 unique TPS genes having at least 400 amino acids of coding region, including 28
pseudogenes (Table 1). This confirmed previous results based on transcriptome analyses, which estimated that
more than 70 distinct transcriptionally active TPS genes may be presentina single coniferspecies (Keeling et
al. 2011), i.e. comparable to the number of potentially active TPS genes found in the sequenced genomes of
angiosperms (Table 1). The above data suggest that the evolution of typical plant TPS families in higher plants
involved several gene dupli- cation events, followed by sub- and neo-functionalizations. 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 intercalated. 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 arangements (Chen et al. 2011; Kilheim etal. 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 tandemarray. 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 subfamily (Kulheim 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 an highly compact gene cluster encompassing a stretch of 690 kb on chromosome 18 (Mar- tin et al.
2010). Similarly, 17 TPS genesare stretched over a 317 kb region on the chromosome 6 of E. grandis (Kulheim
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, ¢, 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 sub- family in sequenced plant genomes is reported in Table 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, 2). On the other hand,
the TPS-c and TPS e/f gene subfamilies include mainly class-1 and class-11 DTPSs from both angiosperms and
gymnosperms (Tables 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 both 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 2).
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Analysis of several flowering plants whose genomes have 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 the TPS family in each species (Chen et al. 2011) (Table 1). Phylogenetic analyses suggest that the growth
of the TPS-a gene subfamily took place after the separation of the mono- cot and dicot lineages, because
the clade is clearly split into two groups, TPS-al and TPS-a2, with the first being dicot specific and the
second monocot specific (Chen et al. 2011) (Table 2). Moreover, the positions of Arabidopsis, P.
trichocarpa, Eucalyptus spp. and V. vinifera genes on the branches of the TPS-al clade suggest that many
of them originated from gene duplication events that took place after the divergence of the four lineages,
representing a clear example of species-specific expansion of TPS genes (Chen et al. 2011; Irmisch et al.
2014; Kilheim et al. 2015). Most of the functionally characterized proteins of the TPS-a subfamily are
STPSs (Table 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).
Anotherangiosperm-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). Many of the enzymes of the TPS-b group form hemiterpenesand 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)s W”” 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- AmMNES/LIS-2 from A. majus (Nagegowdaet al. 2008), and AtTPS02-
AtTPS03 from Arabidopsis (Huang et al. 2010), already discussed in Origin and evolution of plant terpene
synthases section above, are seen asexamples 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-1/11 DTPS) from P. patens (see “Structure of
Plant Terpene Synthases” and “Origin and Evolution of Plant Terpene Synthases” sections), class-Il CPSs
involved in primary metabolism (gibberellin biosynthesis) in both angio- sperms 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 monofunctional CPSs (Chen et al. 2011). This subfamily also contains class- Il DTPSs
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involved in the specialized metabolism of angio- sperms (Table 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 defence (Peters 2006). The TPS-e/f subfamily contains mainly class-1 KSs
from gymnosperms and angiosperms involved in the primary metabolism (gibberellin biosynthesis) (Table
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 indicate that they function as class-l TPSs, likely KSs. Therefore, these three S.
moellendorffii TPSs are assigned to the TPS-e/f subfamily (Table 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
11, 10 and 9 TPS-e/f genes, respectively, whereas the other eight species have 1-5 members (Table 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 defence against pathogens, thus indicating that, in
additionto class-I DTPSs (KSs) involved in gibberellin biosynthesis, TPS-e/f subfamily includes several TPSs
involved in specialized metabolism (Table 2).

Additional lines of evidence support evolutionary diversification within the TPS-e/f subfamily. For instance,
func- tionally 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 S. lycopersicum B-phellandrene synthase (PHS1), although belonging to the
TPS-e/f subfamily, employs the uncommon substrate neryl diphosphate, thecis-isomer of GPP, to produce mainly
B-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 Solanum
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).

Selaginella moellendorffii TPSs, which do not belong eitherto the TPS-c orto the TPS-e/f subfamilies, cluster
into a new clade designated as TPS-h (Tables 1, 2). In contrast to the S. moellendorffii TPS genes in other
clades, seven out ofthe 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-1/11 TPS-d DTPSs from gymnosperms, as well as in the class-1/II CPS/KS from P. patens
(Table 2 and see below). As discussed earlier (“Origin and Evolution of Plant Terpene Synthases” section and

Fig. 4), gymnosperm class-1/11 DTPSs are likely to have evolved from a CPS/KS ancestor probably prior to the
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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-1/Il 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.

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 defence against insects and pathogens
(Keeling and Bohlmann 2006; Zulak and Bohlmann 2010; Celedon and Bohlmann 2019). The diversity of
conifer terpenoids con- sists mainly of monoterpenes, sesquiterpenes and diterpenes, which, besides the primary

catalysis brought about by a large family of TPSs, arise fromtheaction 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, 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/ll DTPS ancestors sharing structural and functional
similarities with the CPS/KS from P. patens (see “Origin and Evolution of Plant Terpene Synthases” section).
According to the different scenario in the evolution of TPSs among angiosperms and gymno- sperms, the
many MTPSs, STPSs and DTPSs of special- ized metabolism in conifers form the gymnosperm-specific TPS-
d subfamily (Chen et al. 2011; Warren et al. 2015; Sha- lev et al. 2018; Celedon and Bohlmann 2019). The
functional variety of gymnosperm TPSs seemsto have evolved viarepeated gene duplication eventsand 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; Celedon and Bohlmann 2019), which representsthe key player behind
the chemical complexity of specialized terpenes in conifers. 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 carried out in only two
conifer species, namely A. 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
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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 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 TPSs of Cupressaceae received far less consideration, in the
present review 20 putative full-length TPS sequences from several Cupressaceae species, such as T. 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 S1) to construct a maximum likelihood
phylogeny (Fig. 5). 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) (see Experimental
Procedures in the Supplementary Material).

Confirming previous phylogenetic analyses (Chen et al. 2011; Shalev et al. 2018), the 82 gymnosperm TPSs
con- sidered here were divided into three major clades (Fig. 5), corresponding to TPS-c, TPS-e/f and TPS-d
subfamilies of the plant TPS family.

The TPS-c subfamily included the two functionally characterized class-11 CPSs from P. glauca (Pg CPS)
and P. sitchensis (Psi CPS) (Fig. 5), whereas the TPS-e/f sub- family, in addition to the two functionally
characterized class-l KSs from the same Picea species (Pg KS and Psi KS, respectively), also included
putative KSs involved in primary metabolism from the two Cupressaceae species T. plicata (Tp TPS1) and
T. cryptomerioides (Tcr TPS1, TcrTPS2) (Fig. 5).

The vast majority of the TPSs considered here fell into the TPS-d subfamily (Fig. 5), which, as already
said, are reputed to be gymnosperm-specific and contains all the TPSs involved in specialized metabolism.
On the whole, Fig. 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
mofunctional DTPSs involved in secondary metabolism, three-domain (yPa) and two-domain (Ba) STPSs, MTPSs
and IPSs. Within each of such functional clades, TPSs of Cupressaceae mainly clustered apart from TPSs of
Pinaceae, underlining the independent diver- sification and evolution of specific TPS functions in the two

gymnosperm families (Fig. 5).
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As previously discussed (see “Origin and Evolution of Plant Terpene Synthases” section), evolution in plants

seems to have maintained class-1/l1 DTPSs only in cryptogamae and gymnosperms. In the latter phylum,

class-1/11 DTPSs constitutethe TPS-d3 group (Keeling et al. 2011; Hall et al. 2013a), which also includes

class-1 DTPSs from Pinus and Taxus species, as well as the ancestral yBa-domain STPSs (Fig. 5). Class-1/11

DTPSs include the levopimaradiene/ abietadiene and isopimaradiene synthases (LASs and 1SOs,

respectively)of diterpene resinacid (DRA) metabolism isolated from several Pinaceae (Peterset al. 2000; Martin

et al. 2004; Hall et al. 2013a), as well as the class-1/11 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. 5).

Class-1 DTPSs from P. contorta (hamely Pc MDTPS1, Pc DTPS mPIM1 and Pc DTPS mISO1) form a
separate branch within the TPS-d3 group, located close to the class- I1/11 DTPSs of DRA biosynthesis, but
distant from other class-1 DTPSs, such as taxadiene synthases from Taxus spp. (Fig. 5). The above three TPSs
from P. contorta are closely related to three T. plicata sequences (Tp STS3, Tp STS5 and TPS25) (Fig. 5),
which, however, contain the class-II “DXDD” motif but lack the functional class-I “DDXXD” motif.
Interestingly, class-11 DTPSs of specialized metabolism have not been previously reported in gymnosperms and
appear to be exclusive of the Cupressaceae. Since the newly discovered class-Il DTPSs identified in the
transcriptome of T. plicata (Shalev et al. 2018) could add them 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 TPSsin 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 into the clade of the putative DTPSs (Fig. 5), are class-1 enzymes that lack the functional
class- 11 “DXDD” motif, whereas class-1/11 DTPSs have not been found so far in the Cupressaceae.

Finally, the clade of ancestral gymnosperm (yBa-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. 5). In general, the phylogenetic analysis presented here suggests that events of mono-
functionalization, i.e. a form of subfunctionalization from a duplicated bifunctional ancestor, took place
independently many times during the evolution of gymnosperm DTPSs. Such events led to the appearance of
class-11 and class-1 DTPSs of gibberellin metabolism, the Taxus spp. taxadiene synthases, the newly identified
class- 11 DTPSs in T. plicata, and the class- DTPSs found in the Cupressaceae and Pinus species. The pine
class-1 DTPSs appear to have evolved from loss of the class-11 active site, which instead remained unchanged
in the similar class-1/11 LAS and 1SO enzymes, while it remains to be deter- mined whether the class-1/1

DTPSs have been lost in the Cupressaceae. Apart from DTPSs, mono-functionalization ultimately also led to
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the ancestral tri-domain (yBo) STPSs, and to the large family of bi-domain gymnosperm MTPSs and STPSs
constituting the TPS-d1 and TPS-d2 groups (Fig. 5). Within these two groups, it is evident that MTPSs and
STPSs of the Cupressaceae clustered apart from those of the Pinaceae (Fig. 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 bi-domain (Ba) 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 bi-domain STPSs isolated from P. taeda and P. abies which produce the acyclic
sesquiterpene E,E-a-farnesene (Phillips et al. 2003; Martin et al. 2004; Fig. 5).

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
defence 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. There- fore, 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.

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 S2, see also Experimental Procedures in the Supplementary Material). Database search identified a
total of 93 full-length cDNA sequences coding for putative TPSs from 28 different Pinus species (Table 3).
BLAST searches using as queries the CPS and KS from P. glauca (Table S2), assumed to represent DTPSs
involved in primary metabolism (gibberellin  biosynthesis, see above), detected orthologous full-length cDNA
sequences only in Pinus tabuliformis (Pta CS1 and Pta KS1 in Table 3). It is worth noting that gymnosperm
CPSand KS genesequences 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 3) and one from P. taeda (Pt STPS1 in Table 3). As described before, this latter STPS
produces the acyclic sesquiterpene (E,E)-a-farnesene (Phillips et al. 2003) and clusters into the TPS-d1
group (Fig. 5). Heterologous expression in Escherichia coli allowed to find out that the first three STPSs
from P. sylvestris produce longifolene and o-longipinene (Ps STPS1), 1(10),5-germacradiene-4-ol (Ps
STPS2), and (E)-p-caryophyllene and a-humulene (Ps STPS3), as their main products (Koépke et al. 2008).

When compared to each other, the deduced amino acid sequences of the three above P. sylvestris enzymes
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showed identities ranging from 60 to 65%, whereas a greatest amino acid iden- tity (70-80%) was noticed with
otherconiferSTPS, such as longifolene synthase from [P. engelmanniix P. glauca] and a a-humulene synthase
fromP.glauca (Keelingetal. 2011). Thisindicatesthe presence of putative hortologous genes coding for these
STPSs in different Pinaceae species. The fourth STPS from P. sylvestris, namely Ps STPS4, which was
reported to produce (E)-p-farnesene as unique terpenoid (Kopke 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 (ypa) STPSs, such as (E)- B-farnesene synthase from
Pseodotsuga menziesii (Huber et al. 2005) and (E)-a-bisabolene synthases from A. grandis and P. glauca
(Trapp and Croteau 2001; Martin et al. 2004). BLAST searches using as queries the selected DTPSs fromP.
contorta and P. abies (Table S2) allowed to identify 13 DTPSs in Pinus species, of which seven and four in
P. contorta and Pinus banksiana, respectively, and one each in P. taeda and Pinus densiflora (Table 3). Of
these Pinus spp. DTPSs, five, namely Pc DTPS LASL, Pc DTPS LAS2,Pb DTPS LAS1, Pt DTPS LAS1
and Pd DTPS ABSL1, showed a high level (95-99%) of amino acid identity among each other, and were
found to contain both the class-1 and the class-11 functional motifs, indicating that they are class-1/11 DTPSs,
similar to the already recognized conifer ISO and LAS enzymes of DRA biosynthesis (Peters et al. 2000;
Mar- tin et al. 2004; Keeling et al. 2011; Zerbe et al. 2012, and see above). Four of the five pine class-1/1
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 chromatogra- phy—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
class-1 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-1 enzymes, showing an
intermediate amino acid identity (66—73%), both with the above five putative class-1/11 DTPSs from Pinus
species, and with the functionally characterized 1SO and LAS enzymes of the DRA specialized metabolism
in several conifers. Despite being putative monofunctional DTPSs, the above eight proteins showed only

33%t0 34% sequence identity with the P. glauca ent-copalyl diphosphate synthase (Pg CPS) and ent-kaurene
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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 others (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-1 DTPSs, identified the putative
orthologous pair Pc DTPS mPIM1 and Pb DTPS mPIML 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- DTPSs
of specialized DRA metabolism have not been previously identified in Pinaceae. The only other known
examples of class-1 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-1 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 1SO and LAS conifers DTPS participating in the DRA specialized metabolism.

BLAST searches using as queries the 7 selected MTPSs from P. contorta, P. abies and P. glauca (Table S2)
detected 74 putative full-length cDNAs coding for MTPSs from 26 different Pinusspecies (Table 3). 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 Cs 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 first isolated from Pinus sabiniana and found to encode for a
bifunctional enzyme able to produce both MBO and isoprene in a 90:1 ratio (Gray etal. 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. 5). The 42 full-length MBOS sequences identified here showed a high
level of homology among each other (93-99% amino acid sequence identity) asshown in the phylogenetic tree
reported in Fig. S1.

To gain a deeper understanding of the evolution of TPS family in the Pinus genus, we performed a
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phylogenetic analysis including all the identified pine MTPSs (32), DTPSs (13) and STPSs (5), the 2 P.
tabuliformis class-1 (KS) and class-11 (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. 6.

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. PtaKS1 and Pta CPS1
(Fig. 6), consistent with their assignment to distinct TPS subfamilies, namely TPS-d forthe formers, and TPS-
c and TPS-e/f for the latters (Fig. 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).

The present phylogenetic analysis showed thatall the MTPSs identified in the Pinus species clustered with
the pine MBOSs in the TPS-d1 group (Fig. 6), thus confirming the previous findings of Gray et al. (2011).
The five iden- tified STPSs in Pinus species were found to distribute in all of the three TPS-d clades (Fig.
6). Four of them are bi- domain (Ba) STPSs, of which the three from P. sylvestris (Ps STPS1-3) were
assigned tothe TPS-d2 group,whereasthe one from P. taeda (Pt STPS1) to the TPS-d1 group. The fifth STPS,
identified in P. sylvestris (Ps STPS4), is a three- domain (yBa) enzyme, which clustered into the TPS-d3
group together with all the mono- and bifunctional DTPSs identified in the Pinus species (Fig. 6).
Consistent with previous phylogenetic analyses (Hall et al. 2013a), the five class-1/II DTPSs, namely Pc
DTPS LAS1/LAS2, Pb DTPS LASL, Pt DTPS LAS1 and Pd DTPS ABS1, formed aseparate branch within
the TPS-d3 group close to the eight monofunctional class-l DTPSs, namely Pb MDTPS1, Pc
MDTPS1/MDTPS2/MDTPS3, Pc DTPS mISO1, Pb DTPS mISO1, Pc DTPS mPIM1 and Pb DTPS
mPIM1 (Fig. 6). Furthermore, the putative orthologous pairs Pb DTPS mPIM1/Pc DTPS mPIM1 and Pb DTPS
mISO1/PcDTPS mISO1, for which Hall et al. (2013a) showed biochemical functions, clustered in aseparate
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. 6 indicates that the P. contorta and P. banksiana class-1 DTPSs of specialized
metabolism have evolved in relatively recent times through gene duplication of a class-1/11 DTPS, accompanied
by loss of the class-11 activity and subsequent functional diversi- fication. It is worth noting that while the
class-1/11 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. 6), P. abies, P. sitchensis, Abies balsamea and A. grandis (Fig. 5),
class-1 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
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common ancestor of the closely related species of P. contortaand 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 5 selected
pine MBOSs clustered into 7 distinct groups (Fig. 6). It is worth noting that some of the pine MTPSs,
including the proteins responsible for hemiterpenes biosynthesis (MBOSSs), grouped phylogenetically with
functionally similar MTPSs from grand fir (A. grandis) and spruce (P. glauca, P. abies and P. sitchensis)
(Fig. 5). This functional conservation across species indicates that significant gene duplication and
functionalization took place before the speciation of pine, fir and spruce.

The Group 1 of TPS-d1 clade (Fig. 6) 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. 5)
showed that the MBOSs from several Pinaceae species are closely related to linalool synthases from P. abies
and P. sitchensis.

Group 2 (Fig. 6) included only two proteins from P. con- torta (Pc MTPS6) and P. banksiana (Pb MTPS5),
which were shown to form a-terpineol as the major product (Hall etal. 2013b). These two proteins has only a
62% sequence identity with Pt MTPS2, a P. taeda protein that also pro- duces a-terpineol (Phillips et al.
2003) but was assigned to the Group 4 (Fig. 6). Indeed, Fig. 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. 6) 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. 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. 6) contained four MTPSs from P. con- torta and P. banksiana (Pc MTPS2 and Pb MTPS

2—4), which were shown to produce ( —)-p-pinene as their major product and also ( —)-o-pinene, but in

comparatively lower amounts (Hall et al. 2013b). These four MTPSs are closely related to a P. taeda

protein (Pt MTPS2) (Fig. 6), which instead produces (—)-a-terpineol, but neither (—)-B-pinene nor (-)-

a-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 substitutionsare sufficient to modify the product profiles of MTPSs from

grand fir (Katoh et al. 2004; Hyatt and Croteau 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
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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 Pinus massoniana, although reported to be

a ( —)-o-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. 6) included 10 putative a-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 ( -)-a-
pinene as their main product (Phillips et al. 2003; Hall et al. 2013b). Phylogenetic analysis at the gymnosperms
level (Fig. 5) showed that Pc MTPS1 groups most closely with spruce and fir enzymes that also produce (-)-
a-pinene (Bohlmann et al. 1997; Keeling et al. 2011). This indicates that the genes involved in the synthesis of
( —)-a-pinene originated before pine, fir and spruce became separated species, as also occurred for the genes
encoding for (+)-3-carene synthases.

Group 6 (Fig. 6) contained three proteins from P. contorta and P. banksiana (Pc MTPS8-9 and Pb MTPS11)

which form ( —)-B-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 ( -)-B-phellandrene

synthases, forms predominantly (—)-camphene and (+)-a-pinene, along with other minor products (Hall et al.

2013b).

Group 7 (Fig. 6) included three MTPSs from P. taeda (Pt MTPS3), P. contorta (Pc MTPS5) and P.
banksiana (Pb MTPS8) that were shown to form ( +)-a-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 Pinuskesiya, although reported to be a a-pinene synthase in the NCBI database, was not function- ally
characterized so far.

Previous phylogenetic analyses (Hall et al. 2013b) showed that ( +)-a-pinene synthases and ( —)-p-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. 5). In the phylogenetic tree of Fig. 5, moreover, the ( —)-p-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 (—)-B-phellandrene biosynthesis in Pinaceae. Finally, by
comparing Fig. 6 with Fig. 5 it is worth noting that genes coding for MTPS producing ( +)-a-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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Isolation of cDNA and Genomic Sequences Coding for MTPS in Pinus nigra Subsp. laricio

As acase study, we report here about the first attempt to iso- late MTPS sequences in a non-model pine species by
using a strategy based on the phylogeny of available MTPSs from different Pinus species (Fig. 6).

Pinus nigra subsp. laricio (Poiret) is one of the six sub- species of P. 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 (—)-p-pinene, (—)-a-pinene, (
+)-a-pinene, (+)-3-carene, and (—)-B-phellandrene, asthe most abundantterpenoids inthe above organs (data
not shown; M. Badiani and A. Sorgona, unpublished). Thus, we focused our attention on 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. 6) were aligned inorder 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

transcriptsof 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. 7). The Group 4 partial transcript of 1132

bp in length encoded an incomplete protein of 376 aa (Fig. 7).

Putative orthologous genes for the phylogenetic TPS-d1 Group 3 were not found in the transcriptome of P.

laricio needles, despite extensive effortstoamplify 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 (see
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Experimental Procedures in the Supplementary Material). Such strategy yielded a P. laricio genomic

fragment of 2630 bp, extended from the 5’ tothe 3'ends of the coding region, which contained 10 exons (with
the 1stand the 10thincomplete) and 9 introns (Fig. S2), beingconsistent with the previously characterized genomic

sequences of conifer MTPSs (Trapp and Croteau 2001; Hamberger et al. 2009; Hall et al. 2011). 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 amino acid 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 MBOSsidentified 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. S3), thus confirming

the validity of the approach used for their isolation.

All thesix P. laricio predicted proteins contained highly conserved and characteristic regions of plant MTPSs
(Fig. 7). 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 hefore, is reputed to be essential forthe 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. “DDxxD”, responsible for class-11 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 forisolating 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.

Conclusions and Prospects

Conifers developed a variety of physical and chemical defencesagainst pathogensand herbivores, among
which one of the most significant is the production of oleoresin, a complex blend of volatile mono- and

sesquiterpenes, along with non-volatile diterpene resin acids. In fact, the complex defence system of conifer
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oleoresin is considered one of the main factors that has enabled conifer trees to evolve and flourish as the
dominant group of gymnosperms onthe 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, pharmaceuticals, and chemicals.

The increasing interest in new terpenoid products for industrial uses makes dependence on natural
resources alone notalways 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 (Sac- charomyces 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 fora 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 beenachieved only forasubset 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
compoundsthatcan be synthesized by asingle conifer species, and how itsenzymes have developed the ability
to do so. Simultaneously, wide transcriptome projects targeted at gymnosperm species producing interesting
terpenoid metabolites, as recently reported forthe Cupressaceae species P. orientalis and T. plicata, will boost
the discovery and annotation of comprehensive sets of TPS genes in non-model coni- fer 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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1474

1475

1476

1477  Table 1. Size of typical plant TPS family and subfamilies in selected plant species

Genome Chromosome Total TPS  Putative TPS subfamily (full length TPS genes)
Species size number gene full length
(Mb) (1N) models TPSs a b c d e/f g h

Arabidopsis thaliana® 135 5 40 32 22 6 1 0 2 1 0
Eucalyptus globulus? 530 11 143 106 45 38 2 0 11 10 0
Eucalyptus grandis? 640 11 172 113 52 36 2 0 10 13 0
Ocimum sanetum? 386 8 81 47 18 16 5 0 3 5 0
Oryza sativa* 375 12 57 32 18 0 3 0 9 2 0
Physcomitrella patens® 480 27 4 1 0 1 0 0 0 0
Picea glauca® 20000 12 83 55 0 1 53 1 0 0
Populus trichocarpa’ 430 18 57 38 16 14 2 0 3 3 0
Selaginella moellendorffii® 106 27 18 14 0 3 0 3 0 8
Solanum lycopersicum? 828 12 44 29 12 2 0 5 2 0
Sorghum bicolor* 730 10 48 24 15 2 1 0 3 3 0
Vitis vinifera®® 486 19 152 69 30 19 2 0 1 17 0

1478

1479  Number of TPS genes retrived from information based on literature data: *Auborg et al. 2002; 2Kulheim et al. 2015; *Kumar et al. 2018; “Chen et al. 2011;

1480  °Hayashi et al. 2006; *Warren et al. 2015; “Irmisch et al. 2014; 8Li et al. 2012; °Falara et al. 2011; *®Martin et al. 2010.
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Table 2. Function and taxonomic distribution of plant terpene synthases (TPSs)

subfamilies
Subfamily Groups Functions Taxonomy
TPS-al STPSs, some DTPSs Dicots (Embryophyta>Tracheophyta>
TPS-a Spermatophyta>Magnoliophyta>Magnoliopsida)
TPS-a2 STPSs Monocots (Embryophyta>Tracheophyta>
Spermatophyta>Magnoliophyta>Liliopsida)
TPS-b MTPSs, IPSs Angiosperms (Embryophyta>Tracheophyta>
Spermatophyta>Magnoliophyta)
Bifunctional class I/ll (CPS/KS), Land plants (Embryophyta)
TPS-c Monofunctional class 1l DTPSs
(CPSs) and DTPSs involved in
secondary metabolism
TPS-d1 Primarily MTPSs, STPSs Gymnosperms (Embryophyta>Tracheophyta>
Spermatophyta>Gymnospermae)
TPS-d TPS-d2 STPSs Gymnosperms
TPS-d3 Primarily DTPSs, STPSs Gymnosperms
Vascular plants (Embryophyta>Tracheophyta
Monofunctional class | DTPSs (KS), P ( yophy phyt2)
TPS-e/f DTPSs, STPSs and MTPSs involved
in secondary metabolism
TPS-g MTPSs, STPSs, DTPSs Angiosperms
producing acyclic terpenoids
TPS-h Putative bifunctional DTPSs (class  Selaginella moellendorffii

111

(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

Table 3 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. 6)

Species

Function

Abbreviation Accession ORF (bp) Accession

mRNA protein
sequence sequence

Amino acids
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Pinusarizonica var. cooperi 2-Methyl-3-buten-2-ol synthase =~ Par MTPS1 JN039226 1845 AF]73545 614
2-Methyl-3-buten-2-ol synthase ~ Par MTPS2 JN039225 1845 AF]73544 614
2-Methyl-3-buten-2-ol synthase =~ Par MTPS3 JN039224 1845 AF]73543 614
Pinus attenuata 2-Methyl-3-buten-2-ol synthase =~ Pa MTPS1 JN039215 1845 AFJ73535 614
Pinus banksiana (-)-a Pinene synthase Pb MTPS1 ]Q240304 1890 AFU73856 629
(-)-B-Pinene synthase Pb MTPS2 ]Q240291 1887 AFU73843 628
(-)-B-Pinene synthase (TPS-(-) Pb MTPS3 ]Q240292 1884 AFU73844 627
Bpin2)
(-)-o/B-Pinene synthase Pb MTPS4 JQ240290 1872 AFU73842 623
a Terpineol synthase Pb MTPS5 ]Q240308 1881 AFU73860 626
(+)-3-Carene synthase Pb MTPS6 JQ240306 1881 AFU73858 626
(+)-3-Carene synthase Pb MTPS7 Q240305 1881 AFU73857 626
(+)-a Pinene synthase Pb MTPS8 ]Q240298 1887 AFU73850 628
Monoterpene synthase Pb MTPS9 ]Q240296 1887 AFU73848 628
Monoterpene synthase Pb MTPS10 ]Q240297 1887 AFU73849 628
(-)-B-Phellandrene synthase Pb MTPS11 ]Q240302 1866 AFU73854 621
Levopimaradiene/abietadiene ~ Pb DTPS LAS1 ]Q240312 2574 AFU73864 857
synthase
Monofunctional diterpene Pb MDTPS1 JQ240317 2559 AFU73869 852
synthase
Monofunctional isopimaradiene Pb DTPS mISO1 ]JQ240313 2631 AFU73865 876
synthase
Monofunctional pimaradiene Pb DTPS mPIM1 ]Q240315 2607 AFU73867 868
synthase
Pinus contorta (-)-a Pinene synthase Pc MTPS1 JQ240303 1890 AFU73855 629
(-)-B-Pinene synthase Pc MTPS2 Q240293 1884 AFU73845 627
Monoterpene synthase Pc MTPS3 ]Q240294 1884 AFU73846 627
(+)-3-Carene synthase Pc MTPS4 ]Q240307 1881 AFU73859 626
(+)-a Pinene synthase Pc MTPS5 JQ240295 1887 AFU73847 628
o Terpineol/1,8-cineole synthase ~Pc MTPS6 ]Q240309 1851 AFU73861 616
(-)-Camphene/( +)-a-pinene Pc MTPS7 ]Q240299 1860 AFU73851 619
synthase
(-)-B-Phellandrene synthase Pc MTPS8 ]Q240301 1866 AFU73853 621
(-)-B-Phellandrene synthase Pc MTPS9 ]Q240300 1875 AFU73852 624
Levopimaradiene/abietadiene ~ Pc DTPS LAS1 ]Q240310 2574 AFU73862 857
synthase
Levopimaradiene/abietadiene ~ Pc DTPS LAS2 JQ240311 2553 AFU73863 850
synthase
Monofunctional diterpene Pc MDTPS1 JQ240318 2559 AFU73870 852
synthase
Monofunctional diterpene Pc MDTPS2 JQ240319 2559 AFU73871 852
synthase
Monofunctional diterpene Pc MDTPS3 JQ240320 2559 AFU73872 852
synthase
Monofunctional isopimaradiene Pc DTPS mISO1 ]Q240314 2631 AFU73866 876
synthase
Monofunctional pimaradiene Pc DTPS mPIM1 ]Q240316 2607 AFU73868 868
synthase
Pinuscontorta var.murrayana  2-Methyl-3-buten-2-ol synthase =~ Pmur MTPS1 JN039217 1845 AFJ73537 614
2-Methyl-3-buten-2-ol synthase =~ Pmur MTPS2 JN039216 1845 AFJ73536 614
Table 3 (continued)
Species Function Abbreviation Accession ORF (bp) Accession Amino acids
mRNA protein
sequence sequence
2-Methyl-3-buten-2-ol synthase =~ Pmur MTPS3 JN039221 1845 AFJ]73541 614
2-Methyl-3-buten-2-ol synthase ~ Pmur MTPS4 JN039218 1845 AFJ73538 614
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2-Methyl-3-buten-2-ol synthase =~ Pmur MTPS5 JN039219 1845 AFJ73539 614
2-Methyl-3-buten-2-ol synthase =~ Pmur MTPS6 JN039220 1845 AFJ73540 614
Pinus coulteri 2-Methyl-3-buten-2-ol synthase =~ Pcou MTPS1 JN039227 1845 AF]73546 614
2-Methyl-3-buten-2-ol synthase =~ Pcou MTPS2 JN039229 1845 AFJ73548 614
2-Methyl-3-buten-2-ol synthase = Pcou MTPS3 JN039228 1845 AF]73547 614
Pinus densiflora Abietadiene synthase Pd DTPS ABS1  EU439295 2577 ACC54559 858
Pinus greggii 2-Methyl-3-buten-2-ol synthase ~ Pg MTPS1 JN039230 1845 AF]73549 614
Pinus hartwegii 2-Methyl-3-buten-2-ol synthase =~ Ph MTPS1 JN039232 1845 AFJ73551 614
2-Methyl-3-buten-2-ol synthase =~ Ph MTPS2 JN039231 1845 AFJ73550 614
Pinus jeffreyi 2-Methyl-3-buten-2-ol synthase ~ Pj MTPS1 JN039233 1845 AF]73552 614
Pinuskesiya var. langbianensis  Terpene synthase Pk MTPS1 KX394684 1956 AQZ36562 651
a-Pinene synthase Pk MTPS2 KM382173 1875 AlY22674 624
Pinus massoniana (-)-aPinene synthase Pm MTPS1 KF547035 1890 AGW25369 629
a-Terpineol synthase Pm MTPS2 KJ803197 1863 AIL88641 620
Pinus montezumae 2-Methyl-3-buten-2-ol synthase =~ Pmon MTPS1 JN039234 1845 AF]J73553 614
Pinus muricata 2-Methyl-3-buten-2-ol synthase =~ Pmuri MTPS1 JN039235 1845 AF]73554 614
2-Methyl-3-buten-2-ol synthase =~ Pmuri MTPS2 JN039236 1845 AF]73555 614
Pinus patula 2-Methyl-3-buten-2-ol synthase = Ppat MTPS1 JN039245 1845 AF]73563 614
2-Methyl-3-buten-2-ol synthase =~ Ppat MTPS2 JN039243 1845 AFJ73562 614
Pinus pinaster a-Pinene synthase Pp MTPS1 KP780394 1890 ALB78130 629
a-Pinene synthase Pp MTPS2 KP780395 1890 ALB78131 629
Pinus pinea a-Pinene synthase Ppinea MTPS1 KR011842 1890 ALD18902 629
a-Pinene synthase Ppinea MTPS2 KR011841 1890 ALD18901 629
Pinusponderosa var.scopulo- 2-Methyl-3-buten-2-ol synthase =~ Ppon MTPS1 JN039246 1845 AF]73564 614
rum
2-Methyl-3-buten-2-ol synthase =~ Ppon MTPS2 JN039248 1845 AF]73566 614
Pinus pseudostrobus 2-Methyl-3-buten-2-ol synthase =~ Pps MTPS1 JN039254 1845 AFJ73572 614
Pinus pseudostrobus var.apul-  2-Methyl-3-buten-2-ol synthase =~ Papu MTPS1 JN039240 1845 AFJ73559 614
censlis
2-Methyl-3-buten-2-ol synthase =~ Papu MTPS2 JN039242 1845 AF]73561 614
2-Methyl-3-buten-2-ol synthase =~ Papu MTPS3 JN039241 1845 AF]73560 614
2-Methyl-3-buten-2-ol synthase =~ Papu MTPS4 JN039239 1845 AFJ73558 614
Pinus pseudostrobus var. 2-Methyl-3-buten-2-ol synthase =~ Pest MTPS1 JN039251 1845 AFJ73569 614
estevezii
2-Methyl-3-buten-2-ol synthase =~ Pest MTPS2 JN039252 1845 AFJ73570 614
2-Methyl-3-buten-2-ol synthase =~ Pest MTPS3 JN039250 1845 AF]73568 614
2-Methyl-3-buten-2-ol synthase = Pest MTPS4 JN039249 1845 AFJ73567 614
Pinus radiata 2-Methyl-3-buten-2-ol synthase =~ Prad MTPS1 JN039257 1845 AFJ73575 614
2-Methyl-3-buten-2-ol synthase ~ Prad MTPS2 JN039256 1845 AF]73574 614
Pinus sabiniana 2-Methyl-3-buten-2-ol synthase =~ Psab MTPS1 JF719039 1845 AEB53064 614
Pinus sylvestris Longifolene synthase PS STPS1 EF679332 1743 ABV44454 580
1(10),5-G ermacradi en-4-ol PS STPS2 EF679331 1878 ABV44453 625
synthase
Caryophyllene/humulene PS STPS3 EF679330 1728 ABV44452 575
synthase
e-B Farnesene synthase PS STPS4 GU248335 2436 ADH29869 811
Table 3 (continued)
Species Function Abbreviation Accession ORF (bp) Accession Amino acids
mRNA protein
sequence sequence
Pinus tabuliformis ent-Copalyl diphosphatesyn-  pta CPS1 KJ158966 2391 AHWA42450 796
thase
entkaurene synthases PtaKS1 KJ158985 2232 AHW42469 743
Pinus taeda (-)-a-Pinene synthase Pt MTPS1 AF543527 1890 AA061225 629
a-Terpineol synthase Pt MTPS2 AF543529 1884 AA061227 627
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1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531

(+)-a-Pinene synthase

o-Farnesene  synthase

Diterpene synthase
Pinus teocote 2-Methyl-3-buten-2-ol
2-Methyl-3-buten-2-ol
2-Methyl-3-buten-2-ol
2-Methyl-3-buten-2-ol
2-Methyl-3-buten-2-ol
2-Methyl-3-buten-2-ol
ent-Kaurene synthase

Pinus torreyana

Physcomitrella patens

synthase
synthase
synthase
synthase
synthase

synthase

Pt MTPS3

Pt STPS1

Pt DTPS LAS1
Pteo MTPS1
Pteo MTPS2
Pteo MTPS3
Ptor MTPS1
Ptor MTPS2
Ptor MTPS3
Pt TPS-entKS

AF543530
AF543528
AY779541
JN039258
JN039260
JN039259
JN039263
JN039262
JN039261
AB302933

1887
1725
2553
1845
1845
1845
1845
1845
1845
2646

AA061228
AA061226
AAX07435
AF]73576
AFJ73578
AFJ73577
AFJ73581
AFJ73580
AF]73579
BAF61135

628
574
850
614
614
614
614
614
614
881

The ent-kaurene synthase from the moss Physcomitrella patens was included as outgroup (continue on the next page)
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Fig. 1 The two biochemical pathways leading to isopentenyl diphos- phate (1PP), the basic unit for terpenoid
biosynthesisin plants. Acro- nyms are in red for enzymes and in black for metabolites. AACT acetoacetyl-
CoA thiolase, CMK 4-diphosphocytidyl-2-C-methyl- D-erythritol kinase, DMAP dimethylallyl
monophosphate, 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, IDlI,
IPPIDMAPP isomerase, IP isopentenyl monophosphate, IPK isopentenyl kinase,MCT 4-
diphosphocytidyl-2-C-methyl-D-erythritol synthase, MDS 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase, MEP methy- lerythritol phosphate, MK mevalonate kinase, MVA mevalonic acid, MVD
mevalonate diphosphate decarboxylase, NUDX Nudix hydro- lase, PMK phosphomevalonate kinase. The
double arrow denotes the cross talk between cytosol and plastids based on the exchange of IPP and possibly
of C10-20 prenyl diphosphate intermediates (GPP, FPP, and GGPP). The mutual conversion of IPP and
DMAPP with their respective monophosphate products IP and DMAP by IP kinase (IPK) and Nudix
hydrolase (NUDX) enzymes can also affect the pathway flux in terpenoid metabolism. Adapted from
Tholl (2015) and Abbas et al. (2017)
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Fig. 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. ABA abscisic acid, CPS ent-copalyl diphosphate synthase, CPT cis-prenyltransferase,
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)
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Fig. 3 Structural features of plant monoterpene- (MTPSs), diterpene- (DTPSs), sesquiterpene (STPSS)
synthases, and of microbial terpene synthase-like proteins (MTPSLSs) based on the combination of they, B,
and o 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-11 activities and the less
well-conserved “NSE/DTE” and “EDDXXD” motifs, which also contribute tothe activity of class-1 and
class-11 TPSs, are indicated. The N-terminal plastid transit peptide (TP) and “RR(Xg)W”* motif are also
shown
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Fig. 5 Phylogenetic tree of terpene synthases (TPSs) in gymno-
Pinaceae (black), Taxaceae

(green), Ginkgoaceae (brown) and Cycadaceae (heavenly).

sperms: Cupressaceae (red diamonds),
The

Physcomitrella patens ent-kaurene synthase (PtTPS-entKS; vio- let diamond) was used to root the tree.
Branches indicated with dots represent bootstrap support more than 80% (100 repetitions). Modifications in
the typical yBa-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 groups within the TPS-d3 sub- family. For

acronyms denoting plants species, see

Table S1. DTPSs diterpene synthases, MTPSs monoterpene synthases, STPSs sesquiterpene synthases
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Fig. 6 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 3.
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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Experimental procedures

1) ldentification of terpene synthase (TPS) gene sequences belonging to Pinus
species

The putative full-length cDNA sequences for mono-, sesqui- and diterpene synthases (MTPSs,
STPSs and DTPSs, respectively), and for ent-copalyl diphosphate- and ent-kaurene-synthases (CPS
and KS) in Pinus species were identified by a BLAST search in the National Center for biotechnology
Information (NCBI) database, using selected and functionally characterized TPSs from different
conifer species (Table S2). The search was restricted to the TPS sequences in NCBI database that
correspond to the taxid 3337 (Pinus). For each putative identified gene, the corresponding mRNA
and protein sequences were retrieved (Table 3).

2) Phylogenetic analysis

Multiple sequence alignment of the TPS proteins was performed by Multiple Sequence Comparison
by Log-Expectation (MUSCLE) algorithm (gap open, -2.9; gap extended, O; hydrophobicity
multiplier, 1.5; clustering method, upgmb) (Edgar, 2004), implemented in MEGAX (Kumar et al.
2018). Physcomitrella patens ent-kaurene synthase (Pt TPS-entKS, BAF61135) was also included in
the analysis as outgroup. A phylogenetic tree was generated with the Maximum Likelihood method
using MEGAX 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 modeled with a gamma distribution (shape parameter = 1). Reliability
of the tree obtained was tested using bootstrapping with 100 replicates.

Four different phylogenetic trees were computed using amino acid sequences of: 1) 20 full-length
TPS sequences from several Cupressaceae species and a representative set of 62 functionally
characterized TPSs from species of the Pinaceae, Taxaceae, Ginkgoaceae and Cycadaceae families
(Table S1 and Fig. 5); 2) 50 sequences of pine TPSs for specialized metabolism (32 MTPSs, 5 STPSs
and 13 DTPSs), five selected pine 2-methyl-3-buten-2-ol synthases (MBOSs), and the two P.
tabuliformis class-1 (KS) and class-11 (CPS) of gibberellin biosynthesis (Table 3 and Fig. 6); 3) 42
full-lenght MBOSs identified in different Pinus species (Table 3 and Fig. S1); 4) 37 MTPSs and
MBOSs identified in different Pinus species (Table 3) and the six isolated from P. laricio (Fig. S3).

3) Plant material
The sampling of needles from Pinus nigra subsp. laricio was carried out on 10/10/2017 within the

Bonis basin, near Acri (CS) in Calabria. This is an area located in the so-called “Sila Greca Cosentina”



with an extension of 139 hectares. The needle samples were collected from five individuals. For each
plant, three needle samples were collected (3-5 g for each sample) on branches located between 2.5
and 4 m of height. The needle samples were immediately frozen in liquid nitrogen and stored at -80
°C until use for DNA and RNA isolation.

4) DNA extraction
Total genomic DNA was extracted using NucleoSpin® Plant 11 kit (Macherey-Nagel, Diren,
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. All DNA samples were stored at -20 °C until

use.

5) RNA extraction and cDNA preparation
Total RNA was extracted from needles, following the method described by Paolacci et al. (2017).
The RNA samples were treated with RNase-free DNase | (Promega, Madison, WI, USA), according
to the manufacturer’s protocol. Following digestion, nucleotides were removed from RNA using a
G50 Sepharose buffer exchange column (Amersham, Pittsburgh, PA, USA). The RNA concentration
and integrity were checked, using a NanoDrop ND-1000 spectrophotometer (Labtech, East Sussex,
UK). Only RNA samples with a 260/280 ratio (an index of protein contamination) between 1.9 and
2.1, and a 260/230 ratio (an index of reagent contamination) greater than 2.0, were used for cDNA
synthesis. The quality of RNA samples was also assessed by electrophoresis on 1% formaldehyde
agarose gels. First-strand cDNA was synthesized from 3 pg of total RNA using Expand Reverse
Transcriptase (Roche Diagnostics, Milano, Italy), according to the manufacturer’s protocol, and the

resulting cDNA was used for RT-PCR analyses.

6) Isolation of partial and full length cDNAs coding for MTPS in Pinus nigra
subsp. laricio

Deduced amino acid and nucleotide sequences of pine MTPSs belonging to each of the seven
identified phylogenetic groups in the TPS-d1 clade (Fig. 6) were aligned by using the MUSCLE
algorithm 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 of orthologous genes in P. laricio
(see below). Figure S4 schematically outlines the full-length cDNAs for six representative members

of the seven phylogenetic groups in which the TPS-d1 clade can be subdivided, and the positions of



their specific forward and reverse primers; the complete list of the same primers is reported in Table
S4.

PCR reactions were performed in a total volume of 50 pL containing 2 uL of RT reaction (see section
5), 0.4 uM of each forward and reverse primer and 25 pL of UPTA™ TagPCR Master Mix, 2x
(Biotechrabbit, Hennigsdorf, Germany) which includes pure Biotechrabbit UPTA Tagq DNA
Polymerase, dNTPs 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.

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 seven phylogenetic groups. Moreover, four partial
P. laricio transcripts of Groups 1, 2, 5 and 7, were used as templates for 5' and 3' RACE (Rapid
Amplification of cDNA Ends) extensions using the 5/3' RACE kit from ROCHE following
manufacturer's instructions. The sequences of RACE primers are reported in Table S4 and their
positions indicated in Fig. S4.

7) Isolation of genomic sequence coding for P. laricio MTPS of phylogenetic

Group 3
Putative orthologous genes for the phylogenetic TPS-d1 Group 3 were not found in the transcriptome
(i.e. cDNA) of needles of P. laricio, despite extensive efforts to amplify by PCR cDNA fragments of
these genes, suggesting that they were not expressed in the needles. To assess 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 group 3 (Fig. S4 and Table S4) and the genomic DNA extracted from
P. laricio needles as a template. The PCR reactions and conditions were the same as described in

section 6.

8) Cloning and sequencing of cDNA, RACE and genomic amplification products
Samples (5-10 pL) of the amplification products of RACE, partial cDNA and genomic DNA were
separated on 1.2 % (w/v) agarose gels and visualized under UV radiation after staining with ethidium
bromide (0.001%) and analyzed 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) according to manufacturer's
instructions, and cloned into the pPGEM-T easy plasmid vector (Promega, Madison, WI, USA)

following the manufacturer’s instructions. Two independent PCR amplifications were performed for



each cDNA, genomic and RACE amplicon, their products were cloned and for each reaction multiple
clones were sequenced. Plasmid DNA for sequencing reaction was prepared from 3 mL overnight
cultures using a plasmid mini-prep kit (QIAGEN). Sequencing was performed by a private company
(MWG, Biotech AG, Germany). 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.
All sequences were analyzed by DNAMAN Sequence Analysis Software (Version 3, Lynnon Biosoft)
and their homologies were scored using the BLASTX program (Altschul et al. 1997) through the
NCBI GeneBank database. The software developed by Hesbsgaard et al. (1996) was used for the
prediction of intron splice sites within the genomic sequence coding for P. laricio MTPS of
phylogenetic Group 3 (Pnl_MTPS_1.3). The predicted protein sequences were analyzed by searching
for conserved motifs in CDD (Conserved Domain Database in the NCBI) and SMART (Simple
Modular Architecture Research Tool, EMBL, Universitat Heidelberg) databases; their subcellular
locations were predicted by TargetP 1.1, ChloroP 1.1 and Predotar.
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Figure S4. Schematic representation of the full-length cDNAs for six representative members of the seven
phylogenetic groups of the TPS-d1 clade, in which are indicated the positions of the forward and reverse
primers used for the isolation of the partial transcripts coding for orthologous genes in P. nigra subsp. laricio.
The position of specific primers used for 5' and 3' RACE (Rapid Amplification of cDNA Ends) extensions of
partial transcripts of P. laricio of Groups 1, 2, 5 and 7 are also reported.



Table S4. Forward and reverse primers used for the isolation of partial cDNAs coding for MBOS and MTPS in P. nigra subs. laricio and specific primers used for
5'and 3' RACE (Rapid Amplification of cDNA Ends) extensions of partial transcripts of P. laricio of Groups 1, 2, 5and 7.

Phylogenetic
groups

1

Partial transcripts

Forward primers

Reverse primers

Gri-F1:

5-CATCATTCCAACCTCTGGGA-3'

Grl1-R3:

5-AGGCACAGGCTCAATGACG-3

Gr2-F2:

5-CCTTTCCATGGTCGATAGCA-3'

Gr2-Ra3:

5-ATTGGTGGCGACGCTGTA-3'

Gr2-F2:

S-TTCTAACCTGTTGGGACGACAA-3'

Gr3-R3:

5-GCATTGTTGTCCGGTCTAAGA-3'

Gr4-F2:

S-TTCTGTCAACGCCTTATGGG-3'

Gr4-R2:

5-CGATCCACTTTGCTTCTTGC-3'

Gr5-F1:

5-AACTTGCAAAGTTGGAGTTCAAC-3'

Gr5-R2:

S-TTGATATGATTGAGAGCATCT-3'

N[O BRI

Gr7-F1:

5-GGTTTCTGCTGTCCCGTTGG-3'

Gr7-R2:

5-CCGTTGCTGTCGGGTCTAAGTAAC-3'

RACE
Race 5'

Race 3’

Grl1-R2:
Grl1-R1:

5-ATCTGAAGACACCGGGTATTCC-3'
S-TCGATTCCCAAACGTTCAA-3'

Grl1-F1:

5-TACCAGGCTGAGAGGAACCG-3'

Gr2-R2:
Gr2-R1:

5-GACGTCCATGTAATGCCTTGC-3'
5-AACGCTTGAAGACACCGGG-3'

Gr2-F1:

S-TTCAGTAGCTTGGCGGCTG-3'

Gr5-R2:
Gr5-R1:

5-GAGGGAAGCCCGATATAAATT-3
S-ATCATCGTCCCACAGGTTGGAAT-3'

Gr5-F1:

5-ACTATGAGAACGGGAAAGTTAG-3'

Gr7-R2:
Gr7-R1:

5-CCACTTTCTCTCCCACGTCC-3'
5-CGGTGATGGAGGTCAGTGA-3'

Gr7-F1:

5-TCTCGCATAACCACGCTCG-3'
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Table S1. Full-length cDNA sequences retrieved from the NCBI database upon which the phylogenetic analysis of
terpene synthases in gymnosperms was carried out (Fig. 5). The ent-kaurene synthase from the moss Physcomitrella
patens was included as outgroup.

Species Function Abbreviation Accession mRNA ORF Accession protein Amino

sequence (bp) sequence acids

Abies balsamea Bifunctional cis-abienol synthase Ab CAS JN254808 2604 H8ZM73 867
Bifunctional isopimaradiene synthase Ab Iso JN254806 2559 H8ZM71 852

Bifunctional like-abietadiene synthase Ab LAS JN254805 2535 H8ZM70 844

Abies grandis B-phellandrene synthase Ag BPHEL AF139205 1893 AAF61453 630
Pinene synthase Ag (-)a/BPIN u87909 1887 AAB71085 628

Bifunctional abietadiene synthase Ag AS U50768 2607 Q38710 868

a-bisabolene synthase Ag BIS AF006195 2454 081086 817

y-humulene synthase Ag HUM U92267 1782 064405 593

§-selinene synthase Ag SEL U92266 1746 064404 581

Callitropsis nootkatensis Terpene synthase Cn STPS JX040471 1770 AFN21429 589
Chamaecyparis formosensis B-cadinene synthase Cf STPS IN715077 1812 AFJ23663 603
a-pinene synthase Cf aPIN EU099434 1887 ABW80964 628

Chamaecyparis obtusa Limonene/borneol synthase Co LIM AB120957 1818 BAC92722 605
Cycas taitungensis Sesquiterpene synthase Ct STPS AB154833 2541 BAF43701 846
Ginkgo biloba (E,E) farnesol synthase Gb FAR KM248383 2415 AlU94289 804
Levopimaradiene synthase Gb AS AF331704 2622 Q947C4 873

Picea abies E-a-bisabolene synthase PaBIS AY473619 2424 AAS47689 807
Longifolene synthase Pa LON AY 473625 1738 AAS47695 578

2-methyl-3-buten-2-ol synthase Pa MBOS1 JN039264 1881 AFJ73582 626

(-)-linalool synthase Pa LIN AY473623 1872 AAS47693 623

(+)-3-carene synthase Pa3CAR AF461460 1884 AAQ73863 627

Myrcene synthase PaMYR AY473626 1902 AAS47696 633

(-)-limonene synthase PaLIM AAS47694 1905 AAS47694 634

(E.E)-a-farnesene synthase Pa FAR AY 473627 1743 AAS47697 580

Levopimaradiene synthase Pa LAS AY473621 2580 Q675L4 859

Isopimaradiene synthase PalSO AY 473620 2604 Q675L5 867

Picea glauca ent-copalyl diphosphate synthase Pg CPS GU045755 2286 ADB55707 761
(-)-ent-kaurene synthase Pg KS GU045756 2274 ADB55708 757

a-humulene synthase Pg HUM HQ426155 1728 ADZ45513 575

1,8-cineole synthase Pg 1,8CIN HQ426160 1839 ADZ45498 612

3-carene synthase Pg3CAR FJ609174 1884 ACM04452 627

(-)-o/B-pinene synthase Pg (-)o/BPIN HQ426153 1884 ADZ45507 627

Picea pungens 2-methyl-3-buten-2-ol synthase Pp MBOS1 JN039265 1881 AFJ73583 626
Picea sitchensis ent-copalyl diphosphate synthase Psi CPS GU045757 2286 ADB55709 761
(-)-ent-kaurene synthase Psi KS GU045758 2274 ADB55710 757

Levopimaradiene/abietadiene synthase Psi LAS HQ426170 2580 ADZ45517 859

Isopimaradiene synthase Psi ISO HQ426150 2625 ADZ45512 874

a-longipinene synthase Psi LON HQ426161 1740 ADZ45516 579

1,8-cineole synthase Psi 1,8CIN HQ426165 1839 ADZ45499 612

(-)-linalool synthase Psi LIN HQ426164 1884 ADZ45501 627

(+)-3-carene synthase Psi 3CAR HQ426167 1884 ADZ45511 627

(+)-sabinene synthase Psi SAB HQ336803 1884 ADU85929 627

(-)-B-phellandrene synthase Psi BPHEL HQ426159 1875 ADZ45503 624

(-)-o/B-pinene synthase Psi (-)o/BPIN HQ426166 1884 ADZ45509 627

Pinus banksiana o terpineol synthase Pb MTPS5 JQ240308 1881 AFU73860 626
(-)-B-pinene synthase Pb MTPS2 JQ240291 1887 AFU73843 628

(+)-o pinene synthase Pb MTPS8 JQ240298 1887 AFU73850 628

Pinus contorta Levopimaradiene/abietadiene synthase Pc DTPS LAS1 JQ240310 2574 AFU73862 857
Diterpene synthase Pc MDTPS1 JQ240318 2559 AFU73870 852

Isopimaradiene synthase Pc DTPS mISO1 JQ240314 2631 AFU73866 876

Pimaradiene synthase Pc DTPS mPIM1 JQ240316 2607 AFU73868 868

o-terpineol /1,8-cineole synthase Pc MTPS6 JQ240309 1851 AFU73861 616

(+)-3-carene synthase Pc MTPS4 JQ240307 1881 AFU73859 626

(-)-a pinene synthase Pc MTPS1 JQ240303 1890 AFU73855 629

(-)-B-phellandrene synthase Pc MTPS8 JQ240301 1866 AFU73853 621

Pinus sabiniana 2-methyl-3-buten-2-ol synthase Psab MBOS1 JF719039 1845 AEB53064 614
Pinus sylvestris e-B farnesene synthase Ps STPS4 GU248335 2436 ADH29869 811
Pinus taeda Levopimaradiene synthase PtDTPS LAS1 AY779541 2553 Q50EK2 850
o-terpineol synthase Pt MTPS2 AF543529 1884 AAO61227 627

a-farnesene synthase Pt STPS1 AF543528 1725 AA061226 574

Pseudotsuga menziesii (E)-B-farnesene synthase Pme FAR HQ214483 2478 ADX42737 825
Terpinolene synthase Pme TER AY 906866 1878 AAX07264 625

(E)-y-bisabolene synthase Pme BIS AY 906868 2448 Q4QSN4 815

Taiwania cryptomerioides Diterpene synthase Ter TPS1 KT588489 2151 AO0G18235 716
Diterpene synthase Ter TPS2 KT588484 2499 AO0G18230 832

Pimara-8(14),15-diene synthase Tcr TPS4 GU575291 2556 ADL 14246 851

Taxus brevifolia Taxadiene synthase Th TXS U48796 2589 Q41594 862
Taxus cuspidata Taxadiene synthase TcTXS DQ305407 2589 ABC25488 862
Taxus x media Taxadiene synthase Tm TXS AY 461450 2589 AAS18603 862
Thuja plicata” Tp TPS1 2502 833
Tp TPS25 2598 865

Tp TPS5 2598 865

Tp TPS3 2598 865

Tp TPS10 2424 807

Tp TPS7 1773 590

Tp TPS19 1743 580

Tp TPS30 1743 580

Tp TPS31 1752 583

Tp TPS27 1815 604

Tp TPS29 1827 608

Tp TPS13 1905 634

Tp TPS21 1833 610

Physcomitrella patens ent-kaurene synthase Pt TPS-entKS AB302933 2646 BAF61135 881

*Sequences retrived from Shalev et al. 2018
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Table S2. 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 Tyrﬁ))eSOf Ar‘]clfﬁ]s;'eorn Reference
Pinus contorta (+)-3-carene synthase MTPS JQ240307 Hall et al (2013a)
(-)-B-phellandrene synthase MTPS JQ240301 Hall et al (2013a)
(-)-B-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 Kdpke et al (2008)
B-farnesene synthase STPS GU248335 Kdpke et al (2008)
Pinus taeda (-)-a-pinene synthase MTPS AF543527 Phillips et al (2003)
a-terpineol synthase MTPS AF543529 Phillips et al (2003)
Picea abies (E,E)-a-farnesene synthase STPS AYAT73627 Martin et al (2004)
E-a-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)
a-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
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Fig. S1 Phylogenetic tree for the deduced amino acid sequences of the 2-methyl-3-buten-2-o0l
synthases (MBOSs) from Pinus species identified in NCBI database (Table 3). Physcomitrella patens
ent-kaurene synthase (Pt TPS-entKS) was used to root the tree
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Fig. S2 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. 6; Table 3) 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
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Fig. S3 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. 6; Table 3) 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



