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Abstract: In the present study, we carried out a quantitative analysis of the monoterpenes composition
in different tissues of the non-model conifer Pinus nigra J.F. Arnold subsp. laricio Palib. ex Maire
(P. laricio, in short). All the P. laricio tissues examined showed the presence of the same fourteen
monoterpenes, among which the most abundant were β-phellandrene, α-pinene, and β-pinene,
whose distribution was markedly tissue-specific. In parallel, from the same plant tissues, we isolated
seven full-length cDNA transcripts coding for as many monoterpene synthases, each of which
was found to be attributable to one of the seven phylogenetic groups in which the d1-clade of the
canonical classification of plants’ terpene synthases can be subdivided. The amino acid sequences
deduced from the above cDNA transcripts allowed to predict their putative involvement in the
biosynthesis of five of the monoterpenes identified. Transcripts profiling revealed a differential
gene expression across the different tissues examined, and was found to be consistent with the
corresponding metabolites profiles. The genomic organization of the seven isolated monoterpene
synthase genes was also determined.

Keywords: monoterpenes; monoterpene synthase genes; Pinus nigra subsp. laricio; genomic organization;
pine oleoresin; terpene volatile compounds; β-phellandrene; α-pinene; β-pinene

1. Introduction
1.1. Terpenoids: Basic Definitions and Roles in Conifers

Terpenoids, also referred to as terpenes or isoprenoids, compose the biggest and most
diversified class of chemical substances discovered in plants, encompassing over 40,000 indi-
vidual compounds [1–3]. The evolutionary success of the terpenoid metabolites has largely
depended on the flexibility of their building molecules of various sizes. Indeed, terpenoids,
arising from the two basic five-carbon (C5) isoprenoid units, isopentenyl diphosphate, and
its isomer, dimethylallyl diphosphate, can be categorized as hemiterpenoids (C5), monoter-
penoids (C10), sesquiterpenoids (C15), diterpenoids (C20), triterpenoid (C30), tetraterpenoid
(C40), or polyterpenoids (C5n), based on the number of C5 units they contain [4].

The production of terpenoids in conifer species, both in the form of oleoresin and
emitted as volatile compounds, plays a significant role in the physical and chemical defence
responses against herbivores and pathogens [5,6]. Oleoresin, whose main components are
mono- and diterpenes (including diterpene resin acids, DRAs), with lower quantities of
sesquiterpenes, accumulates in specialized anatomical structures, mainly resin ducts, which
are abundantly present in different tissues of conifer trees, such as their bark, wood, and
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needles [5]. In case of wounding, the resin spreads out from the ducts to reach the damaged
area and acts as a physical and chemical weapon against invading organisms [5,7]. Conifer
foliage also emits terpenes originating from two sources: those stored in the needle resin
ducts and those directly emitted from mesophyll cells [5]. These volatile terpenes, mainly
mono- and sesquiterpenes, can play a significant role in plant-to-environment interactions,
acting as signals to stimulate defence responses in nearby plants or in healthy tissues of the
same plant or in attracting natural enemies of pathogens and herbivores [5,8,9].

1.2. Ecophysiology and Biotechnology of Conifer Monoterpenes

Conifer monoterpenes, as major components of the oleoresin and of the emitted
volatile terpene fraction, are largely involved in the constitutive and induced defence
responses of conifer trees to insects and fungal diseases [5,10]. For instance, Nicole
et al. [11] showed that in Norway spruce trees (Picea abies) attacked by the white pine
weevil (Pissodes strobi), a harmful forest pest found across Canada and the northern USA
causing permanent stem and crown deformations, a rapid increase in the monoterpene
concentration was found, with different levels measured in the needles and bark. In addi-
tion, traumatic resin duct formation and resin accumulation were observed, indicating not
just a chemical plant response, but also a physical one. Another study conducted by Hall
et al. [12] on Sitka spruce (Picea sitchensis) revealed that when under attack by the white
pine weevil, resistant trees produced much higher levels of (+)-3-carene than susceptible
ones, in which only trace amounts were found of such a monoterpene.

Additionally, in the case of an interaction with pathogenic fungi, a general increase
in monoterpene levels was observed. Pollastrini et al. [13] showed that inoculation with
Heterobasidion annosum or H. irregular, the causal agents of annosus root rot, caused an
increase in the levels of monoterpenes, such as (−)-β-pinene, in cortical tissue samples
from Pinus pinea, suggesting a direct role of these molecules in the defence mechanisms.

Monoterpenes are also involved in the constitutive and induced defence response of lodge-
pole pine (Pinus contorta) against the mountain pine beetle (MPB) (Dendroctonus ponderosae
Hopkins) and its associated fungus, Grosmannia clavigera, although their effectiveness
against the MPB is variable and may depend on the beetle population density [5,14]. In-
deed, lodgepole pine trees respond with an induced accumulation of monoterpenes after a
MPB attack or after inoculation with G. clavigera, and lodgepole pine trees with high levels
of monoterpenes experienced a decreased frequency of attacks at a low beetle population
density [14]. However, terpene defences that are effective in protecting lodgepole pine
trees against the MPB at low levels of infestation during the endemic phase may become
inefficient under epidemic conditions [15]. Moreover, adult MPBs employ pine monoter-
penes as signal molecules to find suitable host trees and as precursors for their pheromone
biosynthesis [5,14].

In addition to a chemical and physical defence, constitutive and induced conifer ter-
penes, mainly hemi- and monoterpenes, can fulfil a physiological and ecological role in the
protection against abiotic stresses, such as drought, salinity, high and low temperatures, and
air and soil pollution, reviewed in [10]. Moreover, their emission from conifer trees plays a
considerable role in the global carbon cycle and atmospheric processes (e.g., in the cycle of
photochemical production/destruction of ozone, particle formation, and aerosols) [16,17].
Many stress conditions cause a rapid rise in the formation of reactive oxygen species,
resulting in oxidative stress and the activation of signalling pathways that lead to metabolic
reprogramming [18]. Several studies showed that some terpenes exhibit considerable
antioxidant activity [19,20], suggesting that they may have a role in preventing oxidative
stress induced by abiotic stressors [10].

While the constitutive and induced terpene-related defence mechanisms are thought
to have contributed to the evolutionary success of conifers in forest ecosystems worldwide,
the increased pressure from the combined and related effects of climate change and the
expansion of conifer pests and diseases may challenge the effectiveness of these defence
systems [5].
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Because many monoterpenes are volatile molecules, some of them, including ocimene,
myrcene, limonene, linalool, camphene and pinene, just to mention a few of those found
in conifers, are well-known fragrances found in essential oils, and are used in perfumes,
cosmetics, and cleaning products [3]. Moreover, several conifer monoterpenes, such as
bornyl acetate, camphene, and limonene, are used as food flavours and food additives [21].
Finally, yet also importantly, a few conifer monoterpenes have been claimed to exhibit
antimicrobial, antiviral, or antitumor activities [22–24].

1.3. Biosynthesis of Monoterpenes in the Pinaceae: Genes and Enzymes

Monoterpenes are a class of terpenes that consist of two isoprene units and have
the molecular formula C10H16. Monoterpenes may be linear (acyclic) or contain rings
(monocyclic and bicyclic). Modified terpenes, such as those containing oxygen functionality
or missing a methyl group, are called monoterpenoids.

The biosynthesis of monoterpenes results from the activity of a specialized group of
terpene synthases (TPSs), namely, monoterpene synthases (MTPSs), which use geranyl
diphosphate as a substrate to form, typically in a stereo-specific fashion, acyclic, monocyclic,
or bicyclic compounds. All the known MTPSs belong to the so called “class-I” TPSs, hosting
only one active site, which is located in the C-terminal α-domain. Such α-domain contains
two metal-binding amino acidic motifs, namely, the highly conserved “DDXXD” and
the less conserved “NSE/DTE” one. Most MTPSs possess an obvious N-terminal transit
peptide, which is needed for their import into plastids. Such a transit peptide is removed
from the mature MTPS upstream of the “RR(X8)W” motif, which in turn is important for
the catalysis of monoterpene cyclization (see [6] and references therein).

The abundance and diversity of the different monoterpenes in conifers [10], and their
roles in conifer–herbivore interactions, prompted the cloning and characterization of MTPSs
in several conifer species, reviewed in [5,6]. For instance, the white spruce (Picea glauca)
genome annotation identified 24 MTPS genes [25], but only 4 of them have been functionally
characterised, i.e., heterologously expressed in bacterial/yeast systems and tested in vitro
with their potential terpenoids substrates, including (−)-α-pinene synthase, (−)-β-pinene
synthase, (−)-linalool synthase, and 1,8-cineole synthase [26]. Another study allowed the
cloning of nine different jack pine (Pinus banksiana) and eight different lodgepole pine (Pinus
contorta) MTPS full-length cDNAs [14]. The functional characterization of the 17 different
MTPSs and monoterpene profiles in different tissues of lodgepole pine and jack pine trees
identified orthologous sets of enzymes that contribute to the biosynthesis of oleoresin
monoterpenes such as (−)-β phellandrene, (−)-β-pinene, (+)-α-pinene, (−)-α-pinene, and
(+)-3-carene [14].

1.4. Aims and Background of the Present Work

It became apparent from the above-mentioned work that most of the existing knowl-
edge concerning the genetics and metabolism of monoterpenes in conifers was obtained
from model Pinaceae species, for which large transcriptomic and genomic resources are
available. In previous works of ours [6,27,28], we began to gain insight into the ecolog-
ical and functional roles of the terpenes produced by the non-model conifer Pinus nigra
J.F.Arnold subsp. laricio Palib. ex Maire, P. laricio for short in the following, vernacular name
Calabrian pine, one of the six subspecies of P. nigra (black pine) and an insofar completely
neglected species under such respect. In terms of natural distribution, black pine is one of
the most widely distributed conifers over the whole Mediterranean basin, and its laricio
subspecies is considered endemic of Southern Italy, especially of Calabria, where it is a
basic component of the forest landscape, playing key roles not only in soil conservation
and watershed protection, but also in the local forest economy [29].

In one of our previous works on P. laricio [28], five different plant tissues were analysed
in terms of the oleoresin diterpenoids composition, and, in parallel, the isolation, characteri-
zation, and expression analyses of diterpene synthase (DTPS) genes were carried out in the
same plant material. To broaden the characterization of the terpene oleoresins in this non-
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model conifer species, the same combined biochemical and genetic approach is adopted in
the present work, in which, again, for the first time to the best of our knowledge, we use
gas chromatography–mass spectrometry (GC–MS) to determine the monoterpenes profiles
in five different tissues of P. laricio. In this same subspecies, in addition, here, we report
about the isolation of full-length (FL) cDNAs and the corresponding genomic sequences
encoding for six MTPSs and one hemi-TPS, obtained by using a strategy based on the
phylogeny of available MTPSs from different Pinus species. The isolation of P. laricio MTPS
genes allowed a tissue-specific gene expression analysis to compare with the correspond-
ing GC–MS monoterpene profiles. The results presented here on P. laricio are compared
to, and discussed against, those obtained in the aforementioned twin study of ours [28],
focusing on the diterpenoid components of oleoresin from the same species, in an attempt
to expand and consolidate the basic knowledge on this non-model conifer, possibly leading
to applications of interest in bio-based technology.

2. Results and Discussion
2.1. The Tissue-Specific and Species-Specific Monoterpene Metabolites in the Pinaceae

The diversity of the monoterpene composition was evaluated in five different tissues,
namely, young (YN) and mature (MN) needles, leader and interwhorl stems (LS and IS,
respectively), and roots (R), obtained from three-year-old P. laricio saplings. All the tissues
examined contained the same set of fourteen monoterpene compounds, namely, bornyl
acetate, camphene, δ-3-carene, α-fenchene, limonene, myrcene, β-phellandrene, α- and β-
pinene, sabinene, α-terpineol, terpinolene, α-thujene, and tricyclene, whose typical elution
order under the adopted GC conditions is reported in Figure S1, and whose chemical
structures are shown in Figure S2. A comparison with homologous tissues obtained from
coeval saplings of Pinus banksiana Lamb. (jack pine) and Pinus contorta Douglas (lodgepole
pine) [14] showed a remarkably similar monoterpene profiling in P. laricio, albeit not
identical, in that the latter contained α-thujene and α-fenchene in addition, but was devoid
of α-terpinene, γ-terpinene, linalool, and terpin-4-ol.

Quantitatively speaking, Figure 1A shows that the highest content of total monoter-
penes was found in the LS tissue, while decreasing amounts were observed in R, IS, and
MN tissues, with the lowest concentration detected in YN.

Three of the five tissues, namely, YN, MN, and IS, contained 31–44% β-phellandrene
as the most abundant monoterpene (Figure 1B,C,E), whereas α-pinene (approximately 44%
of the total) and β-pinene (about 51% of the total) were found to be the most abundant
monoterpenes in LS (Figure 1D) and R (Figure 1F), respectively. These findings confirmed
the results obtained by Hall et al. [14] on the same tissues of three-year-old P. contorta
seedlings, with the exception that, in the leader stem of lodgepole pine, the predominant
monoterpene was β-phellandrene (more than 50% of the total), with a very low amount of
α-pinene (approximately 3%).

Besides β-phellandrene, the most abundant monoterpenes found in the needles (both
YN and MN) were α-pinene (26–27% of the total), β-pinene (7–17%), and limonene (6–14%),
with lower amounts (less than 3% each) of the remaining ten compounds (Figure 1B,C). Con-
versely, the root and the stem (both LS and IS) revealed a more fragmented monoterpenes
composition (Figure 1D–F). For instance, the root, in addition to β-pinene (more than half
of the total monoterpene fraction), contained approximately 12% each of β-phellandrene
and myrcene, 6% each of α-pinene and camphene, 4% each of α-thujene and limonene,
and less than 1% of each of the remaining seven monoterpenes (Figure 1F). In this context,
it is worth nothing that δ-3-carene, which was previously found to be one of the most
abundant monoterpenes in P. contorta roots (more than the 30% of the total) [14], was
found to be present at very low levels in the same tissue of P. laricio (0.036% of the total).
On the other hand, monoterpene profiles of P. laricio LS and IS tissues contained 13–44%
α-pinene, 11–31% β-phellandrene, 13–17% α-thujene, 9–13% β-pinene, 7–8% δ-3-carene,
3–8% myrcene, and less than 3% of the other eight identified monoterpene compounds
(Figure 1E,F). In these last two tissues, the amount of α-thujene was remarkable, which, as
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stated before, was not identified in P. banksiana and P. contorta [14]. This bicyclic compound
was found to represent 1–10% of the total monoterpene fraction in several widespread
American conifers, such as Pinus strobus (eastern white pine), Tsuga canadensis (eastern
hemlock), Thuja occidentalis (eastern white cedar), and Juniperus spp. (juniper) [30]. At
the same time, in these same tissues, it is worth nothing the relatively high amount of
δ-3-carene, which, contrary to what was observed for the roots, was comparable to that
determined in the leader and interwhorl stem tissues from P. contorta and P. banksiana [14].
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As Figure 1 indicates, the needles, particularly the young ones, were the tissues in
which, comparatively speaking, the lowest accumulation of monoterpenes occurred, which
could be of interest to understand the possible functional and ecological basis of such a
circumstance. One possible explanation could be that, in the needles, monoterpenes are
not only components of oleoresin, but are also actively emitted as volatile compounds
to execute the well-known array of physiological and ecological functions in plant-to-
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environment interactions (see Introduction). As a matter of fact, in a previous study of
ours conducted on adult individuals of P. laricio thriving in the same natural context of
the present study [27], we adopted the “headspace” GC–MS approach to collect volatile
terpenoids emitted from vegetation, and we found that, together with a ten of different
sesquiterpenes, at least half of the same monoterpenes reported in Figure 1, namely, bornyl
acetate, limonene, myrcene, β-phellandrene, α- and β-pinene, and α-terpineol, were per-
sistently and consistently present in the blend of volatiles released by the young needles
throughout their growing season, with β-phellandrene and α- and β-pinene being the
major components on a comparative basis.

Taken together, the above results suggested that the quantitatively profile of monoter-
penes in P. laricio is remarkably tissue-specific, and the perusal of the available literature
indicated a species specificity as well; thus, confirming our previous results on the diter-
penoids from the same conifer species [28]. As it was shown by several studies [10,30,31],
there is a notable variation in the monoterpene composition between different genera and
species of conifer trees. Moreover, even closely related species may differ significantly with
regard to the quality and quantity of monoterpene compounds they produce, as observed
in the Pinus genus [10,14,32,33].

Another aspect of potential interest in the non-model conifer species studied here, in
view of its possible physiological, ecological, and technological implications, concerns the
reciprocal quantitative relationships among the major terpenoids components of oleoresin,
as well as the developmental and environmental factors driving the differential distribution
of them in plant tissues. In our aforementioned twin study [28], we analysed quantitatively,
in the identical plant material studied here and by adopting an essentially similar GC–MS
approach, the diterpenoid components of oleoresin in the form of diterpene resin acids
(DRAs), i.e., the stable and functional conformers deriving from the combined action of
DTPSs and of cytochrome P450 monooxygenases [1]. By comparing the results obtained
in the two experiments (Figure 1 and [28]) on a DW basis, total monoterpenes as a whole
in P. laricio are about six times more abundant than total DRAs. Upon dissecting such
cumulative data at the level of each specific tissue, however, it can be found that while such
an approx. 6:1 ratio among monoterpenes and DRAs is maintained in the leader stem and
in the root, it is otherwise substantially lower, i.e., approx. 2–3:1, in the interwhorl stem, but
it is much higher, as much as 60:1 and 120:1, in the mature and young needles, respectively.
Although a much more rigorous analysis would be needed, and albeit, the third macro-
component, namely, sesquiterpenes, was not considered here, the above considerations
confirm that monoterpenes are the most abundant terpenoids in conifer oleoresin [5] and
seem to suggest that the relative abundance of the different terpenoids categories might be
tissue-specific. While the possible functional significance, if any, of such tissue specificity
awaits and deserves further studies, it can be hypothesized that the massive prevalence of
monoterpenes over DRAs in needles, and especially in the young ones, might be associated
with the ability of the former terpenoids, but not of the latter, to act as volatile signals for
the chemical communication with the plant’s environment (see above), by using the most
obvious and pervious communication channel between the plant and the surrounding
atmosphere, i.e., the stomata.

2.2. A Phylogeny-Based Approach for Isolating Partial and Full-Length cDNAs Coding for
Monoterpene Synthases in P. laricio

Based on the same strategy we previously used for isolating DTPS genes in the same
non-model conifer species [28], a phylogeny-based approach was adopted to isolate MTPS
cDNA sequences potentially involved in the synthesis of the monoterpenes identified in the
different tissue types of P. laricio (see Section 2.1, above). In practice, the PCR amplification
of cDNA sequences was conducted by utilizing specific primer pairs designed on conserved
regions of available MTPSs from Pinus species belonging to different phylogenetic groups.

Phylogenetic relationships concerning conifer MTPS were drawn from a broader
study [6], in which we conducted an exhaustive in silico search to discover all possible FL
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TPSs for primary and specialized metabolisms in several Pinus species. As far as the present
work is concerned, BLAST searches used as queries selected gymnosperm MTPSs enabled
us to identify 74 FL sequences implicated in the synthesis of hemi- and monoterpenes in
pine species [6]. Indeed, the deduced amino acid sequences from 42 cDNA sequences out of
74, belonging to 18 Pinus species, were predicted to synthetize 2-methyl-3-buten-2-ol (MBO),
a C5 alcohol related to isoprene from a structural and biosynthetic point of view, since
both are derived from the common precursor dimethylallyl diphosphate [34] (referred to as
MBO synthases, MBOSs, in the following). Because the predicted amino acid sequences
of the 42 MBOSs showed a high level of homology among each other (93–99% identity),
only five of them were used in the phylogenetic analysis, together with the remaining
32 FL cDNA retrieved, whose deduced amino acids sequences were predicted to belong to
proper MTPSs [6]. The resulting phylogenetic tree showed that all the 37 pine MBOS/MTPS
sequences clustered together into the d1 clade of TPS, which includes seven well-supported
major groups, denoted as 1–7. The first group contained the five selected MBOSs, while
each of the remaining six groups contained MTPS proteins thought to be functionally
related among each other [6].

In each of the seven groups, we aligned the deduced amino acid and nucleotide
sequences contained therein (Table S1) to reveal group-specific highly conserved regions,
which were then used to design group-specific primers, shown in the upper panel of
Table S2, for the isolation of the partial transcripts of orthologous genes in P. laricio.

By using the above strategy, we isolated and sequenced partial MBOS/MTPS tran-
scripts of putative orthologous genes in P. laricio, one for each of the groups 1–7, which
were then utilised as templates for the isolation of as many full-length cDNAs by carrying
out 5′ and 3′ RACE (Rapid Amplification of cDNA Ends) extensions. The primer sequences
used for the 5′ and 3′ RACE extensions are listed in the middle panel of Table S2.

In the case of the partial MTPS transcripts from groups two, four, and seven, two
slightly different sequences were identified among the three clones analysed for each
cDNA fragment due to nucleotide substitutions, the majority of which were synonymous,
i.e., not changing the identity of the amino acid encoded by the nucleotides triplet, on a
background of otherwise high level of sequence identity among each other (over 96%).
These slightly different MTPS transcripts, already observed in other Pinus species [14] and
reminiscent of an analogous observation we previously determined during the isolation of
DTPS transcripts [28], might derive from alleles of the same gene or from duplicated copies
of the same gene, implying that P. laricio may contain many more MTPS closely related
genes belonging to each phylogenetic group, a possibility which deserves further studies.
However, among the three sequenced clones for the 5′ and 3′ RACE products of each of the
three partial MTPS transcripts, we identified the same sequences which were identical to
the overlapping 5′ and 3′ regions of two of the three sequenced cDNA products for each of
the three genes belonging to groups two, four, and seven. These results indicated that we
were able to identify at least one of the two putative FL transcripts for groups two, four,
and seven. Therefore, the seven assembled unique FL cDNAs isolated from P. laricio and
denoted as Pnl MBOS1/Pnl MTPS2-7, each belonging to one of the seven TPS-d1 groups,
contained open reading frames (ORFs) of 1845, 1881, 1866, 1887, 1911, 1866, and 1890 bp,
respectively, and were predicted to encode proteins of 614, 626, 624, 628, 636, 622, and 629
aa (Figure 2).

The FL cDNA sequences of the Pnl MBOS1/Pnl MTPS2-7 genes were deposited in the
GenBank database under the accession numbers from OL689404 to OL689410.

2.3. Sequence-Based Analysis of the Predicted MBOS and MTPS Proteins in P. laricio

The deduced amino acid sequences of the seven FL cDNAs obtained from P. laricio
were found to possess highly conserved and distinctive regions of plant MTPSs (Figure 2).
First, each of the seven predicted proteins featured a potential transit peptide, ranging in
length from 50 (Pnl MBOS1) to 67 amino acids (Pnl MTPS4) (Figure 2), which has been
predicted to facilitate the import of mature proteins into plastids. Such putative transit
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peptides were located just before a conserved RR(X8)W motif (Figure 2), which is thought
to be required for the catalysis of monoterpene cyclization [6,35,36]. Furthermore, all
seven predicted proteins showed a conserved Asp-rich domain, namely, DDxxD, which is
thought to be responsible for class I activity and coordinating substrate binding through
the formation of divalent cation salt bridges [37,38].
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Figure 2. Alignment of deduced amino acid sequences of the seven putative hemi- and monoterpene
synthases from P. laricio (Pnl MBOS1/Pnl MTPS 2–7) isolated in the present study. Amino acid
residues with a black background indicate highly conserved regions, while amino acid residues
which are identical in more than 50% of the proteins are in a grey background. The horizontal square
bracket indicates the putative N-terminal transit peptide region. The “RRX8W” and class-I “DDxxD”
signature motifs are indicated with red open rectangles.

As shown in Figure 3, phylogenetic relationships were found among the 37 pine
MBOS/MTPS sequences retrieved from the NCBI database (Table S1) and the 7 MBOS/MTPS
sequences obtained from P. laricio; thus, confirming the validity of the approach used for
their isolation. In particular Pnl MBOS1 was clustered with the five selected pine MBOSs
in phylogenetic group one, of which only Psab MBOS1 was previously found to produce
both MBO and isoprene in a 90:1 ratio [34]. The high amino acid sequence identity de-
tected among Pnl MBOS1 and Psab MBOS1 (about 95%) suggested that we isolated an FL
transcript from a putative MBOS orthologous gene in P. laricio.
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Figure 3. Phylogenetic tree of the deduced amino acid sequences of monoterpene synthase (MTPS)
and 2-methyl-3-buten-2-ol synthase (MBOS) genes identified in different Pinus species (Table S1) and
those from the seven P. laricio MBOS and MTPS genes isolated in the present study (yellow triangles).
The ent-kaurene synthase from Physcomitrella patens (Pt TPS-entKS, BAF61135) was used to root the
tree. Branches marked with dots represent bootstrap support of more than 80% (1000 repetitions).
The seven phylogenetic groups identified in the pine members of the TPS- d1- clade are indicated by
square brackets. For the acronyms of the Pinus species, refer to Table S1.

Pnl MTPS2 from P. laricio was found to cluster in phylogenetic group two, together
with two proteins, namely, Pc MTPS6 and Pb MTPS5, which were previously found to
produce α-terpineol as their major product [14].

Pnl MTPS3 from P. laricio was closely related (92–93% protein sequence identity) to
three proteins, namely, Pb MTPS 6–7 and Pc MTPS4, assigned to phylogenetic group three,
which were previously shown to produce (+)-3-carene as their major product [14]. The most
remarkable difference among the four proteins was a deletion of 15 bp in the nucleotide
sequence of Pnl MTPS 3, which determines the loss of five amino acids in its C-terminal
region (Figure S3).

Pnl MTPS4 was found to be closely related (93–96% sequence identity) to seven MTPSs
from four Pinus species belonging to phylogenetic group four, namely, Pc MTPS 2 and Pb
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MTPS 2–4, which were reported to produce (−)-β-pinene as their major product as well as
(−)-α-pinene, although in comparatively lower amounts [14], and Pt MTPS2, which was
shown to form (−)-α-terpineol, but neither (−)-β-pinene nor (−)-α-pinene [39].

Pnl MTPS5 from P. laricio was clustered in phylogenetic group five together with
ten putative α-pinene synthases, among which only three, namely, Pt MTPS1, Pc MTPS1,
and Pb MTPS1, have been functionally characterized as producing (−)-α-pinene as their
dominant product [14,39]. Pnl MTPS5, although highly similar to the three functionally
characterised α-pinene synthases (94–95% protein sequence identity), showed an insertion
of six aa in its N-terminal region, not present in any members of phylogenetic group five
(Figure S4).

Pnl MTPS6 from P. laricio was found to cluster in phylogenetic group six (Figure 3),
together with four MTPSs, namely, Pc MTPS7-9 and Pb MTPS11, which were functionally
characterized by Hall et al. [14]. These authors showed that Pc MTPS8, Pc MTPS9, and Pb
MTPS11 formed (−)-β-phellandrene as their major product, whereas Pc MTPS7, although
showing a 95% identity with the aforementioned proteins, predominantly produced (−)-
camphene and (+)-α-pinene, together with other monoterpene products to a lesser extent.

Finally, Pnl MTPS7 from our conifer species was clustered in phylogenetic group seven
(Figure 3) together with six MTPSs from four pine species, of which Pt MTPS3, Pb MTPS8,
and Pc MTPS5 were functionally characterized as forming (+)-α-pinene as their dominant
product [14,39].

In summary, placing the phylogenetic analysis reported in Figure 3 on the back-
ground of the available literature led us to hypothesize that, on the basis of their predicted
protein sequences, the seven FL MBOS/MTPS cDNAs isolated from P. laricio could be in-
volved in the biosynthesis of 2-methyl-3-buten-2-ol (Pnl MBOS1), α-terpineol (Pnl MTPS2),
(+)-3-carene (Pnl MTPS3), (−)-β-pinene/(−)-α-pinene (Pnl MTPS4 and Pnl MTPS5), and
(−)-β-phellandrene/(−)-camphene/(+)-α-pinene (Pnl MTPS6 and Pnl MTPS7). As a matter
of fact, except for MBO, which probably escaped the extraction methodology used here
probably because of its volatile nature [40], all the aforementioned monoterpenes were
actually found to be present in all the tissues of P. laricio examined, some of which, such as
β-phellandrene, α-pinene, and β-pinene, were found even if in comparatively conspicuous
amounts (Figure 1; see also Section 2.5, below). It is important to recall, however, that
predicting potential MTPS functions solely based on sequence homology could not always
be reliable, as proven by the apparent lack of structure–function correlation previously
reported for some members of the TPS-d1 clade (see above). For this reason, a functional
characterization of the isolated FL transcripts through the expression of recombinant pro-
teins in bacterial or yeast systems and in vitro enzyme assays would be crucial to decipher
the actual functional roles of P. laricio MTPSs, regardless of their sequence homology with
MTPSs from other conifers.

2.4. Genomic Organization of MBO/Monoterpene Synthases in P. laricio on the Background of
MTPS Functional Evolution

The genomic sequences encoding the seven MBOS and MTPS proteins in P. laricio
were amplified by using primers designed for the 5′ and 3′ termini of the coding region
of the corresponding cDNAs (Table S2) and the genomic DNA extracted from P. laricio
needles as the template. In all cases, a single PCR product larger than the corresponding
cDNA was obtained. Three clones for each of the seven genomic fragments were partially
sequenced at their ends using universal primers; once the correspondence of each cDNA
with its parent genomic fragment was confirmed, a single clone for each gene was chosen
and both strands were completely sequenced using internal primers designed based on the
corresponding cDNA.

The lengths of the genomic sequences encompassing the ORFs of the seven genes
were: Pnl MTPS1: 2988 bp; Pnl MTPS2: 3313bp; Pnl MTPS3: 2978 bp; Pnl MTPS4: 3386 bp;
Pnl MTPS5: 2854 bp; Pnl MTPS6: 2893 bp; Pnl MTPS7: 3132 bp. These genomic sequences
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were deposited in the GenBank database under the accession numbers from OL689411
to OL689417.

A sequence alignment showed an almost perfect match among the cDNAs and the
corresponding exonic regions of the genomic sequences, allowing a reliable determination
of the exon/intron structure of each gene. All the seven genomic sequences were found
to contain 10 exons and 9 introns (Table 1), consistent with the previously characterized
genomic sequences of conifer MTPSs [12,41,42]. Moreover, the genomic structural charac-
teristics of the seven MBOS/MTPS genes from P. laricio were found to be highly conserved,
in terms of intron placements, the exon number and sizes, and the location of RR(X8)W and
class-I DDxxD amino acid motifs (Figure 4). The intron sizes were generally small (about
70–200 nt), except for the last intron of Pnl MTPS4, encompassing 469 bp (Table 1). In addi-
tion, the introns of the seven MBOS/MTPS genes were AT-rich, with repetitive sequences
rich in T (3–10 mers). With a few exceptions, all the seven genes had intron–exon junctions
that matched the GT/AG boundary rules [43]. Furthermore, the phasing of the intron
insertion, identified as the location of the intron before the first, second, or third nucleotide
position of the neighbouring codon and referred to as phases 0, 1, and 2, respectively [44],
seemed to be equally well conserved (Table 1). The high conserved genomic organization
detected among the P. laricio MBOS/MTPS genes provided strong evidence of their common
origin in conifers, confirming previous phylogenetic and protein structural studies, which
demonstrated that the genes involved in the hemiterpene synthesis evolved independently
in angiosperms and gymnosperms [6,12,34].

Table 1. Comparison of the introns for the hemiterpene synthase (MBOS) and of the monoterpene
synthase (MTPS) genes isolated in the present study: position (the letters refer to the last-coded amino
acid of the exon), size (in parentheses), total number, and phase. No asterisk indicates no interruption
between codons; single asterisk indicates intron inserted between the first and the second nucleotide;
double asterisk indicates intron inserted between the second and third nucleotide; hyphen indicates
intron not present. The introns are numbered according to approach by Trapp and Croteau [41].

Intron MBOS1 MTPS2 MTPS3 MTPS4 MTPS5 MTPS6 MTPS7

I - - - - - - -
II - - - - - - -
III G74 (97) E87 (318) G86 (177) Y91 (102) G89 (123) E87 (91) G88 (183)
IV - - - - - - -
V - - - - - - -
VI - - - - - - -
VII Y141 ** (159) S153 ** (79) R154 ** (81) S156 ** (124) S157 ** (90) S155 ** (90) S156 ** (89)
VIII S179 * (115) S190 * (101) S191 * (106) A193 * (148) A195 * (80) S192 * (111) S193 * (104)
IX E249 (94) Q261 (225) E261 (124) E263 (263) E271 (74) E262 (97) E263 (86)
X L281 ** (269) E290 ** (289) S292 ** (186) T292 ** (69) E301 ** (181) Q295 ** (221) I293 ** (297)
XI R314 ** (105) R326 ** (108) R326 ** (91) R328 ** (125) R336 ** (93) R321 ** (94) R328 ** (98)
XII R386 ** (111) R398 ** (111) R398 ** (114) R400 ** (91) R408 ** (92) R393 ** (98) R400 ** (208)
XIII A432 (99) A444 (89) A444 (100) A446 (108) A454 (111) W440 (113) A446 (89)
XIV Q515 (94) Q527 (112) G543 (133) Q529 (469) Q537 (99) A523 (112) K529 (88)

Genomic size (bp) 2988 3313 2978 3386 2854 2893 3132

Protein length (aa) 614 626 621 628 636 621 629

To gain insights into the functional evolution of terpene synthase genes in plants,
Trapp and Croteau [41] divided them into three classes, namely, I, II, and III, which might
have evolved sequentially by intron loss mechanisms. According to such a classification,
the seven P. laricio MBOS/MTPS genes isolated in the present study belonged to class II,
formed by gymnosperm monoterpene and sesquiterpene synthase genes containing nine
introns. According to Trapp and Croteau [41], the gene coding for the bifunctional DTPS
abietadiene synthase from A. grandis (AgAs) could represent the most obvious modern
candidate that resembles the ancestral progenitor gene in gymnosperms.
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Figure 4. Genomic organization of class I, class II, and III terpene synthase genes sensu Trapp and
Croteau [41]. Black vertical slashes represent introns (indicated by Roman numerals) and are sepa-
rated among each other by coloured boxes with indicated lengths in amino acids, representing exons.
The numbers above the introns of the first row from the top represent the intron phase type classifica-
tion according to Li [44] and indicate conservation throughout the plants’ TPS genes. Schematization,
intron numbers, and exon colouring scheme were based upon work by Trapp and Croteau [41].
Genomic DNA sequences compared were as follows: AgAS, Abies grandis abietadiene synthase (NCBI
accession no. AF326516); AgLS, Abies grandis limonene synthase (AF326518); AgLS, Abies grandis
pinene synthase (AF326517); AtLS, Arabidopsis thaliana putative limonene synthase (Z97341); Pnl
MBOS1/Pnl MTPS2-7, the MBOS and MTPS genes isolated from P. laricio in the present study.

To further complete the analysis of Trapp and Croteau [41], the genomic sequences of
P. laricio MTPSs isolated in the present work were compared with those of the MTPSs al-
ready assigned to class II and with representative members of class I and III genes (Figure 4).
Such a comparison indicated that, as already noticed among the seven MBOS/MTPS genes
from P. laricio (see above), the number, position, and phase of the nine introns, numbered
according to Trapp and Croteau [41] as III and VII-XIV, were highly conserved in all the
class II MTPS genes. Moreover, the comparison of the isolated P. laricio pine genes and the
available class II genes, with the class-I AgAs gene regarded as descending from a putative
ancestral progenitor of all the TPS genes (see above), confirmed that class I genes gave
rise to class II genes by a complex intron-loss mechanism. In particular, class II genes lost
introns I and II and the entire N-terminal domain, named the conifer diterpene internal
sequence (CDIS), spanning the regions of exons four, five, and six, and a small portion of
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exon seven, which included introns IV, V, and VI of all class I genes (Figure 4). In addition,
by considering the comparison with the gene encoding for the limonene synthase in Ara-
bidopsis (AtLS), it was confirmed that the class III genes, which included mono-, sesqui-,
and diterpene synthase genes involved in the secondary metabolism in angiosperms, were
derived from class II types by a further loss of intron VII and the sequential loss of introns
IX and X (Figure 4). According to Trapp and Croteau [41], the class III genes contain the six
conserved introns (III, VIII, XI-XIV) that are found in all TPS genes (Figure 4).

2.5. Transcript Profiling of P. laricio Monoterpene Synthase Genes Reveals Differential Expression
across Different Tissues and Suggests Their Putative Roles in the Biosynthesis of Monoterpenes

All seven Calabrian pine MBOS/MTPS genes were shown to be constitutively ex-
pressed in all the five tissues studied, but their transcription levels were highly variable
(Figure 5 and Table S3).
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Figure 5. Heat maps of the relative expression levels of the hemiterpene synthase (MBOS) and of the
monoterpene synthase (MTPS) genes isolated from five different tissues of P. laricio. The expression
data of each gene were normalized using the geometric average of the two reference genes CYP
and upLOC. Relative expression levels were calculated by setting a value of 1 for the lowest value
among the seven genes in the five tissues considered (MTPS3 in YN). For each gene, the differences
in the relative expression levels were shown in colour according to the scale and statistical evaluation
of the differences among the seven genes in the five tissues is reported in Table S3. IS: bark and
xylem combined from the interwhorl stems; LS: bark and xylem combined from the leader stem; MN:
mature needles; R: roots; YN: young needles.

Compared to the six MTPS genes, Pnl MBOS1 was highly expressed in all five tissues
studied, with the highest transcript levels detected in LS. The expression levels of such
a gene were also comparatively high in YN, MN, and R, while a lower amount of the
transcripts was detected in IS (Figure 5 and Table S3). Based on the protein sequence
homology (see above, Figure 2), the protein encoded by Pnl MBOS1 may be involved
in the synthesis of hemiterpenes, such as isoprene and/or its isomer MBO. Isoprene is
known to be produced by many plant groups, especially Angiosperms trees, while in
gymnosperms, this hemiterpene is known to be emitted from species belonging to the
genus Picea, including P. abies and P. glauca, but not from species belonging to the genus
Pinus [45,46]. Instead, the related hemiterpene MBO is emitted by Pinus species native to
Northern America, e.g., P. ponderosa, P. contorta, and P. jeffreyi [34,47]. A quali/quantitative
analysis of the hemiterpenes was not carried out in the five P. laricio tissues examined, be-
cause the identification and quantification of these compounds requires dedicated sampling
equipment and analytical procedures, such as selected ion flow tube (SIFT)-MS [40], with
respect to those used for the identification and analysis of the C10 monoterpenes. However,
the comparatively high expression level detected in the present study for Pnl MBOS1 sug-



Plants 2022, 11, 449 14 of 20

gested that the hemiterpenes could be produced in, and conceivably emitted by, different
tissues of P. laricio. Based on these findings, further studies should be planned to elucidate
the molecular and biochemical basis of hemiterpene formation in P. laricio.

Among the five tissues analysed, the relative amount of transcripts for each of the
six MTPS genes was the highest in LS (Figure 5 and Table S3), which was also the tissue
that accumulated the largest amount of monoterpenes (Figure 1A). By considering all the
five tissues, the highest level of expression was detected for Pnl MTPS6 and Pnl MTP5,
compared to the remaining four MTPS genes (Figure 5 and Table S3).

In addition to LS, the expression levels of Pnl MTPS6 were also comparatively high
in MN and IS, and moderate in R and YN (Figure 5 and Table S3). The tissue-specific
expression pattern of Pnl MTPS6, found to be highly homologous to P. contorta and
P. banksiana MTPS genes encoding β-phellandrene synthase (see Section 2.3, above), ap-
peared to indeed be consistent with the tissue-specific levels of β-phellandrene, which was
found to be the predominant monoterpene in three of the five tissues studied, namely, MN,
IS, and YN (Figure 1B–F).

Pnl MTPS5, which based on sequence homology was predicted to produce α-pinene
(see Section 2.3, above), was highly expressed in LS and MN tissues, followed by moderate
levels of transcripts detected in YN and R, and low levels in IS (Figure 5 and Table S3). A
similar expression pattern was observed for Pnl MTPS7, whose predicted protein could also
be involved in the synthesis of α-pinene (see Section 2.3, above), although its transcription
levels were significantly lower than those of Pnl MTPS5. By matching the expression of the
two genes with the corresponding monoterpene profiles, a remarkable level of correlation
was found. Indeed, the highest amount of α-pinene was detected in LS, followed by the
MN, YN, R, and IS tissues (Figure 1B–F).

The expression levels of Pnl MTPS4 were comparatively high in LS and R in respect
to the very low amount of transcripts detected in YN, MN, and IS (Figure 5 and Table S3).
Again, tissue-specific gene expression levels appeared to be consistent with the correspond-
ing monoterpene profiles; indeed, the predicted protein sequence of Pnl MTPS4 exhibited
a high sequence identity with four proteins from P. contorta and P. banksiana, which were
shown to produce β-pinene as their major product (see Section 2.3, above). As a matter of
fact, compared to the other MTPS genes, Pnl MTPS4 showed the highest level of expression
in roots (R), in which β-pinene was the predominant monoterpene (Figure 1F).

Finally, Pnl MTPS2 and Pnl MTPS3 exhibited the lowest transcript levels among the
six isolated MTPS genes in all the five tissues studied (Figure 5 and Table S3). Based on
sequence homology, the encoded proteins from Pnl MTPS2 and Pnl MTPS3 were predicted
to produce α-terpineol and δ-3-carene, which were found to accumulate in very low
amounts in the P. laricio tissues studied here (Figure 1B–F).

In summary, the transcript profiling of the P. laricio MTPS genes revealed a differential
expression across the different tissues and were found to be consistent with the corre-
sponding monoterpene profiles, suggesting potential roles for the six MTPS genes in the
biosynthesis of the monoterpene compounds in this non-model species. However, because
it is not always possible to predict the catalytic capability of the TPSs based only on the
sequence similarity, the specific functions of the isolated genes need to be further verified.
Further work is also needed concerning the expression analysis and transcript profiling of
those monoterpenes, such as limonene, bornyl acetate, and α-tujene, which accumulated
in comparatively low/moderate amounts in P. laricio tissues (see Figure 1B–F). On the
one hand, in fact, the isolation of FL cDNAs encoding for less represented monoterpene
components of conifer oleoresin is fraught with difficulties arising, first, from the scarcity
of retrievable sequences in public databases. As a matter of fact, while monoterpene syn-
thases producing limonene have been isolated from a few conifers, including Norway
spruce (P. abies) [48], Sitka spruce (P. sitchensis) [49], and grand fir (Abies grandis) [50], those
responsible for the biosynthesis of (+)-bornyl diphosphate, the likely precursor of bornyl
acetate, and of α-tujene have been isolated and characterized in Salvia officinalis [51] and
Litsea cubeba [52], respectively, but never in any conifer species. Secondly, those less repre-
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sented monoterpenic components might have conceivably resulted from the transcription
of low expression/under-represented genes, whose characterization is difficult on the
background of a very complex genetic family as MTPS is in conifers.

This notwithstanding, studying those less represented monoterpenes at the molecular
levels could be worthwhile, because some of them could undergo inductive dynamics in
response to a wealth of environmental cues. As a matter of fact, in a previous work of ours
conducted on adult individuals of P. laricio thriving in the same environment of the present
study [27], we found that the foliar emissions of bornyl acetate and, to a lesser extent, of
β-ocimene, differentiated plants infested by the caterpillars of the pine processionary moth
(Thaumetopoea pityocampa) from their respective non-infested controls, being higher in the
former during the period of maximal trophic activity of the larvae. On such basis, we
are currently pursuing the isolation of FL cDNAs coding for the enzymes responsible for
producing limonene, bornyl acetate, and α-tujene in P. laricio, to decipher their possible
functional and ecological roles in plant–environment biotic and abiotic interactions.

3. Materials and Methods
3.1. Plant Material

The plant material, as well as the sampling procedure, were the same as those adopted
in our previous work concerning the metabolic and genetic profiling of diterpenoids in
different tissues of three-year-old seedlings of P. laricio (Pinus nigra J.F. Arnold subsp.
laricio Palib. ex Maire) [28]. Briefly, the pine seedlings were grown in the open inside
protective housing set up within the premises of the Aspromonte National Park, Southern
Italy (38◦17′27′′ N, 15◦81′68′′ E; altitude 1010 MASL, exposed East). Five tissue types
were collected for analysis: young needles (YN); mature needles (MN); bark and xylem
combined from leader stem (LS); bark and xylem combined from interwhorl stem (IS);
roots (R). All the collected tissues were immediately frozen in liquid nitrogen and stored at
−80 ◦C until use for nucleic acid isolation and for metabolite profiling analysis.

3.2. Extraction and GC–MS Analysis of Monoterpene Metabolites

Approximately 500 mg of the five different tissues were extracted by sonication in
1 mL of n-pentane at room temperature for 15 min. In total, 100 µL of each extract was
transferred into a conical vial and 0.5 µL was analysed by high-fast GC–MS techniques. For
all the five tissue types, three biological replicates were processed, and then each of them
analysed in triplicate.

Qualitative and quantitative GC–MS analyses of monoterpenes from P. laricio tissues
were carried out essentially as reported in our previous work on diterpenes from the same
plant source [28], in which full details are provided concerning the analytical equipment,
the GC capillary column, the nature and flow rate of the carrier gas, the sample volume
and the injection technique, the couped MS detector, and the temperatures selected for the
transfer line, the ion source, and the analyser. For the present GC analysis of monoterpenes,
the following thermal conditions were adopted: from 45 ◦C (1 min) to 250 ◦C (0.5 min) at
30 ◦C min−1, then to 325 at 45 ◦C min−1, then isothermal for 5 min. The MS acquisition
was carried out under full scan (m/z 37–250) or selective ion monitoring mode at m/z: 136,
121 and 93, for qualitative and quantitative analyses, respectively.

Monoterpenes identification was achieved by comparing the experimental mass spec-
tra both with those in the NIST08 and Wiley02 libraries and with those reported in the
available literature [14,53]. As far as the Wiley and NIST mass spectra libraries were con-
cerned, the spectral match scores obtained for the analysed monoterpenes in the pine tissues
were invariably higher than 850, consistently returning the correct metabolite identification
as the “first hit”. According to the NIST library guidelines, this match value is considered
satisfactory and reliable for a correct identification of a given molecule.

The analyte concentrations, expressed as µg (g dry weight)−1, were calculated by
calibration curves obtained by using commercial standards of α-pinene ((1S,5S)-2,6,6-
trimethylbicyclo(3.1.1)hept-2-ene, 98% purity, Sigma-Aldrich, catalogue # 147524) and of
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(R)-(+)-limonene (1-methyl-4-(prop-1-en-2-yl)cyclohex-1-ene, 97% purity, Sigma-Aldrich,
catalogue # 183164).

The GC–MS methods used in the present study for the extraction and analysis of
plant metabolites were adequately validated for their selectivity, precision, and efficiency.
Selectivity was verified by observing that no interfering peak was apparent at the elution
time of each target analyte upon injecting three replicate blank samples. Precision was
tested by measuring the inter- and intraday variability in the chromatographic profiles of
spiked samples, which ranged from 2 to 7% in terms of relative standard deviation. Finally,
the extraction method recovery was computed as the average of three replicate samples of
the plant tissue spiked with a known aliquot of α-pinene and (R)-(+)-limonene standard
mix and then analysed by GC–MS. Regardless of the tissue extracted, the measured mean
recovery always ranged from 80 to 90%.

3.3. Isolation, Characterization, and Expression Analyses of Monoterpene Synthases Genes in P. laricio

As the first step, a multiple sequence alignment of the MTPS deduced proteins from
the genus Pinus was carried out from which the corresponding phylogenetic tree was
generated. The adopted in silico approach and the criteria used for phylogenetic analysis
were described in detail in our previous work [6,28].

The genomic DNA and the total RNA were extracted from the five different tissue
types of P. laricio as reported in Alicandri et al. [28]. All the DNA and cDNA samples were
stored at −80 ◦C until used.

RT-polymerase chain reaction (PCR) was used to amplify partial cDNA coding for
MTPSs by using forward and reverse primers designed in conserved regions among the
Pinus MTPS sequences of the different groups identified by the phylogenetic analysis [6].
The complete list of the forward and reverse primers used is reported in Table S2.

The partial cDNAs sequences obtained were then used as templates to isolate the
corresponding full-length MTPS cDNAs by means of 5’ and 3’ RACE (Rapid Amplification
of cDNA Ends) extensions, as detailed in our previous work [28]. The sequence of RACE
primers used is reported in Table S2.

To isolate the genomic MTPS sequences, the genomic DNA was amplified by using
specific forward and reverse primers, designed in the close proximity of the initiation
(ATG) or stop codons, respectively, of each full-length cDNA (Table S2), as described in
Alicandri et al. [28].

The cloning and sequencing of partial cDNAs, RACE, and genomic amplification
products were conducted as described in Alicandri et al. [28]. Three different clones for
each cDNA, genomic, and RACE amplicon were sequenced. In our same previous work,
full details can be found concerning the analysis of the nucleotide sequences obtained and
of the corresponding deduced amino acid sequences.

As far as the expression analysis of the isolated MTPS genes is concerned, full method-
ological details can be found in previous work of ours [28,54,55]. These include samples
replication, quantitative real-time (qRT-PCR) conditions, the selection of the most appro-
priate and stable reference genes for normalization, the designing of primer pairs for both
target and reference genes (Table S4), the evaluation of primer specificity and amplification
efficiency, and the criteria used to calculate normalized relative values of gene expression
and their standard deviation.

3.4. Statistical Analysis

Each reported value for metabolites and gene expression levels represents the mean
of a total of nine replicates, obtained from three biological replicates and three technical
replicates for each biological replicate. The statistical significance of the differences observed
was evaluated by one-way ANOVA, followed by the Tukey’s test. All statistical analyses
were performed using JMP PRO 15 (Trial Version ©SAS Institute Inc., Cary, NC, USA).
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4. Conclusions

The importance of terpenes in the physiological and ecological processes in plants and
conifers, as well as their current and potential practical uses, deserve adequate considera-
tion. In the present study, we carried out, for the first time to the best of our knowledge, a
quantitative analysis of the monoterpene composition in different tissues of the non-model
conifer species Pinus nigra subsp. laricio (P. laricio), namely, young needles, mature needles,
the leader stem, interwhorl stem, and roots. In a bid to understand the molecular mecha-
nism regulating terpene synthesis in the studied species, we also faithfully isolated and
characterized monoterpene synthase genes in an attempt to predict their involvement in
the specialized monoterpenoid metabolism.

All the P. laricio tissues examined indicated the presence of the same fourteen monoter-
penes. It was shown that β-phellandrene was the most abundant monoterpene in the
young and mature needles and in the interwhorl stem, while the leader stem and roots
showed α-pinene and β-pinene, respectively, as the most abundant compounds. However,
the leader stem revealed to contain the major quantity of monoterpenes among all the
tested tissues. Taken together, these results indicated a tissue specificity in the quantitative
composition of C10 terpenoids.

The phylogenetic analysis of the Pinus members of the terpene synthases d1-clade
allowed the recognition of seven distinct groups. By examining the members of each phylo-
genetic group for their conserved regions, it was possible to design specific primers to be
used for isolating from P. laricio seven FL transcripts, denoted as Pnl MBOS1/Pnl MTPS2-7,
each belonging to one of the above phylogenetic groups. The subsequent analysis of the
deduced amino acid sequences allowed to predict the potential roles of each of the P. laricio
MTPSs in the synthesis of the monoterpenoids identified in this same species. The gene
expression analysis revealed that the transcript profiling of the P. laricio MTPSs genes had
differential abundances across the different tissues. Such tissue-specific expression profiles
were found to be consistent with the corresponding monoterpene profiles, suggesting the
potential involvement of the isolated MTPS genes in the biosynthesis of monoterpenoids.

Finally, the FL MBOS/MTPS cDNAs from P. laricio were the basis for isolating the
corresponding complete genomic sequences, for each of which the exon/intron structure
was determined. This filled a knowledge gap in the genomics of the MTPSs genes in
Pinus spp., since no complete genomic sequence has been characterized so far in the non-
model conifer species studied here.

The study of monoterpene synthase genes and of their putative functions in conifers
appeared to be relevant because of the multiple functions that monoterpenes can provide,
not only in terms of the physiological and ecological roles in plant fitness, but also for their
proneness to be employed in a vast array of bio-based technological fields, including the
biological control of plant pests and pathogens.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11030449/s1, Table S1: full-length cDNA sequences of
putative MBOSs and MTPSs in Pinus spp. retrieved from the NCBI database, Table S2: forward and
reverse primers used for the isolation of cDNAs and genomic sequences coding for MBOS (group 1)
and MTPSs (groups 2–7) in Pinus nigra subsp. laricio. RACE, Rapid Amplification of cDNA Ends,
Table S3: statistical evaluation of the differences (one-way ANOVA followed by Tukey’s test) among
the relative expression levels of MBOS and MTPS genes in five different tissues of P. laricio. The
expression data of each gene were normalized using the geometric average of the two reference genes
CYP and upLOC. Relative expression levels of the different MBOS and MTPS genes were referred to
a calibrator, and set to the value 1, which was represented by the gene in the five tissues with the
lowest expression (MTPS3 in YN). Different letters denote significant differences according to Tukey’s
test (p < 0.01). YN: young needles; MN: mature needles; LS: bark and xylem combined from the
leader stem; IS: bark and xylem combined from the interwhorl stems; R: roots, Table S4: list of primer
pairs of P. laricio MBOS, MTPS and reference (CYP and upLOC) genes used in qRT-PCR analyses,
Figure S1: a representative GC–MS profile of the monoterpenes extracted from the young needles of
P. laricio. Single ion monitoring at m/z 136, 121 and 93. (1) tricyclene, (2) α-thujene, (3) α-pinene, (4) α-
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fenchene, (5) camphene, (6) sabinene, (7) β-pinene, (8) myrcene, (9) δ-3-carene, (10) β-phellandrene,
(11) limonene, (12) terpinolene, (13) α-terpineol, and (14) bornyl acetate, Figure S2: chemical structures
of the monoterpenes found in different tissues of P. laricio, Figure S3: alignment of deduced amino
acid sequences of MTPSs belonging to the phylogenetic group 3. Amino acid residues with blue
background indicate highly conserved regions, while amino acid residues which are identical in
more than 50% of the proteins are in pink background. Pb, Pinus banksiana; Pc, Pinus contorta;
Pnl, Pinus nigra subsp. laricio (P. laricio), Figure S4: alignment of deduced amino acid sequences
of MTPSs belonging to the phylogenetic group 5. Amino acid residues with blue background
indicate highly conserved regions, while amino acid residues which are identical in more than
50% of the proteins are in pink background. Pb, Pinus banksiana; Pc, Pinus contorta; Pt, Pinus taeda;
Pnl, Pinus nigra subsp. laricio (P. laricio).

Author Contributions: Conceptualization, M.C., A.S. and M.B.; methodology and software, E.A.,
B.S., S.C. and A.R.P.; formal analysis, E.A., B.S., A.R.P. and S.C.; investigation, E.A., S.C., A.R.P. and
B.S.; plant materials resources, E.A. and M.B.; data curation, E.A., A.R.P., S.C. and B.S.; writing—
original draft preparation, M.C., E.A., S.C. and B.S.; writing—review and editing, M.C., E.A., M.B.
and A.S.; project administration, M.C. and M.B.; funding acquisition, M.C., A.S. and M.B. All authors
have read and agreed to the published version of the manuscript.

Funding: The present work was carried out in the framework of the “ALForLab” Project (PON03PE_00024_1),
co-funded by the National Operational Programme for Research and Competitiveness (PON R&C)
2007–2013, through the European Regional Development Fund (ERDF) and national resources (Re-
volving Fund—Cohesion Action Plan (CAP) MIUR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data contained within the present article and in its Supplementary
Materials are freely available upon request to the corresponding author.

Acknowledgments: The present study was undertaken within the framework of an ad hoc research
agreement among the Aspromonte National Park Authority and the Department of Agriculture of
the Mediterranean University of Reggio Calabria. Special thanks is owed to Giuseppe Bombino,
to Antonino Siclari, and to the former Sergio Tralongo, to the memory of whom the present work
is dedicated. The supply of certified P. laricio saplings was granted within the framework of a
convention among the Calabria Verde Agency, Calabria Regional Authority, and the aforementioned
Department of Agriculture.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tholl, D. Biosynthesis and biological functions of terpenoids in plants. In Biotechnology of Isoprenoids; Schrader, J.,

Bohlmann, J., Eds.; Springer: Cham, Switzerland, 2015; pp. 63–106.
2. Singh, B.; Sharma, R.A. Plant terpenes: Defense responses, phylogenetic analysis, regulation and clinical applications. 3 Biotech

2015, 5, 129–151. [CrossRef] [PubMed]
3. Abbas, F.; Ke, Y.; Yu, R.; Yue, Y.; Amanullah, S.; Jahangir, M.M.; Fan, Y. Volatile terpenoids: Multiple functions, biosynthesis,

modulation and manipulation by genetic engineering. Planta 2017, 246, 803–816. [CrossRef]
4. Tholl, D.; Lee, S. Terpene specialized metabolism in Arabidopsis thaliana. Arab. Book 2011, 9, e0143. [CrossRef]
5. Celedon, J.M.; Bohlmann, J. Oleoresin defenses in conifers: Chemical diversity, terpene synthases and limitations of oleoresin

defense under climate change. New Phytol. 2019, 224, 1444–1463. [CrossRef] [PubMed]
6. Alicandri, E.; Paolacci, A.R.; Osadolor, S.; Sorgonà, A.; Badiani, M.; Ciaffi, M. On the evolution and functional diversity of terpene

synthases in the Pinus species: A Review. J. Mol. Evol. 2020, 88, 253–283. [CrossRef]
7. Zulak, K.G.; Bohlmann, J. Terpenoid biosynthesis and specialized vascular cells of conifer defense. J. Integr. Plant Biol. 2010, 52,

86–97. [CrossRef] [PubMed]
8. Raffa, K.F. Terpenes tell different tales at different scales: Glimpses into the chemical ecology of conifer-bark beetle-microbial

interactions. J. Chem. Ecol. 2014, 40, 1–20. [CrossRef]
9. Boncan, D.A.T.; Tsang, S.S.K.; Li, C.; Lee, I.H.T.; Lam, H.-M.; Chan, T.-F.; Hui, J.H.L. Terpenes and terpenoids in plants: Interactions

with environment and insects. Int. J. Mol. Sci. 2020, 21, 7382. [CrossRef]
10. Kopaczyk, J.M.; Warguła, J.; Jelonek, T. The variability of terpenes in conifers under developmental and environmental stimuli.

Environ. Exp. Bot. 2020, 104197. [CrossRef]

http://doi.org/10.1007/s13205-014-0220-2
http://www.ncbi.nlm.nih.gov/pubmed/28324581
http://doi.org/10.1007/s00425-017-2749-x
http://doi.org/10.1199/tab.0143
http://doi.org/10.1111/nph.15984
http://www.ncbi.nlm.nih.gov/pubmed/31179548
http://doi.org/10.1007/s00239-020-09930-8
http://doi.org/10.1111/j.1744-7909.2010.00910.x
http://www.ncbi.nlm.nih.gov/pubmed/20074143
http://doi.org/10.1007/s10886-013-0368-y
http://doi.org/10.3390/ijms21197382
http://doi.org/10.1016/j.envexpbot.2020.104197


Plants 2022, 11, 449 19 of 20

11. Nicole, M.C.; Zeneli, G.; Lavallée, R.; Rioux, D.; Bauce, É.; Morency, M.J.; Fenning, T.M.; Séguin, A. White pine weevil
(Pissodes strobi) biological performance in un-affected by the jasmonic acid or wound-induced defense response in Norway spruce
(Picea abies). Tree Physiol. 2006, 26, 1377–1389. [CrossRef]

12. Hall, D.E.; Robert, J.A.; Keeling, C.I.; Domanski, D.; Quesada, A.L.; Jancsik, S.; Kuzyk, M.A.; Hamberger, B.; Borchers, C.H.;
Bohlmann, J. An integrated genomic, proteomic and biochemical analysis of (+)-3-carene biosynthesis in Sitka spruce
(Picea sitchensis) genotypes that are resistant or susceptible to white pine weevil: (+)-3-carene biosynthesis in Sitka spruce. Plant J.
2011, 65, 936–948. [CrossRef]

13. Pollastrini, M.; Luchi, N.; Michelozzi, M.; Gerosa, G.; Marzuoli, R.; Bussotti, F.; Capretti, P. Early physiological responses of Pinus
pinea L. seedlings infected by Heterobasidion sp. pl. in an ozone-enriched atmospheric environment. Tree Physiol. 2015, 35, 331–340.
[CrossRef] [PubMed]

14. Hall, D.E.; Yuen, M.M.; Jancsik, S.; Quesada, A.L.; Dullat, H.K.; Li, M.; Henderson, H.; Arango-Velez, A.; Liao, N.Y.;
Docking, R.T.; et al. Transcriptome resources and functional characterization of monoterpene synthases for two host species of
the mountain pine beetle, lodgepole pine (Pinus contorta) and jack pine (Pinus banksiana). BMC Plant Biol. 2013, 13, 80. [CrossRef]
[PubMed]

15. Boone, C.K.; Aukema, B.H.; Bohlmann, J.; Carroll, A.L.; Raffa, K.F. Efficacy of tree defense physiology varies with bark beetle
population density: A basis for positive feedback in eruptive species. Can. J. For. Res. 2011, 41, 1174–1188. [CrossRef]

16. Loreto, F.; Schnitzler, J.P. Abiotic stresses and induced BVOCs. Trends Plant Sci. 2010, 15, 154–166. [CrossRef]
17. Sharkey, T.D.; Gray, D.W.; Pell, H.K.; Breneman, S.R.; Topper, L. Isoprene synthase genes form a monophyletic clade of acyclic

terpene synthases in the Tps-b terpene synthase family. Evolution 2013, 67, 1026–1040. [CrossRef]
18. Akula, R.; Ravishankar, G.A. Influence of abiotic stress signals on secondary metabolites in plants. Plant Signal Behav. 2011, 6,

1720–1731. [CrossRef]
19. Dahham, S.S.; Tabana, Y.M.; Iqbal, M.A.; Ahamed, M.B.; Ezzat, M.O.; Majid, A.S.; Majid, A.M. The anticancer, antioxidant and

antimicrobial properties of the sesquiterpene β-caryophyllene from the essential oil of Aquilaria crassna. Molecules 2015, 20,
11808–11829. [CrossRef]

20. Porres-Martínez, M.; González-Burgos, E.; Carretero, M.E.; Gómez-Serranillos, M.P. In vitro neuroprotective potential of the
monoterpenes α-pinene and 1, 8-cineole against H2O2-induced oxidative stress in PC12 cells. Z. Nat. C 2016, 71, 191–199.
[CrossRef]

21. George, K.W.; Alonso-Gutierrez, J.; Keasling, J.D.; Lee, T.S. Isoprenoid drugs, biofuels, and chemicals—Artemisinin, farnesene,
and beyond. In Biotechnology of Isoprenoids; Schrader, J., Bohlmann, J., Eds.; Springer: Cham, Switzerland, 2015; pp. 355–390.

22. Cristani, M.; D’Arrigo, M.; Mandalari, G.; Castelli, F.; Sarpietro, M.G.; Micieli, D.; Venuti, V.; Bisignano, G.; Saija, A.; Trombetta, D.
Interaction of four monoterpenes contained in essential oils with model membranes: Implications for their antibacterial activity.
J. Agric. Food Chem. 2007, 55, 6300–6308. [CrossRef]

23. Sobral, M.V.; Xavier, A.L.; Lima, T.C.; de Sousa, D.P. Antitumor activity of monoterpenes found in essential oils. Sci. World J. 2014,
2014, 953451. [CrossRef]

24. Allenspach, M.; Steuer, C. α-Pinene: A never-ending story. Phytochemistry 2021, 190, 112857. [CrossRef] [PubMed]
25. Warren, R.L.; Keeling, C.I.; Yuen, M.M.; Raymond, A.; Taylor, G.A.; Vandervalk, B.P.; Mohamadi, H.; Paulino, D.; Chiu, R.;

Jackman, S.D.; et al. Improved white spruce (Picea glauca) genome assemblies and annotation of large gene families of conifer
terpenoid and phenolic defense metabolism. Plant J. 2015, 83, 189–212. [CrossRef] [PubMed]

26. Keeling, C.I.; Weisshaar, S.; Ralph, S.G.; Jancsik, S.; Hamberger, B.; Dullat, H.K.; Bohlmann, J. Transcriptome mining, functional
characterization, and phylogeny of a large terpene synthase gene family in spruce (Picea Spp.). BMC Plant Biol. 2011, 11, 43.
[CrossRef]

27. Foti, V.; Araniti, F.; Manti, F.; Alicandri, E.; Giuffrè, A.M.; Bonsignore, C.P.; Castiglione, E.; Sorgonà, A.; Covino, S.;
Paolacci, A.R.; et al. Profiling volatile terpenoids from P. laricio stands infested by the pine processionary moth. Plants 2020,
9, 1362. [CrossRef]

28. Alicandri, E.; Covino, S.; Sebastiani, B.; Paolacci, A.R.; Badiani, M.; Manti, F.; Bonsignore, C.P.; Sorgonà, A.; Ciaffi, M. Diterpene
resin acids and olefins in P. laricio (Pinus nigra subsp. laricio (Poiret) Maire) oleoresin: GC-MS profiling of major diterpenoids
in different plant organs, molecular identification and expression analysis of diterpene synthase genes. Plants 2021, 10, 2391.
[CrossRef]

29. Nicolaci, A.; Travaglini, D.; Menguzzato, G.; Nocentini, S.; Veltri, A.; Iovino, F. Ecological and anthropogenic drivers of P. laricio
(Pinus nigra J.F. Arn. ssp. laricio (Poiret) Maire) distribution in the sila mountain range. iForest 2015, 8, 497–508. [CrossRef]

30. Geron, C.; Rasmussen, R.; Arnts, R.R.; Guenther, A. A review and synthesis of monoterpene speciation from forests in the United
States. Atmos. Environ. 2000, 34, 1761–1781. [CrossRef]

31. Pokorska, O.; Dewulf, J.; Amelynck, C.; Schoon, N.; Šimpraga, M.; Steppe, K.; Van Langenhove, H. Isoprene and terpenoid
emissions from Abies alba: Identification and emission rates under ambient conditions. Atmos. Environ. 2012, 59, 501–508.
[CrossRef]

32. Blanch, J.S.; Penuelas, J.; Sardans, J.; Llusia, J. Drought, warming and soil fertilization effects on leaf volatile terpene concentrations
in Pinus halepensis and Quercus ilex. Acta Physiol. Plant 2009, 31, 207–218. [CrossRef]

http://doi.org/10.1093/treephys/26.11.1377
http://doi.org/10.1111/j.1365-313X.2010.04478.x
http://doi.org/10.1093/treephys/tpv008
http://www.ncbi.nlm.nih.gov/pubmed/25725363
http://doi.org/10.1186/1471-2229-13-80
http://www.ncbi.nlm.nih.gov/pubmed/23679205
http://doi.org/10.1139/x11-041
http://doi.org/10.1016/j.tplants.2009.12.006
http://doi.org/10.1111/evo.12013
http://doi.org/10.4161/psb.6.11.17613
http://doi.org/10.3390/molecules200711808
http://doi.org/10.1515/znc-2014-4135
http://doi.org/10.1021/jf070094x
http://doi.org/10.1155/2014/953451
http://doi.org/10.1016/j.phytochem.2021.112857
http://www.ncbi.nlm.nih.gov/pubmed/34365295
http://doi.org/10.1111/tpj.12886
http://www.ncbi.nlm.nih.gov/pubmed/26017574
http://doi.org/10.1186/1471-2229-11-43
http://doi.org/10.3390/plants9101362
http://doi.org/10.3390/plants10112391
http://doi.org/10.3832/ifor1041-007
http://doi.org/10.1016/S1352-2310(99)00364-7
http://doi.org/10.1016/j.atmosenv.2012.04.061
http://doi.org/10.1007/s11738-008-0221-z


Plants 2022, 11, 449 20 of 20

33. Mukrimin, M.; Kovalchuk, A.; Ghimire, R.P.; Kivimäenpää, M.; Sun, H.; Holopainen, J.K.; Asiegbu, F.O. Evaluation of potential
genetic and chemical markers for Scots pine tolerance against Heterobasidion annosum infection. Planta 2019, 250, 1881–1895.
[CrossRef] [PubMed]

34. Gray, D.W.; Breneman, S.R.; Topper, L.A.; Sharkey, T.D. Biochemical characterization and homology modeling of methylbutenol
synthase and implications for understanding hemiterpene synthase evolution in plants. J. Biol. Chem. 2011, 286, 20582–20590.
[CrossRef] [PubMed]

35. Whittington, D.A.; Wise, M.L.; Urbansky, M.; Coates, R.M.; Croteau, R.B.; Christianson, D.W. Bornyl diphosphate synthase:
Structure and strategy for carbocation manipulation by a terpenoid cyclase. Proc. Natl. Acad. Sci. USA 2002, 99, 15375–15380.
[CrossRef] [PubMed]

36. Hyatt, D.C.; Youn, B.; Zhao, Y.; Santhamma, B.; Coates, R.M.; Croteau, R.B.; Kang, C. Structure of limonene synthase, a simple
model for terpenoid cyclase catalysis. Proc. Natl. Acad. Sci. USA 2007, 104, 5360–5365. [CrossRef] [PubMed]

37. Tarshis, L.C.; Proteau, P.J.; Kellogg, B.A.; Sacchettini, J.C.; Poulter, C.D. Regulation of product chain length by isoprenyl
diphosphate synthases. Proc. Natl. Acad. Sci. USA 1996, 93, 15018–15023. [CrossRef] [PubMed]

38. Lesburg, C.A.; Zhai, G.; Cane, D.E.; Christianson, D.W. Crystal structure of pentalenene synthase: Mechanistic insights on
terpenoid cyclization reactions in biology. Science 1997, 277, 1820–1824. [CrossRef] [PubMed]

39. Phillips, M.A.; Wildung, M.R.; Williams, D.C.; Hyatt, D.C.; Croteau, R. cDNA isolation, functional expression, and characterization
of (+)-α-pinene synthase and (−)-α-pinene synthase from loblolly pine (Pinus taeda): Stereocontrol in pinene biosynthesis.
Arch. Biochem. Biophys. 2003, 411, 267–276. [CrossRef]

40. Lehnert, A.S.; Perreca, E.; Gershenzon, J.; Pohnert, G.; Trumbore, S.E. Simultaneous real-time measurement of isoprene and
2-methyl-3-buten-2-ol emissions from trees using SIFT-MS. Front. Plant Sci. 2020, 11, 1867. [CrossRef]

41. Trapp, S.C.; Croteau, R.B. Genomic organization of plant terpene synthases and molecular evolutionary implications. Genetics
2001, 158, 811–832. [CrossRef]

42. Hamberger, B.; Hall, D.; Yuen, M.; Oddy, C.; Hamberger, B.; Keeling, C.I.; Ritland, C.; Ritland, K.; Bohlmann, J. Targeted isolation,
sequence assembly and characterization of two white spruce (Picea glauca) BAC clones for terpenoid synthase and cytochrome
P450 genes involved in conifer defence reveal insights into a conifer genome. BMC Plant Biol. 2009, 9, 1–13. [CrossRef]

43. Brown, J.W.S.; Simpson, C.G. Splice site selection in plant pre-mRNA splicing. Annu. Rev. Plant Biol. 1998, 49, 77–95. [CrossRef]
44. Li, W.-H. Molecular Evolution; Sinauer Associates: Sunderland, MA, USA, 1997.
45. Lerdau, M.; Gray, D. Ecology and evolution of light-dependent and light-independent phytogenic volatile organic carbon.

New Phytol. 2003, 157, 199–211. [CrossRef]
46. Loreto, F. Reconciling functions and evolution of isoprene emission in higher plants. New Phytol. 2015, 206, 578–582. [CrossRef]
47. Harley, P.; Fridd-Stroud, V.; Greenberg, J.; Guenther, A.; Vasconcellos, P. Emission of 2-methyl-3-buten-2-ol by pines: A potentially

large natural source of reactive carbon to the atmosphere. J. Geophys. Res. 1998, 103, 25479–25486. [CrossRef]
48. Martin, D.M.; Fäldt, J.; Bohlmann, J. Functional characterization of nine Norway spruce TPS genes and evolution of gymnosperm

terpene synthases of the TPS-d subfamily. Plant Physiol. 2004, 135, 1908–1927. [CrossRef] [PubMed]
49. Byun-McKay, A.; Godard, K.A.; Toudefallah, M.; Martin, D.M.; Alfaro, R.; King, J.; Bohlmann, J.; Plant, A.L. Wound-induced

terpene synthase gene expression in Sitka spruce that exhibit resistance or susceptibility to attack by the white pine weevil.
Plant Physiol. 2006, 140, 1009–1021. [CrossRef] [PubMed]

50. Bohlmann, J.; Steele, C.L.; Croteau, R. Monoterpene synthases from grand fir (Abies grandis): cDNA isolation, characterization,
and functional expression of myrcene synthase, (−)-(4S)-limonene synthase, and (−)-(1S, 5S)-pinene synthase. J. Biol. Chem. 1997,
272, 21784–21792. [CrossRef] [PubMed]

51. Wise, M.L.; Savage, T.J.; Katahira, E.; Croteau, R. Monoterpene synthases from common sage (Salvia officinalis): cDNA isolation,
characterization, and functional expression of (+)-sabinene synthase, 1, 8-cineole synthase, and (+)-bornyl diphosphate synthase.
J. Biol. Chem. 1998, 273, 14891–14899. [CrossRef]

52. Chang, Y.T.; Chu, F.H. Molecular cloning and characterization of monoterpene synthases from Litsea cubeba (Lour.) Persoon.
Tree Genet. 2011, 7, 835–844. [CrossRef]

53. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/mass Spectrometry; Allured Publishing Corporation:
Carol Stream, IL, USA, 2007; Volume 456.

54. Ciaffi, M.; Paolacci, A.R.; Paolocci, M.; Alicandri, E.; Bigini, V.; Badiani, M.; Muganu, M. Transcriptional regulation of stilbene
synthases in grapevine germplasm differentially susceptible to downy mildew. BMC Plant Biol. 2019, 19, 1–18. [CrossRef]

55. Paolacci, A.R.; Catarcione, G.; Ederli, L.; Zadra, C.; Pasqualini, S.; Badiani, M.; Musetti, R.; Santi, S.; Ciaffi, M. Jasmonate-mediated
defence responses, unlike salicylate-mediated responses, are involved in the recovery of grapevine from bois noir disease.
BMC Plant Biol. 2017, 17, 118. [CrossRef] [PubMed]

http://doi.org/10.1007/s00425-019-03270-8
http://www.ncbi.nlm.nih.gov/pubmed/31485774
http://doi.org/10.1074/jbc.M111.237438
http://www.ncbi.nlm.nih.gov/pubmed/21504898
http://doi.org/10.1073/pnas.232591099
http://www.ncbi.nlm.nih.gov/pubmed/12432096
http://doi.org/10.1073/pnas.0700915104
http://www.ncbi.nlm.nih.gov/pubmed/17372193
http://doi.org/10.1073/pnas.93.26.15018
http://www.ncbi.nlm.nih.gov/pubmed/8986756
http://doi.org/10.1126/science.277.5333.1820
http://www.ncbi.nlm.nih.gov/pubmed/9295272
http://doi.org/10.1016/S0003-9861(02)00746-4
http://doi.org/10.3389/fpls.2020.578204
http://doi.org/10.1093/genetics/158.2.811
http://doi.org/10.1186/1471-2229-9-106
http://doi.org/10.1146/annurev.arplant.49.1.77
http://doi.org/10.1046/j.1469-8137.2003.00673.x
http://doi.org/10.1111/nph.13242
http://doi.org/10.1029/98JD00820
http://doi.org/10.1104/pp.104.042028
http://www.ncbi.nlm.nih.gov/pubmed/15310829
http://doi.org/10.1104/pp.105.071803
http://www.ncbi.nlm.nih.gov/pubmed/16415217
http://doi.org/10.1074/jbc.272.35.21784
http://www.ncbi.nlm.nih.gov/pubmed/9268308
http://doi.org/10.1074/jbc.273.24.14891
http://doi.org/10.1007/s11295-011-0377-3
http://doi.org/10.1186/s12870-019-2014-5
http://doi.org/10.1186/s12870-017-1069-4
http://www.ncbi.nlm.nih.gov/pubmed/28693415

	Introduction 
	Terpenoids: Basic Definitions and Roles in Conifers 
	Ecophysiology and Biotechnology of Conifer Monoterpenes 
	Biosynthesis of Monoterpenes in the Pinaceae: Genes and Enzymes 
	Aims and Background of the Present Work 

	Results and Discussion 
	The Tissue-Specific and Species-Specific Monoterpene Metabolites in the Pinaceae 
	A Phylogeny-Based Approach for Isolating Partial and Full-Length cDNAs Coding for Monoterpene Synthases in P. laricio 
	Sequence-Based Analysis of the Predicted MBOS and MTPS Proteins in P. laricio 
	Genomic Organization of MBO/Monoterpene Synthases in P. laricio on the Background of MTPS Functional Evolution 
	Transcript Profiling of P. laricio Monoterpene Synthase Genes Reveals Differential Expression across Different Tissues and Suggests Their Putative Roles in the Biosynthesis of Monoterpenes 

	Materials and Methods 
	Plant Material 
	Extraction and GC–MS Analysis of Monoterpene Metabolites 
	Isolation, Characterization, and Expression Analyses of Monoterpene Synthases Genes in P. laricio 
	Statistical Analysis 

	Conclusions 
	References

