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Abstract

Plants represent a rich repository of taxonomically restricted, yet chemically diverse, secondary metabolites that are
synthesised via specific metabolic pathways. Enzyme specificity and biosynthetic gene clustering are the bottleneck
of secondary metabolite evolution. As economically important food crops, grape, strawberry, and olive produce many
pharmaceutically important molecules; however, their specific biosynthetic pathways remain inaccessible. Our genomic-
based analysis of these three species reveal the biosynthetic diversity of their specialised secondary metabolites. We found
over 20 BGCs predicted, most of which were characterised in two species, grape and strawberry. Gene annotation of the
biosynthetic candidate genes predicted the production of many medically and industrially important compounds including
cycloartenol, nerolidol, farnesene and valencene. Although most of the predicted clusters are concentrated in specific genomic
positions, some have shown gene duplications in their clusters, which is suggestive of pseudogenes or misassembled genomes.
Our genome mining and putative functional analysis of the biosynthetic genes annotated in the three species indicated
the evolutionary processes that have shaped their current genetic structure and the structural diversity of their chemical
compositions. Revealing the biogenetic background of these natural molecules is a step forward towards the expansion of
their chemical diversification via engineering their biosynthetic genes heterologously, as well as the identification of their
role in the interaction between those plants and their biotic and abiotic conditions.
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Abbreviations Introduction
BCG Biosynthetic gene cluster
ent-CPP  Ent-copalyl diphosphate Terpenoid compounds (terpenes and molecules with a ter-

pene moiety and additional functional groups that usually
contain oxygen) are among the most diversified ancient
superfamilies of natural products that emerged at the very
beginning of cellular life. The presence of terpenoid-like
compounds e.g. polyprenols, sterols and steranes in the cel-
lular membrane supports this assertion (Kalua and Boss
2010; Ilc et al 2016). These ancient terpenes diversified into
the ubiquitous class of small molecules that we see today,

P< Suhad A. A. Al-Salihi

suhad.a.ahmed @uotechnology.edu.iq spanning over 80,000 distinct compounds across all cellular

54 Kathryn L. Ford life 1nFlud1ng archaea, fungi, bacteria, plan.ts and insects,
Kathryn.ford@bristol.ac.uk of which plants are the lead producers (Davis and Croteau
2000; Christianson 2008; Oldfield and Lin 2012; Dellas et al

' Department of Applied Sciences, University of Technology, 2013; Karunanithi and Zerbe 2019; Jin et al 2020;). Apart
Baghdad, Iraq from their essential roles in plant fitness (e.g. growth and

2 School of Biological Sciences, University of Bristol, Bristol, development)’ terpenes play a key role in defences against

UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13562-022-00823-z&domain=pdf
https://orcid.org/0000-0001-7665-7904
https://orcid.org/0000-0002-1802-695X

422 Journal of Plant Biochemistry and Biotechnology (July-September 2023) 32(3):421-437

insect pests, herbivores, and microbial pathogens, as well
as attracting pollinators and facilitating plant-plant inter-
actions (Bohlmann and Keeling 2008; Agrawal and Heil
2012; Schmetz et al. 2014; Vaughan et al 2015; Al-Salihi
and Alberti 2021). Due to their bioactivities, terpenes have
been widely exploited in the production of valuable materi-
als including biopolymers, flavours, fragrances, cosmetics,
biofuels, and pharmaceuticals (Paddon et al 2013; Pateraki
et al 2015; Jabir et al 2018; Booth and Bohlmann 2019). This
economic relevance of terpenes has inspired scientists to
further investigate them and elucidate their synthesis mecha-
nisms and the enzymes involved in their formation, and to
conclude that terpenes are generally synthesised through the
conversion of the five-carbon precursor (isoprenoid) into
diverse chemical derivatives, which are then functionally
modified to produce the wide range of specialized terpene
molecules (Wildereman and Peters 2007; Zerbe et al 2015).
These reactions are mostly initiated by a distinct terpene
synthase and one of the cytochrome P450 monooxygenases
(Banerjee and Hamberger 2018; Bathe and Tissier 2019).

The recent ground-breaking advances in genomic and
computational tools have enabled the unprecedented
characterisation of terpenoid bioproducts in many plant,
bacterial, and fungal species, which can be further modified
via metabolic pathway engineering tools, to ultimately
generate a broader spectrum of biologically active terpenes
(Kumar et al 2016a, b; Jia et al 2019). Yet this generation
requires the design of simple, reproducible, synthetic
pathways that could minimize the number of reaction steps
for the creation of scalable and cost-effective routes that can
be utilised for the production of medicinally valuable natural
products such as terpenes (Al-Salihi et al 2019). Genome
mining approaches, for example, are useful techniques to
initiate and manipulate the production of pharmaceutically
and industrially important molecules. This article focuses
on the potential of three economically important fruit crops,
grape (Vitis vinifera), strawberry (Fragaria vesca), and olive
(Olea europaea), as a source of terpenes with potential
medical importance. Three species from three taxonomically
distantly related families (Rosaceae, Vitaceae and Oleaceae)
were chosen in order to represent the breadth of terpene
molecules identified.

Vitis, or grapevine, is a genus of over 70 species, of
which Vitis labrusca and V. vinifera are the most common.
Historically, they were mainly cultivated in the northern
hemisphere and temperate zones then moved through
India into East Asia, and now are cultivated on almost all
continents where the environment is suitable, accounting
for 9% of all fruit production worldwide (This et al 2006;
Nassiri-Asl 2016; FAO 2021). Grapes can be used as
fresh fruits or can be processed to produce post-harvest
products including raisins, grape juice, and wine. The
chemical profile of the grape plant consists of two types
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of compounds, volatile and non-volatile. The volatile
compounds are mainly of terpene derivatives such as mono,
sesqui and triterpenes, while the non-volatile groups consist
of phenylpropanoid, methoxypyrazines and the volatile
sulphur thiol. The function of those compounds depends
on their position in the plant: they could be a source of
nutrients, cell modification requirements, or used in defence
against herbivores (Dunlevy et al 2013; Parker et al 2017,
Lin et al 2019). Over 50 monoterpene-like precursors
such as linalool, geraniol, citronellol, terpineol and nerol
have been identified from grape, with linalool derivatives
being the major component. Generally, ripening berries are
the richest part of the plant for terpene-like compounds.
Depending on its terpene profile, grapevine can be divided
into three groups: neutral (e.g. Chardonnay), moderate (e.g.
Auxerrois) and high (e.g. Muscat of Alexandria) terpene
concentration (Matarese et al 2014; Black et al 2015; Ilc et al
2016). Terpenes can be produced in grapevine through two
pathways: the predominant or the plastidial pathway, which
is responsible for the production of both monoterpene and
diterpene compounds, and the primary or the mevalonate
pathway, which is responsible for the production of
sesquiterpene compounds (Bohlmann and Keeling 2008).
Strawberry is another economically fruit of which around
9 million tonnes are produced annually worldwide, mostly
of the hybrid species Fragaria x ananassa (FAO 2021).
Over 24 species of wild strawberry have been characterised.
They are naturally distributed in America, Europe and Asia,
of which two species Fragaria chiloensis and Fragaria
virginiana were thought to have been crossbred to produce
the most common cultivated species, F. x ananassa (Potter
et al 2000; Bolger et al 2014); however, a recent study
suggested that current cultivated strawberries are the result
of the hybridisation of four species: F. viridis, F. vesca, F.
iinumae, and F. nipponica (Edger et al 2019). It is included
within the most fragile fruits list, due to its moist nature
which makes it susceptible to water loss, external mechanical
damage, and microbial contamination. It is therefore
important to select or design a biological system for such
fruits, to help in the prolong their shelf life, as well as their
content of pharmaceutically valuable organic molecules
(Perkins-Veazie and Huber 1988; Sanz et al 1999).
Strawberry’s main constituents include carbohydrates
such as sucrose, fructose and glucose, and organic acids such
as malic, citric acid, and volatile molecules. Strawberry also
has a rich array of minerals and vitamins, such as vitamin
E, vitamin C, potassium, and flavonoids to name a few
(Peretto et al 2014; Skrovankova et al 2015; FAO 2021).
Strawberry’s aroma profile is the result of the presence
of hundreds of medicinally valuable volatile compounds
including alpha linolenic acid, linoleic acid, oleic acid,
quercetin, alpha terpineol, ellagic acid, gallic acid,
quercitrin, linalool, ascorbic acid as well as anthocyanins.
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Factors like climate, the cultivar and cultivation conditions
can largely influence the final concentration of the chemical
constituent of strawberry plants. In a similar manner to
grapevine, strawberry terpene compounds are synthesised
via the plastidial and the mevalonate pathways, through
which the building blocks isopentenyl diphosphate and
dimethylallyl diphosphate are formed to then initiate the
terpenoid condensation reactions (Gonzalez-Dominguez
et al 2020).

In terms of the olive plant, the O. europaea species is the
only genus of the Oleaceae family that produces edible fruits
and can survive harsh environmental conditions such as
drought and poor soils. Around 12 million hectares of olive
groves are cultivated annually (FAO 2021). In addition to its
productive culture and nutritional benefits, olive plants and
their by-products (mainly olive fruits and olive oil), represent
a promising source of biologically active compounds
for example, oleuropein and secoiridoids. Secoiridoids
are a class of monoterpenes with a distinguished 3, 4-
dihydropyran backbone of specialised compounds (e.g.
oleosides, secoiridoids and oleosidic), that possess exocyclic
functional olefinic and tyrosine groups. Despite their low
yield, those molecules play a key role in determining the
olive oil quality, especially its taste or bitterness as well
as its medicinal properties. Oleuropein on the other hand,
represents a promising antioxidant, anti-inflammation,
antitumour, and antimicrobial resource (Obied et al 2008;
Rotondi et al 2010).

Many studies have confirmed the correlation between the
consumption of virgin olive oil and human health promotion
(reviewed in Foscolou et al 2018); however, these compounds
are synthesised in a very low concentration, which in turn
increases the demand for their yield improvement. Unlike
other refined olive oils, the virgin olive oil refining process
does not involve the use of chemicals\solvents, which would
result in chemical composition variation between the refined
oils and the virgin olive oils. Among the 200 phytochemicals
that contribute to the conformation of the chemical profile of
olive oil, triacylglycerols (unsaturated), phenolic compounds
and tocopherols, are the main constituents of virgin olive
oil. Nevertheless, this chemical profile is largely influenced
by many factors including, cultivar, exposure to stress, and
agronomical factors, and therefore, not all extracted olive
oils have the same chemical profile or biological activities
(Obied et al 2008; Rotondi et al 2010; Foscolou et al 2018).

Little is known about the specialised secondary
metabolites biosynthesis of these three plants. For example,
whilst Martin et al (2010) have identified some sesquiterpene
synthase encoding genes in grape, their analysis was based
on biochemical reactions, with no description of gene
cluster organization underlying the identified enzymes. In
recent years, many terpene synthases have been successfully
characterised from plants, fungi and bacteria using whole

genome sequencing (Medema and Osbourn 2016; Niitzmann
et al 2016; Topfer et al 2017; Polturak and Osbourn 2021;
Al-Salihi et al 2021). In this context, our study employed
in silico genome mining to explore the diversity and the
phylogenetic relationship of the terpene biosynthetic gene
clusters across three plant genomes: grape (V. vinifera),
strawberry (F. vesca), and olive (O. europaea), expanding
the publicly available genomic data underlying terpene-like
compounds biosynthesis within the three selected plants.

Materials and methods

Prediction of the secondary metabolite biosynthetic
gene clusters

Given its efficiency in biosynthetic gene cluster prediction,
the antiSMASH tool (Reddy et al 2020) was used to
investigate the genomic data of three selected plants: grape
(V. vinifera), strawberry (F. vesca), and olive (O. europaea)
for secondary metabolite biosynthetic gene clusters,
particularly terpene-like compounds. The unannotated
genomes were first downloaded from either NCBI or JGI
reservoirs, then submitted to the antiSMASH platform
and the overall structure of all secondary metabolites
biosynthetic gene clusters were predicted.

Functional annotation

To examine whether the selected genes are unique to the
selected species or distributed within a small or large number
of species, the predicted gene clusters of the selected species
were further annotated via Blast search against the NCBI
platform. The annotation was completed by the individual
Blast search of the sequences of the selected enzymes
against the NCBI website, using appropriate model and
parameters of the standard protein BLAST suite including
non-redundant protein sequences for the type of the database
search, maximum 100 match for the target sequences, the
expected threshold was 0.05, for the scoring parameters;
matrix = BLOSUMG62, gap costs = existence: 11 extension:
1, and the compositional adjustments = conditional
compositional score matrix adjustment, so the most likely
homologous sequences could be obtained.

Phylogenetic analysis

The MegaX software (Blin et al 2017) was used to construct
the phylogenetic tree for the selected terpene synthases of
the three species. The most appropriate model for the aligned
sequence was estimated using the following parameters, for
example, to test the tree reliability we used the bootstrap
method with an average of 50 replicates, and the gaps\
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missing data were treated with partial deletion, while
95% was used to define the site coverage for all alignment
positions. The initial tree was automatically estimated by
selecting the option neighbour-Join and BioNJ and then
applying the Nearest-Neighbor-Interchange parameter.

Results and discussion

Secondary metabolite profile of V. vinifera, F. vesca
and O. europaea and their associated biosynthetic
gene clusters

In total, 24 terpene-like genes were predicted in the three
selected genomes and symbolised as G1-G10, S1-S12 and
01-02 for grape, strawberry and olive respectfully. These
preliminary findings were further verified via the Interpro
platform and an extensive literature search on the mentioned
compounds, revealing their chemical and biological
properties as well as their pharmaceutical potentials and are
described in the below sections and Table 1.

Cycloartenol

Cycloartenol is a triterpene precursor that undergoes
sequential enzymatic transformation (mainly oxidative
reactions), to ultimately lead to functional sterol compounds,
such as ergosterol and cholesterol. Cycloartenol synthase is
evolutionary related to the enzyme squalene cyclase which
converts S-2,3-epoxysqualene to lanosterol in fungi (Godio
et al 2004) and converts squalene to diplopterol in bacteria
(Xue et al 2012; Van Der Donk 2015). The key enzymes
for the chemical transformation of sterol like compounds
include the sterol-4-alpha-methyl-oxidase (erg25) which
is responsible for the accumulation of 4, 4-dimethyl-
zymosterol. The second enzyme is 4 alpha-carboxysterol-3
beta- hydroxysteroid dehydrogenase (erg26), which belongs
to the short-chain dehydrogenase/reductase family. The third
enzyme is the steron reductase (erg27), which is responsible
for the production of the 4-desmethyl sterol derivative. The
other enzymes included in this multi-enzymatic system is
the cytochrome P450. Pharmacologically, cycloartenol has
shown a promising capability as antitumor, antioxidant,
antimicrobial agent as well as a key player in plant growth
(Dhar et al 2014; Darnet and Schaller 2019). As a phytosterol
derivative, cycloartenol represents a key precursor for the
biosynthesis of many sterol derivative compounds, and
reports on its specific enzyme in seaweeds and algae have
been published (Girard et al 2021); however, very little is
known about their exact biogenetic routes that deliver their
building blocks in grape specifically and in plants generally,
and this is mainly because of their low yield during normal
conditions. A blast search of the cycloartenol synthase
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sequences against the NCBI platform revealed other
potential producers of this compound, amongst which Rosa
chinensis, Prunus dulicis, and Quercus lobata have shown
the highest sequences similarities (over 60%). These findings
suggest the potential of many overlocked species as bioactive
molecules producers, and can guide more experimentally
verified data in planta, to better characterize our predicted
metabolic pathway of such medically important compounds.

Nerolidol or 3, 7, 11-trimethyl-1, 6, 10-dodecatrien-3ol

Nerolidol is an alcoholic alkene type of sesquiterpene
molecules, and very often considered as an analogue of
linalool. It is naturally distributed in different types of
flowers and plants. A large number of studies have confirmed
the effectiveness of nerolidol as antimicrobial, antioxidant,
antianxiety, anticancer as well as anti-nociceptive. In
addition to its medicinal uses, it is also used as a flavouring
and fragrance additive (McGinty et al 2010; Marques et al
2011; Ferreira et al 2012; Krist et al 2015). Properties like
the presence of a double bond and an asymmetric centre
at the C-6 and C-3 positions respectively, resulted in the
conformation of four isomeric forms of nerolidol. In terms of
its biosynthesis, nerolidol is naturally synthesised during the
conversion of farnesyl diphosphate to the 3S-(E)-nerolidol,
via nerolidol synthase that is present in the cytosol.
Although nerolidol synthase was previously described in
Zea mays and Celastrus angulatus (Richter et al 2016; Li
et al 2021a, b), our results demonstrate the first report of this
gene in two species: grape and strawberry, as well as other
three potential producers of nerolidol including the species
Camellia sinensis, Acer yangbiense, and Nyssa sinensis,
paving the road for further derivatisation and production of
many pharmaceutically useful products.

Valencene

Valencenes a rare sesquiterpene that is known for its aro-
matic sweetness. It is naturally occurring in citrus-scented
plants and their fruits, including Valencia orange, grapefruit,
nectarines, and tangerine. Valencene has many therapeutic
properties, such as antiallergy, antiinflammation and anti-
oxidant. It was also found to improve the chemotherapeutic
properties of some chemotherapy drugs such as doxorubicin.
Other uses of valencene include as a cleaning agent, insec-
ticide, in cosmetics, and for food flavour. Like many ter-
penes, valencene is synthesised directly from the farnesyl
diphosphate which is the branch point in the mevalonate
pathway (Cankar et al 2015) for the synthesis of many iso-
prene and squalene derivatives. Of the three investigated
genomes, only grape exhibited the presence of a likely asso-
ciated biosynthetic gene for valencene production. On the
other hand, the blast search of valencene synthase against the
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Table 1 Description of the core enzymes of the predicted BGCs

Enzyme\Gene Protein ID\GenBank Function Similar biosynthetic genes
1 GI = Cycloartenol BI1 Catalyses oxidosqualene to cycloartenol 1-Rosa chinensis,
2-Prunus dulicis,
3-Quercus lobata
2 G2 = Nerolidol synthase RVWS58717.1 Catalyses geranyl diphosphate to S-linalool 1-Camellia sinensis,
and farnesyl diphosphate to nerolidol 2-Acer yangbiense,
3-Nyssa sinensis
3 G3 = Valencene synthase NP_0012 .1 Converts geranyl diphosphate to valencene 1-Populus trichocarpa,
and alpha-selinene 2-Liquidambar formosana,
3-Castanea mollis
4 G4 = Alpha-farnesene synthase ADR74207.1 Catalyses geranyl diphosphate to linalool,  I- Nyssa sinensis,
beta myrcene, beta-ocimene and alpha- 2- Pistacia vera,
farnesene 3-Carpinus fangiana
5 G5 = Beta-amyrin synthase RVW17245.1 Catalyses oxidosqualene to beta-amyrin 1-Quercus lobata,
2-Castanea mollissima,
3-Malus domestica
6  G6 = Copalyl diphosphate synthase XP_019076716.1 Catalyses geranyl diphosphate to ent- 1-Quercus lobata,
copalyl diphosphate 2- Nyssa sinensis,
3- Juglans regia
7  G7 = Beta amyrin synthase XP_01 10.1 Catalyses the conversion of oxidosqualene I-Tetracentron sinense,
to beta-amyrin 2- Nyssa sinensis,
3-Punica granatum
8 G8 = Oxidosequalene cyclase XP_002264289.1 1- Nyssa sinensis,
2- Panax ginseng,
3-Quercus lobata
9  G9 = Isoprene synthase NP_001268188.1 Catalyses dimethylallyl diphosphate to 1- Nyssa sinensis,
isoprene. 2-Castania mollis,
3-Quercus lobata
10 G10 = Ent-kaurene synthase XP_010645100.1 Convert ent-copalyl diphosphate to ent- 1- Nyssa sinensis,
kaurl6-ene 2- Quercus suber,
3- Castanea mollissima
11 S1 = Alpha pinene synthase XP_004287071.1 Catalyses the biosynthetic of the olefins 1- Prunus culcis,
monoterpenes 2- Rosa chinensis,
3- Malus baccata
12 S2 = Ent-Kaurene synthase XP_011460572.1 1- Prunus dulcis,
2- Rosa chinensis,
3- Malus domestica
13 S3 = Germacrene-D- synthase XP_004294317.2 Catalyses the conversion of farnesyl 1- Prunus dulcis,
diphosphate to germacrene D 2- Rosa chinensis,
3- Malus domestica
14 S7 = Beta-amyrin synthase XP_011465764.1 Catalyses the conversion of oxidosqualene - Prunus dulcis,
to beta-amyrin 2- Rosa chinensis,
3- Morus notabilis
4- Ziziphus jujuba
15 S8 = Alpha-pinene synthase XP_004303538.1 1- Prunus dulcis,
2- Rosa chinensis,
3- Malus domestica
16 S9 = Lupeol\oxidosequalene Synthase XP_004305790.1 Catalyses lupeol synthesis I1- Rosa chinensis,
2-Pyrus bretschneideri,
3- Malus domestica
17 S10 = Tricyclene synthase or Alpha XP_004 1 Catalyses geranyl diphosphate to linalool, - Rosa chinensis,
farnesene beta myrcene, beta-ocimene and alpha-  2-Pyrus bretschneideri,
farnesene 3- Malus domestica
18 S11 = Lupeol synthase XP_011469191.1 Catalyses lupeol synthesis 1- Rosa chinensis,

2- Prunus armeniaca,
3-Juglans regia,
4- Punica granatum
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Table 1 (continued)

Enzyme\Gene

Protein ID\GenBank Function

Similar biosynthetic genes

19 S12 = Nerolidol synthase XP_011469191.1

Catalyses geranyl diphosphate to S-linalool I- Rosa chinensis,
and farnesyl diphosphate to nerolidol

2- Prunus avium,
3-Pyrus ussuriensis

NCBI database has revealed the presence of more potential
producers such as Populus trichocarpa, Liquidambar for-
mosana, and Castanea mollis. Valencene yield improvement
was attempted via the heterologous expression of valencene
cyclase in microorganisms, mainly Saccharomyces cerevi-
siae (Chen et al 2019; Quyang et al. 2019). However, these
studies involved no biosynthetic gene cluster characteriza-
tion, and low yield of end product, indicating the need for
further metabolic engineering of more associated\modifying
biosynthetic gene clusters.

Farnesene

Farnesene is a sesquiterpene-like compound with the basic
chemical structure C,;sH,,, and mostly found in plant oils,
especially aromatic ones such as orange and rose. In terms of
its commercial uses, farnesene has been used as an enhancer
element in diesel fuel, and as fragrance in cosmetics, in
addition to its uses in pharma industry (Cui et al 2019;
Liu et al 2020). Farnesene is one of the sesquiterpenes
that requires only one enzyme to be synthesised from
the ubiquitous precursor farnesyl diphosphate via the
mevalonate pathway (Asadollahi et al 2008; Liu et al 2021).
In our investigation, a farnesene synthase could be predicted
in the grape genome, in addition to three more species
including Nyssa sinensis, Pistacia vera, and Carpinus
fangiana. Previous reports of the production of farnesene
were mainly focused on engineering farnesene synthase
in heterologous hosts, particularly in the model organisms
Escherichia coli and S. cerevisiae, to increase its total yield
(Nguyen et al 2012; Li et al 2018; Rahman et al 2018;);
however, no biosynthetic manipulation was included in those
studies.

Beta-amyrin

Beta-amyrin is a pentacyclic triterpenoids member that is
rich in fatty acids, and formally known as 3beta-olean-12-
en-3-ol. There are three forms of amyrin: alpha, beta, and
sigma, sharing the same chemical formula C;)Hs,0. The
building blocks for beta-amyrin is oleanane molecules;
concurrently, it serves as precursor for several compounds
including erythrodiol, 24-hydroxy-beta-amyrin, and glycyr-
rhetaldehyde (Liu et al 2019). Beta-amyrin can be naturally
found in some types of food including pepper, wakame
and thistle. Pharmacologically, beta-amyrin is a potential
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anticancer, antioxidant, as well as a lipid profile enhancer
(Viet et al 2021). Here, four amyrin biosynthetic core genes
were predicted in both grape and strawberry genomes (two
for each genome), as well as one beta-amyrin synthase in
the following species, Quercus lobata, Castanea mollis-
sima, and Malus domestica. Amyrin synthase engineering
was attempted by Zhang et al (2015) to enhance the yield
of amyrin in the cytosolic parts of S. cerevisiae, using the
acetyl-CoA pathway, however, it was to a limited extent,
due to the high cost of precursors supplementation com-
bined with low yield improvement, making it unattractive
approach for an industrial scale production of amyrin like
compounds (Takemura et al 2017).

The diterpene member ent-copalyl diphosphate (ent-CPP)
or copalyl diphosphoric acid

This compound also rich in fatty acids, and can be naturally
found in sweet basil, eggplant, German camomile,
and cardoon (Rudolf et al 2016; Zhang et al 2020). In
terms of its medical uses, it has the potential of being a
biomarker molecule. There are not many studies on the
biological pathway of ent-CPP in plants, however, a
previous bioinformatic analysis of ent-CPP sequences from
Streptomyces platensis, postulated its role in converting
geranyl geranyl diphosphate to ent-CPP, which in turn can
be cyclised into two potent antibiotics, platensimycin and
platencin (Huang et al 2014). In our bioinformatic analysis
one enzyme for ent-CPP could be predicted in the grape
genome, and other three unannotated genomes belong to the
species Quercus lobata, Nyssa sinensis, and Juglans regia,
respectively.

Germacrene

Germacrene is a sesquiterpene compound that is chemically
known as (e,e)-germacra-1(10), 4,7 (11)-triene. The
presence of the cyclodecane ring in germacrene helped
in differentiating it from other volatile organic molecules.
There are five isomers of germacrene (A-G), amongst
which, germacrene A and D are the most prominent ones
(Liicker et al 2004; Hu et al 2017). The medical uses of
germacrene include inhibition of tumours, free radicals
fighter, microbial inhibition, in addition to its uses as a
food additive and in flavouring. Previous investigation of
germacrene D synthase involved cloning the gene from a
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number of species including Lycopersicon hirsutum, Rosa
hybrida, Solidago canadiensis, and Ocimum basilicum
(Prosser et al 2004); however, in our research, we were able
to predict four different core enzymes that are located in
different loci of strawberry’s genome, and we could also
predict homologous genes in the following species, Prunus
dulcis, Rosa chinensis, and M. domestica. Revealing such
possible pathways will probe future studies on expanding
the spectrum of medicinally valuable germacrene like
compounds in plants.

Alpha-pinene

Alpha-pinene is a bicyclic monoterpene-like compound
which is also known as acintene. It has two forms: the alpha
and beta pinene, with the chemical formula C,,H4; both
are among the main representatives of the volatile profile
of coniferous trees. Due to their bicyclic nature, pinenes
participate in the cyclization of many organic molecules
including geraniol, citral, citronellal, linalool, as well as
their applications as antimicrobial, anticancer, antioxidant,
food additive, perfume ingredient, and as precursors for
bakery and polymeric products (Vespernnann et al. 2017;
Winnacker 2018; Salehi et al 2019). Amongst the three
analysed genomes, only strawberry showed the presence of
one biosynthetic core gene that is likely responsible for the
production of pinene molecules. Additionally, three more
species were predicted as potential producers of alpha-
pinene; those included, Prunus dulcis, Rosa chinensis, and
M. domestica. Although, there were many reports on the
chemical characterisation of alpha-pinene from different
plants and fungi, no genetic background could be linked to
their specific biosynthetic gene clusters (Sarria et al 2014;
Papa et al 2017; Niu et al 2018; Weston-Green 2021). Our
in silico analysis, therefore, represents a promising start for
in depth research of monoterpenes production modification
and improvement in general, and alpha-pinene in particular.

Lupeol

Lupeol is a triterpene molecule with the chemical formula
C50Hs50O that is naturally synthesized in many plants
including wild carrot, canola, European plum, wild rice,
green pepper, olives, strawberry, and grapes. In terms
of its chemical properties, lupeol has several functional
groups (e.g. methyl and hydroxyl), and one olefinic
function, resulting in its pentacyclic nature. Like many
other terpenoids, lupeol exhibits many biological activities,
including activities against tumours, pathogenic microbes,
inflammation, free radicals, heart disorders, arthritis, renal
and hepatic toxicities (Saleem 2009; Li et al 2021a, b;
Chéez-Guaranda et al 2021). Two enzymes that are likely
associated with lupeol synthesis could be predicted in

strawberry’s genome. The other three species that seems to
have lupeol synthase in their genome were Rosa chinensis,
Pyrus bretschneideri, M. domestica, Prunus armeniaca,
Juglans regia, and Punica granatum. Due to its wide
spectrum pharmacological properties, lupeol production
improvement was investigated by many researchers, where
different sources of the lupeol synthase, and different host
organisms were attempted (Lin et al 2016; D'Adamo et al
2019; Qiao et al 2019). Again, no specific BGCs were
evaluated genomically or evolutionarily.

Iridoid

Iridoid is a member of a large group of cyclopentane pyran
monoterpene compounds that are composed of two carbon
substitutions: secoiridoid and iridoid (Wang et al. 2020).
They are widely distributed in the dicotyledonous species,
mainly in Oleaceae, Labiatae, Pyrolaceae, and Rubiaceae.
The biosynthesis of iridoid compounds mainly originates
from the ubiquitin precursor geranyl pyrophosphate,
followed by a series of reactions such as oxidation,
reduction, and methylation (Leisner et al. 2017; Kouda et al.
2020). The resulting iridoid in turn will go through further
modification: cyclopentane ring opening, carbonyl group
oxidation and phenolic moiety conjugation, to produce the
secoiridoid derivatives. This putative pathway is proposed
to specifically occur in the Oleaceae family; however, no
experimental evidence on their specific reactions has been
reported (Bai et al. 2018). Due to the presence of the above-
mentioned functional groups (mostly hydroxyl groups),
iridoids can be derived into several glycosidic forms,
including secoiridoid glycosides, iridoid glycosides, bis-
iridoid and non-glycosidic iridoids. This structural diversity
has expanded their pharmaceutical effects, especially as anti-
inflammation, anticancer, antioxidant agents (Cadiz-Gurrea
et al. 2021). Our gene function annotation revealed the
presence of one predicted iridoid synthase in olive’s genome
among the three investigated genomes, as well as three other
species: Handroanthus impetiginosus, Phtheirospermum
Jjaponica, and Buddleja alternifolia.

A brief description of the functional properties of the
putative enzymes which were predicted using the Interpro
database, including description of enzyme function,
sequence identity, and their homologous enzymes in other
species, is listed in Table 1.

Biosynthetic gene clusters prediction

To investigate whether grape, strawberry and olive, have
biosynthetic gene clusters in common, the genomes of the
three species were mined, and several secondary metabo-
lite biosynthetic gene clusters were predicted. An overall
of the predicted biosynthetic gene clusters is presented in
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Table 2 shows details of the predicted biosynthetic gene clusters in
three investigated plants, grape, strawberry, and olive

Secondary metabolite Vitis vinifera  Fragaria Olea

cluster vesca europaea
1 Terpene 10 12 2
2 PKS 3 2 1
3 Saccharide 12 14 7
4 Lignan 2 0 1
5 Alkaloid 5 3 1
6 Saccharide-terpene 1 0 0
7 Lignan-terpene 1 0 0
8 Saccharide-alkaloid 1 0 0
9 Saccharide-PKS 0 0 1
10 Putative 11 2 3

Fig. 1 Demonstration of the
genetic structure of the pre-
dicted terpene BGCs of Vitis
vinifera and the product of their
key enzymes (different sizes and
directions of blobs represent

& Cycloartenol synthase

> Hypothetical protein

Table 2 and Figs. 1, 2 and 3. Of the 46 predicted clusters
in V. vinifera (grape), 10 appear to be associated with ter-
pene-like compounds production, including cycloartenol,
nerolidol, valencene, alpha-farnesene, beta-amyrin, copalyl
diphosphate, oxidosequalene, isoprene, ent-kaur-16-ene,
while of the 33 predicted clusters in F. vesca (strawberry),
12 were related to terpenoid like compounds, including
ent-kaur-16-ene, germacrene, beta-amyrin, alpha-pinene,
lupeol, franesene and nerolidol. Finally, of the 14 predicted
biosynthetic gene clusters in O. europaea (olive), two were
most likely correlated to terpene derivatives such as alpha-
farnesene and iridoid.
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Fig. 2 Illustration of the terpene

BGCs and their building blocks
in Fragaria vesca (different
sizes and directions of blobs
represent different genes sizes
and their 5-3 prime direction,
gene with similar colour have
similar predicted function)

Fig.3 Schematic diagram of
the two putative terpene BGCs
in Olea europaea (diftferent
sizes of blobs and directions of
arrows represent different genes
sizes and their 5-3 prime direc-
tion, gene with similar colour
have similar predicted function)
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Grape biosynthetic gene clusters annotation

Sequences analysis of the grape genome resulted in the
prediction of ten putative terpene BGCs that are illustrated
in the following sections and Fig. 1.

1.

Two cycloartenol\oxdiosequalene BGCs (A & B) were
predicted in the grape genome. Cluster A spans 73 kb,
and consists of five genes, four of which were predicted
as cycloartenol synthase, and one as hypothetical or
functionally uncharacterised protein. The presence
of several cycloartenol synthase suggest that some of
these genes might be duplicated or pseudogenes, or they
might be misassembled during the genome assembly
process. On the other hand, the other cycloartenol BGC
(cluster B), was predicted to have eight biosynthetic
genes within its 330 kb DNA region. Biosynthetic
genes like serine carboxypeptidase and cytochrome
P450 were among the predicted genes in this cluster.
Whole cluster blast search via antiSMASH platform
for cluster A revealed no significant similarity with
other BGCs in other species; however, for cluster B, we
could observe one homologous BGC that is located in
the genome of Gossypium raimondii on chromosome 9,
suggesting familiar synthesis path for cycloartenol and
its derivatives in this species.

Nerolidol BGC included six genes, however, all of them
were predicted as nerolidol synthase. The cluster was
predicted to occupy a 70 kb region of the genome. The
blast search against other species genomes, returned
with almost a homologous (60% similarity) BGC that is
located on the chromosome-16 of the Manihot esculenta
genome.

In the valencene BGC, seventeen biosynthetic genes
were predicted, however, and similarly to the nerolidol
BGC all were predicted as valencene synthase. The
borders of this cluster were overlapping a 737 kb
region. Several BGCs of unannotated genomes of other
species appeared to share high sequence similarity
with this predicted BGC, including 100% with Arachis
ipaensis on chromosome 8, 71% with Citrus sinensis
on chromosome 4 and 74% with Eucalyptus grandis
extracted from phytozome platform.

Alpha-farnesene is of a 43 kb size BGC that was
predicted to involve eight biosynthetic gene clusters,
of which two were predicted as alpha-farnesene
synthase, and two as anthocyanidin reductase, the
other four were functionally unknown and annotated as
hypothetical protein. Genome comparison with other
species, revealed the presence of two homologous
BGCs, one was located in Theobroma cacao genome
on chromosome 7 and the other one was located in
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Glycine max genome on chromosome 82; both had 50%
sequence similarity with our annotated cluster.

Two putative beta-amyrin BGCs (A & B) could be
predicted in the investigated grape genome. Cluster A
consisted of nine biosynthetic genes and occupied 46
kb region of the DNA. In addition to the core enzyme
amyrin synthase, a beta-amyrin oxidase was predicted.
The remaining genes were annotated as hypothetical
proteins. Two separated BGCs, one on chromosome
4 in Aquilegia coerulea, and one on chromosome 10
in Raimondii chromosom, have shown 70% and 60%
sequence similarity respectively with our beta-amyrin
BGC-A. While, cluster B organisation, involved fifteen
biosynthetic genes, that spans 391 kb. In addition to the
beta-amyrin synthase, a gibberellin beta dioxygenase
was also predicted within this cluster as well as several
functionally unknown genes. Apparently, amyrin
derivatives production is common in plants as our cluster
analysis has revealed many and almost identical BGCs
that are located in genomes of different species of which,
T. cacao chromosome 6, A. coerulea chromosome 4,
and P. persica, have shown 100% sequence similarity,
and Gossypium raimondii chromosome 9, Solanum
lycopersicum chromosome 12, Camelina sativa
chromosome 9, Arabidopsis lyrata, Capsella grandiflora
extracted from phtozome, Boechera stricta extracted
from phytozome, have shown 60% sequence similarity.
Copalyl diphosphate BGC, had a size of 93 kb,
in which eight biosynthetic genes were annotated.
Those genes were predicted as copalyl diphosphate
synthase, N-terminal acetyltransferase, and hypothetical
proteins. This predicted BGC has shown 66% sequence
homologous with both Prunus persica and G. raimondii
on chromosome 4, as well as 50% sequence homologous
with the Populus trichocarpa chromosome 2.

Isoprene BGC, ten biosynthetic genes were annotated
in this 211 kb cluster, including geranyltransferase
and several hypothetical proteins, similarity to the
cycloartenol BGC, isoprene BGC displayed a 50%
sequence similarity with a BGC from the Citrus sinensis
on chromosome 2.

Ent-kaurene BGC is a hybrid cluster of terpene and
saccharide compounds biosynthesis, with the size
of 150 kb, that is include nine genes. Anthocyanidin
3-O-glucosyltransferase and 2-dehydro-3-deoxy
phosphooctonate aldolase were among the annotated
key enzymes in this cluster. Ent-kaurene BGC showed
the following sequence similarity 62%, 50%, 50%
and 50% with other BGCs located on genomes of the
species, Arabidopsis thaliana chromosome 1, Camelian
sativa chromosome 16, Boechera stricta scaffold
20129 extracted from phytozome, Populua trichocarpa
chromosome 8, respectively.
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Strawberry gene clusters annotation

For the strawberry genome analysis, twelve terpenoid BGCs
were predicted and described in the below sections and
Fig. 2.

1. Two separate Alpha-pinene BGCs (A&B) were
predicted in the strawberry genome. For cluster A, eleven
biosynthetic genes could be annotated and occupied in
a 36 kb length. The closest adjacent gene to the alpha-
pinene synthase was predicted as aminocyclopropane-
1-carboxylate oxidase as well as several hypothetical
proteins. No homologous BGC could be found in other
species during our sequence blast analysis. For alpha
pinene BGC-A, it was predicted to be 155 kb involving
twelve biosynthetic genes. Functional annotation of
its genes uncovered the presence of several modifying
genes, such as oxidoreductase and aminocyclopropane-
1-carboxylate oxidase. Similarly to cluster A, no
significant sequence similarity in other species could
be found in the database for cluster B.

2. Ent-kaurene BGC identified as a cluster of nine
biosynthetic genes, with border length of 96 kb. The
cluster consisted of three ent-kaurene synthases as well
as one cytochrome P450 and a number of hypothetical
proteins. Cluster sequences blast against other species,
has returned with no significant similarities.

3. Germacrene D, four biosynthetic gene clusters A,
B, C, and D with the following sizes, 116 kb, 127 kb,
114 kb, and 37 kb, appeared to have the germacrene-D
synthase as its core enzyme, among which only one
BGC showed 50% sequence similarity with a BGC
on chromosome 5 of the Citrus sinensis genome.
Several modifying genes such as methyltransferase,
carboxylesterase, acyltransferase, cytochrome P450
and aminocyclpropane-1-carboxylate oxidase were also
predicted in these clusters.

4. Beta amyrin BGC annotation revealed the size of this
cluster as 171 kb, and the presence of five biosynthetic
genes including the beta amyrin synthase. Two of
these biosynthetic genes were predicted as cytochrome
P450s, and the other two were predicted as hypothetical
proteins. Sequences similarity investigation revealed
the presence of many homologous biosynthetic genes
in different species with the following percentages, 71%
in each of Camelina sativa on chromosome 9, Capsella
grandiflora scaffold 1361, Boechera stricta scaffold
20129, and 57% in both Brassica rapa and Arabidopsis
Iyrate extracted from phytozome, and 85% and 100% in
Phaseolus vulgaris on chromosome 10, and P. persica
respectively.

5. Nerolidol BGC is a biosynthetic cluster that consists of
eleven genes 65 kb in length. Anthocyanidin reductase

was one of the predicted biosynthetic genes as well as
several hypothetical proteins. A putative BGC with 57%
homologous genes was found in P. persica genome.

6. Two Lupeol\oxidosequalene BGCs (A&B) with
the length of 73 kb and 150 kb respectively,
were predicted. There clusters structure involved
nineteen and seven biosynthetic genes, in addition
to their core enzyme. Those genes included
NADH ubiquinone oxidoreductase, shikimate-O-
hydroxycinnamoyltransferase, 2- oxoglutarate dependent
dioxygenase, and a number of functionally unknown
genes.

7. Tricyclene beta ocimene BGC length was predicted to
be 52 kb which included six genes within its border.
Cytochrome P450 and coumaroyltranferase genes, were
among those predicted genes.

Olive gene clusters annotation

The olive genome appeared to have two terpene BGCs, as
described below and in Fig. 3.

1. Iridoid BGC was predicted to span a DNA region of 249
kb, and consist of 12 candidate genes; cytochrome P450
and lipoxygenase were among the predicted modifying
genes. No significant sequence similarities could
be detected in our blast search against other species
genomes.

2. Alpha farnesene BGC, in this 180 kb BGC a total of
13 biosynthetic genes were predicted. Several tailoring
genes were putatively annotated including cytochrome
P450, and Gibberellin-2- beta-dioxygenase. Similarly, to
iridoid BGC, no homologous BGC could be predicted
during the sequences analysis.

Phylogenetic tree analysis

The MegaX software was used to construct the phylogenetic
tree for the selected terpene synthases of the three species.
The most appropriate model for the aligned sequence was
estimated using the following parameters, for example, we
used the bootstrap method with an average of 50 replicates
to test the tree reliability, and the gaps\missing data were
treated with partial deletion, while 95% was used to define
the site coverage for all alignment positions. The initial
tree was automatically estimated by selecting the option
neighbour-Join and BioNJ and then applying the Nearest-
Neighbor-Interchange parameter. Our tree was constructed
using the sequences of the predicted terpene synthase of the
three species (total = 24 genes), to investigate the potential
of sequence homology among the selected species.

It is known that taxonomically related plants produce
chemically similar yet structurally divergent specialised
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secondary metabolites, and often, this structural diversity
can alter the pharmaceutical and the biological properties
of these organic molecules. These chemical and biological
differences in plants’ end products, might be due to their
adaptation response to their environment’s selective pressure,
such as pathogens and insect attacks, as well as random
genetic drift (Frey et al 1997; Fan et al 2020). Therefore,
more future BGCs related investigations will provide
closer insight into the mechanisms and pathways that those
secondary metabolites utilise during the interaction between
their native producers and the surrounding environment
and could propose gene sets for the improvement of crop
and medicinally important compounds production through
metabolic engineering in heterologous organisms such as
tobacco, yeast, and E. coli (Lin et al 2016; Calegario et al
2016; Owen et al 2017).

Five terpene synthases including germacrene D (S2),
germacrene D (S3), germacrene D (S4), germacrene D
(S5), alpha pinene (S7) from strawberry were clustered in
clade 1 with valencene (G3) from grape as a close relative,
indicating their similarity in terms of their catalytic activ-
ity. As for clade 2, it consisted of five terpene synthases;
two of them nerolidol (S12) and alpha-farnesen synthase

Fig.4 Maximum likelihood tree
of the core terpene enzymes

of the three species, grape,
strawberry, and olive. Grape
terpene synthases labelled as =
Cycloartenol-A (G1), Nerolidol
(G2), Valencene (G3), Alpha-
farnesene (G4), Beta-amyrin
(GS5), Copalyl diphosphate (G6),
Beta-amyrin synthase (G7),
Cycloartenol-B (G8), Isoprene
(G9), Ent-kaurene (G10).
Strawberry terpene synthases
labelled as= alpha-pinene (S1),
Ent-kaurene (S2), Alpha pinene
(S3), Germacrene-D1 (S4),
Germacrene-D2 (S5), Germac-
rene-D3 (S86), Germacrene-D4
(S7), Alpha-pinene (S8), Beta
amyrin (S9), Beta-ocimene
(S10), Lupeol (S11), Nerolidol
(S12). Olive terpene synthases
labelled as = Iridoid (O1),
Alpha-farnesene (02)
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(S9) were from strawberry, and the other two Isoprene (G9)
and alpha-farnesene (G4) from grape which was clustered
closely with terpene synthase (O2) from olive, and shared
100% sequence similarity with it, suggesting their identical
cyclization pattern. In contrast to clade 1, clade 3 included
three terpene synthases from grape nerolidol (G2), copalyl
diphosphate (G6), ent-kaurene (G10) and one enzyme ent-
kaurene (S1) from strawberry, of which G10 and S1 were
100% identical. The remaining enzymes for both strawberry
beta-amyrin (S8), copalyl diphosphate 6, lupeol 11, lupeol
10 and grape G5 beta amyrin, amyrin synthase7, cycloarte-
nol 8, cycloartenol 1 were placed together in clade 4, again,
proposing their cyclization types of similarity and their evo-
lutionary relationship (see Fig. 4 for more details). It can be
said that our tree demonstrates the evolutionary relation-
ship between the compounds described above, as despite
the three selected species being taxonomically unrelated,
many enzymes that putatively produce structurally diverse
chemicals were clustered in one clade, indicating that these
genes are evolutionarily conserved and that they have similar
motifs. The prediction of such sequences and mode of action
similarities motivates future metabolic engineering of the
selected enzymes and their end products.
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Conclusion

Plants represent inexhaustible source of specialised
secondary metabolites. These secondary metabolites can
provide protection for their producers against microbial
pathogens or herbivores. In addition to their ecological
roles secondary metabolites can serve as drug precursors
in the drug industry. The first BGC in plants was reported
two decades ago (Frey et al 1997; Kumar et al 2016a, b),
ever since, many clusters have been described, as more
sequencing tools developed and become accessible. The
chemical profile of the three species has been broadly
studied, and a wide range of medicinally valuable
compounds have been described, however, very little
is known about their genetic background. To this end a
BLAST)p search was carried out using the sequence of the
core enzymes that have been identified via antiSMASH tool,
to possibly identify the exact compounds that are likely
produced by those enzymes. This analysis has enabled us to
highlight a group of core enzymes that are correlated to the
production of molecules including cycloartenol, nerolidol,
valencene, farnesene, beta-amyrin, ent-copalyl diphosphate,
germacrene, alpha-pinene, lupeol and iridoid.

The three species selected here produce monoterpene
and triterpenes derived compounds, and in our genome
mining, we observed subtle, but possibly important
pathway derivatisation, that could possibly lead to
structural modification of their end products. By annotating
and comparing the key enzymes and their BGCs with
other species, we could putatively correlate the genomic
structure of many previously overlocked pharmaceutically
valuable compounds, such as cycloartenol, nerolidol,
valencene, farnesene, beta-amyrin lupeol in three globally
important species. Such in-silico analysis offers compelling
evidence of genomic features of many medically important
molecules, and putatively linking them to their specific
biosynthetic gene clusters and substituting many laborious
in vitro screening of certain enzymes. Moreover, our gene
function annotation, and comparative biosynthetic gene
cluster analyses shed light on the genetic background and
the putative biochemical functions of many previously
uncharacterised pathways in the selected plants as well as
other species.

Despite the abundant chemical profiles of our selected
plants, their biosynthesis pathways remain unsolved. Our
putative BGCs have been characterised for many compound
scaffolds, especially pathways of tri-di-sesquiterpenoids
biosynthesis. The abundance of these BGCs was diverse
across the selected species, as they ranged from 2 to 10
or more, such clusters may occupy a genomic regions of
36 kb up to several hundreds of kilobytes to include five
to 20 candidate genes within their borders. Most of our

BGCs encoded enzymes that are specialised in catalysing
the production of unique backbones for the synthesis of
specific specialised metabolites, such as the rare valencene
and the multifunctional cycloartenol. In addition to the
core enzymes, our BGCs collections included tailoring
genes and regulatory elements (e.g., cytochrome P450,
methyltransferase and several oxido-reductase genes) to
further modify the synthesised backbones and channel
them into specific pathways. The elucidation of these
BGCs therefore, will facilitate the investigation\discovery
of several sophisticated metabolic pathways and further
expand their chemical diversification\properties, as well
as the biogenetic origin of many related plants secondary
metabolites. It can also define the role of those secondary
metabolites in the interaction between the plants and their
competitive inhabitants (e.g., insects and microbes), and
ultimately provide solutions for enhancing their adverse
biotic\abiotic conditions. Our investigation represents a
step forward towards the characterisation\modification of
potential novel chemicals, that are of urgent need to defeat
the arising antibiotic resistance.
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