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Abstract

The volatile monoterpene metabolites camphor and borneol are considered undesired
constituents of high-end lavender essential oils (EO) produced for the cosmetic industry. In plants, these
metabolites are derived from borneol diphosphate (BPP), which itself results from the rearrangement of
geranyl diphosphate (GPP) via a reaction catalyzed by the enzyme borneol diphosphate synthase (BPPS).
Mahmoud group has recently cloned a unique BPPS gene from Lavandula x intermedia (the LiBPPS).
However, the in planta role of this gene has not been evaluated. In this study, we aimed to confirm the in
planta function of LiBPPS through its constitutive expression in sense and antisense in spike lavender (L.
latifolia). To achieve this goal, the coding sequence of LiBPPS was placed under the control of the
Cauliflower Mosaic Virus 35S (CaMV35S) promoter in sense and antisense orientations, and stably
expressed in transformed L. latifolia plants via Agrobacterium-mediated transformation using

hygromycin as a selectable marker.

We evaluated the effect of LiBPPS overexpression (in sense and antisense) on abundance of
BPPS transcript in transformed plants. As anticipated, overexpression of LiBPPS in sense resulted in an
increase in BPPS mRNA levels, while overexpression of the gene in antisense led to a decrease in BPPS

MRNA levels in transgenic plants.

To determine whether altering the expression of BPPS influenced EO vyield, and abundances of
camphor, borneol and other monoterpenes, we analyzed the EO of the transgenic plants by gas
chromatography mass spectrometry (GC-MS). Manipulating BPPS expression did not have a significant
effect on oil yield. However, we observed a significant reduction in borneol and camphor, and a
significant increase in the production of other EO constituents such as 1,8 cineole and limonene in 90.9 %
of the BPPS-antisense plants relative to wild-type plants. Furthermore, meeting our expectations, 60% of
the BPPS-sense plants produced higher levels of camphor and borneol, and lower amounts of other oil

constituents including limonene and 1,8 cineole compared with wild-type plants. Results obtained in this



study provide insight into the regulation of camphor production in lavenders, and confirm that

monoterpene metabolism can be modified through genetic manipulation of terpene synthase expression.



Lay Summary

This thesis aimed to investigate the function of the enzyme borneol diphosphate synthase from
Lavandin (Lavandula x intermedia) (LiBPPS) through the expression of the LiBPPS gene in spike
lavender. To achieve this goal, the LiBPPS gene was expressed in sense and antisense orientations in
stably transformed spike lavender plants. The effects of LiBPPS overexpression on the abundance of
BPPS transcript in transformed plants were then evaluated by Polymerase Chain Reaction (PCR). As
well, the effects of LiBPPS overexpression on the production of EO, and EO constituents borneol and
camphor were evaluated by gas chromatography / mass spectrometry. The results confirmed the function
of LiBPPS, and demonstrated that altering the expression of the LiBPPS gene can affect production

of borneol and camphor in transformed plants.
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Chapter 1: Introduction

1.1 Lavenders

Lavenders are perennial shrubs in the genus Lavandula, in the mint family (Lamiaceae). The
genus Lavandula comprises of over 30 species, about 400 cultivars, and hybrid varieties, which differ by
growth habit, morphological characters, and chemical composition (Lesage-Meessen et al., 2015). Among
the existing species, only three are commercially cultivated worldwide for the production of their
essential oil (EO): Lavandula angustifolia, commonly known as English Lavender, the most common
lavender with many pretty cultivars, and blossom colour; Lavandula latifolia or spike lavender, a
Mediterranean grass-like lavender; and Lavandula x intermedia or lavandin, which is a sterile cross

between L. latifolia and L. angustifolia (Koulivand et al., 2013; Sarker et al., 2012; Woronuk et al., 2011).

Although Lavenders originate from the Mediterranean region, they are now cultivated largely in
Europe, Canary Islands, Madeira, North Africa, South West Asia, Arabian Peninsula, India, North and
South America (Aprotosoaie et al., 2017). While France, Bulgaria, UK, China, Ukraine, Spain, and
Morocco are the world’s top producers of lavender EO, lavandin and spike lavender are largely cultivated

in France and Spain (Lesage-Meessen et al., 2015).

Lavender EO (EO) is a complex mixture of volatile compounds, including monoterpenes (Cio)
and sesquiterpenes (Cis), which are produced mainly in the glandular trichome secretary cells localizing
the surfaces of leaves and floral tissues (Guo et al., 2020). Lavenders are famous for their monoterpenes
as the main constituent in their EO, which is widely used in pharmaceutical preparations, the perfumery

industry, and cosmetics (Falk et al., 2009; Juan Segura et al., 2019).

The major monoterpenes found in EO of lavenders include linalool, linalyl acetate, borneol,
camphor, and 1,8-Cineole. These constituents are varied based on the lavender species. The major
components of the cultivated Lavandula species are the following: linalyl acetate, linalool, f-Ocimene,

terpinen-4-ol, lavandulyl acetate and borneol for lavender oil; linalool, 1,8-Cineole, camphor, borneol for
1



spike lavender oil; and linalool, linalyl acetate, camphor, 1,8-Cineole and borneol for lavandin oil
(Aprotosoaie et al., 2017; Lauren Alexandra Elizabeth Erland, 2015; Lesage-Meessen et al., 2015; Upson

et al., 2004) (Table 1).

Table 1. Chemical composition of major monoterpenes in lavender (L. angustifolia), spike lavender (L. latifolia) and lavandin (L.
X intermedia) as a percentage of total oil composition.

Compound L. angustifolia L. latifolia L. x intermedia
1,8-Cineole Trace 22-27 4-7
Camphor Trace 12-16 6-8
Linalool 25-38 27-41 25-47
Linalyl acetate 25-45 Trace 26-48
Terpinen-4-ol 4-5 Trace Trace
B-Ocimene 3-4 Trace Trace
Borneol 0-24 0.16-5.9 1.71-26
Lavandulyl acetate 2-35 Trace 0-3.1
Limonene 0-1 0.5-3 0.5-15

The typical olfactory characteristics of oil quality depend on the ratio of undesirable to desirable
monoterpenes (Despinasse et al., 2017). The finest and most desired lavender oils contain high
percentages of linalool and linalyl acetate, and are used in the cosmetic and flavour industries, while oil

2




quality and the prize of the essence drops with increasing camphor and 1,8 cineole ratios (Aprotosoaie et

al., 2017; Duskova et al., 2016; Juan Segura et al., 2019; Woronuk et al., 2011).

L. angustifolia (English lavender) has the most favourable lavender oils with high
linalool/linalyl acetate and low camphor, and is used for the perfumery industry. Spike lavender yields
more EO, but with a higher level of unpleasant camphor and borneol, making it unpleasant for cosmetics
and perfumes. Lavendin, crossed lavender, produces much more oils than English lavender (120 kg/ ha
compared to 40 kg/ha) but has lower application in perfumery and therapy due to the high levels of
unpleasant camphor and borneol (Aprotosoaie et al., 2017; Juan Segura et al., 2019). 1, 8-cineole has an
aromatic camphor-like odour while camphor presents musty, penetrating, slightly minty notes. Also,
borneol is found in the EO from leaves and aerial parts than in lavender flowers EO (Aprotosoaie et al.,
2017; Salido et al., 2004). Limonene has been used as an insecticide to control ectoparasites of pet
animals and might be employed for pest and weed control in agriculture. Also, linalool content is a trace
monoterpenes found in leaves and but with higher content (more than 15% of the total oil) in flowers of

spike lavender (Juan Segura et al., 2019).

1.2 Lavender EO

EO are volatile compounds plants produce for their protection rather than nutrition. Essentials
oils are accumulated in secretory cells of glandular trichomes present on stem, leaf, fruit, and main flower
in plants. Trichomes are globules with secretary cells, stalk, and storage cavity (Chamorro, 2012). These
structures (especially in the Lamiaceae family) are involved in plant defense against herbivores and
pathogens and deterring insects (Sharifi-Rad et al., 2017). They also have non-defensive roles, such as
temperature regulation, light reflectance, protection against UV, decreased water loss and photosynthesis
(via light reflection), the attraction of pollinators, mediate allopathy and seed dispersal (Glas et al., 2012;

Santos Tozin et al., 2016).



Lavender has a long history of medical usage. The lavender EO has been known for its
antidepressive, anxiolytic, sedative, anticonvulsant, analgesic activity. It also has shown antioxidant,
antifungal, antimicrobial, anti-inflammatory, spasmolytic, carminative properties (Baker et al., 2012;
Sharifi-Rad et al., 2017) It also has applications in insect & pest control, cosmetics, and the food

industries, aromatherapy massage, and bathing (Koulivand et al., 2013; Wells et al., 2018).

Several studies have reported the mechanism of action of lavender EO in neuronal tissues.
Lavender EO has neuroprotective activity against cerebral ischemia and alleviated neurological function,
which might be associated with the augmentation in endogenous antioxidant defense and inhibiting
oxidative stress in the brain (Vakili et al., 2014; D. Wang et al., 2012). Exposure to lavender is reported to
reverse spatial memory deficits induced by dysfunction of the cholinergic system. Linalool and
linalyl acetate act as anxiolytic and antidepressive agents and improve spatial memory deficits (Hritcu et

al., 2012).

Sedative, anesthetic, and antispasmodic actions have been reported due to linalool and linalyl
acetate activity. Also, linalool, 1, 8-cineole, camphor, terpineol, and o-and B-pinene have shown
antibacterial and antifungal activity (Blazekovi¢ et al., 2010; Lesage-Meessen et al., 2015; Moon et al.,
2007). Insecticidal and insect repellent properties have been attributed to limonene, borneol, linalool,
linalyl acetate, and 1,8-cineole (Rozman et al., 2007; Attia et al., 2016; Germinara et al., 2017). Also,
monoterpenes such as linalool, camphene, and 1,8-cineole and camphor, are involved in pollinator
attraction, mediating plant to plant interactions, and allelopathy (Mahmoud & Croteau, 2002; Okamoto et
al., 2011). Oils obtained for the alternative medicine sector usually come from spike lavender with high

levels of linalool, camphor, and 1, 8-cineole, but trace linalool acetate (Sarker et al., 2012).

Although short-term treatment of lavender for some neurological disorders is recommended,
long-term trials are needed as a precaution (Koulivand et al., 2013). It is reported that lavender and

lavandin oils may also have toxic effects at certain doses and these effects are especially due to linalool,


https://www-sciencedirect-com.ezproxy.library.ubc.ca/topics/medicine-and-dentistry/linalool
https://www-sciencedirect-com.ezproxy.library.ubc.ca/topics/medicine-and-dentistry/acetic-acid
https://www-sciencedirect-com.ezproxy.library.ubc.ca/topics/medicine-and-dentistry/anxiolytic
https://www-sciencedirect-com.ezproxy.library.ubc.ca/topics/medicine-and-dentistry/spatial-memory

camphor, and linalyl acetate. Also, camphor at higher concentrations might have serious consequences,
including convulsions, coma, heart failure, circulatory collapse, abortion, and even death (W. Chen et al.,

2013; Lesage-Meessen et al., 2015).

Also, the antibacterial effect of lavender EO against Escherichia coli O157: H7, Staphylococcus
aureus, Listeria monocytogenes, Bacillus cereus and Salmonella typhimurium have been researched.
Some studies have reported the antifungal activity of lavender EO against Candida albicans, Aspergilus
niger, and plant pathogenic fungi like Botrytis cinerea and Phytophthora infestans. Camphor, a-terpineol,
and terpenen-4-ol have antibacterial properties while limonene, pinene, 1, 8-cineole, and myrcene have
antifungal activity (Sharifi-Rad et al., 2017; Wells et al., 2018). The lavender EO has also shown anti-
inflammatory, free- radical scavenging, and antioxidant properties due to the activity of linalool, linalyl

acetate, o- pinene, and caryophyllene oxide (Peana et al., 2002).

EO has been widely used in the cosmetic and food industry for its pleasant fragrance and
flavour. They have shown promise as natural preservatives in food and cosmetics due to their

antimicrobial and antioxidant properties (Djenane et al., 2012; Sharafati Chaleshtori et al., 2015).

1.3 Biosynthesis of EO

Lavender EO is mainly comprised of monoterpenes (C10), and small amounts of sesquiterpenes
(C15). Monoterpene biosynthesis can be divided into four phases (A. Lane et al., 2010; Mahmoud &
Croteau, 2002; Mufoz-Bertomeu et al., 2006): (1) construction of the basic C5 units isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP); (2) condensation of IPP and
DMAPP by prenyltransferase to form linear geranyl diphosphate (GPP; C10), the respective precursor for
regular monoterpene biosynthesis; (3) conversion of GPP to the parent skeleton of the various
monoterpene subfamilies, through the catalytic action of specific terpene synthases; and (4) enzyme-

mediated transformation of the parent structures to various metabolites (Figure 1 & 2).

The biosynthesis of monoterpenes begins with the synthesis of two five-carbon units, IPP and
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DMAPP. IPP and DMAPP are derived from two different precursor routes, namely the mevalonate
(MVA) pathway localized in the cytosol and the plastid-localized non-MVA pathway, also termed as 2-C-
methyl-d-erythritol 4-phosphate (MEP) pathway. Both MVVA and MEP biosynthetic routes produce IPP
and DMAPP as the common precursors of terpenes (Gershenzon et al., 2000; Laule et al., 2003; Liu et al.,
2005; G. Wang, 2014). The MEP pathway gives rise to the mono-, di-, and polyterpenes, while the MVA
pathway brings about sesqui- and triterpene (Hampel et al., 2005; Vranova et al., 2012). Although studies
on the biosynthesis of monoterpenes in Lamiaceae are scarce, investigations in peppermint (Mentha
piperita) and L. angustifolia suggest that the MEP pathway might be the main source of precursors (IPP
and DMAPP) for monoterpenes in this family (Guo et al., 2020; W. A. Lane & Mahmoud, 2008; B
Markus Lange & Ahkami, 2013; Mahmoud & Croteau, 2003). The MVA pathway begins with the
condensation of three units of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by
acetoacetyl-CoA thiolase (AACT) and continues to form 3-hydroxy- methylglutaryl CoA (HMG) by 3-
hydroxy- methylglutaryl CoA synthase (HMGS) and then reduced to mevalonate (MVA) by HMGR
(HMG-CoA reductase). Mevalonic acid is then phosphorylated and carboxylated to generate IPP through
the action of mevalonate kinase (MVK), phosphomevalonate kinase (PMK), and mevalonate diphosphate
decarboxylase (MVD) (Croteau et al., 2000; B Markus Lange & Ahkami, 2013). The abundance of
monoterpenes can be affected by substrate flux through the MEP pathway (Mufioz-Bertomeu et al.,
2006). MEP pathway, referred to as a newly discovered route for biosynthesis of isoprene, starts with the
condensation of pyruvate and glyceraldehyde-3-phosphate (GAP) to make 1-deoxy-D-xylulose 5-
phosphate (DOXP), catalyzed by DOXP synthase (DXPS). DOXP is then reduced by DX
reductoisomerase (DXR) to form 2-C-Methyl-Derythritol 4-phosphate (MEP). MEP synthesis is followed
by the formation of the cytidine 5-diphosphate derivative, phosphorylation, and cyclization to 2- C-
methylerythritol-2,4cyclodiphosphate (MECP). MECP is then oxidized to 1-hydroxy-2 methyl-2-(E) -
butenyl 4diphosphate (HMB-PP) by HMBPP synthase (HDS). Isopentenyl diphosphate and Dimethylallyl
pyrophosphate are produced as final products by HMB-PP reductase (HDR) (Liu et al., 2005; Vranova et

al., 2012) (Figure 1).
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Figure 1. Terpenoid biosynthesis pathways in plants.

Biosynthesis of IPP and DMAPP through the plastidial-localized MEP pathway (right) and the MVA pathway (left) in the
cytosol. Enzymes in the MEP pathway are 1-deoxy-D-xylulose 6-phosphate (DOXP) synthase (DXS), DOXP reductoisomerase
(DXR), 2-C-methyl-Derythritol cytidyltransferase (MCT), 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK), 2-C-
methyl-D-erythritol 2,4-cyclodiphosphate (MEC-PP) synthase (MDS); 1-hydroxy-2 methyl-2-(E)- butenyl 4diphosphate
(HMB-PP) synthase (HDS), and HMBPP reductase (HDR). Enzymes included in the MEP pathway analysis are acetoacetyl-CoA
thiolase (AACT), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase (HMGS), HMG-CoA reductase (HMGR), mevalonate
kinase (MVK), phospho-mevalonate kinase (PMK), 5-phosphate-mevalonate decarboxylase (MVD). IPP isomerase (IPPI);
geranyl diphosphate (GPP); GPP synthase (GPPS); farnesyl diphosphate (FPP); FPP synthase (FPPS); geranylgeranyl
diphosphate (GGPP); GGPP synthase (GGPPS).

In the following stage of terpene biosynthesis, one molecule of IPP with one molecule of
DMAPP is condensed by prenyltransferase to yield geranyl diphosphate (GPP), the precursor of most
monoterpenes as regular monoterpenes. Terpenes are classified by the number of isoprene units that they

contain, and monoterpenes contain two isoprene units with a molecular formula of CioHis. Further



condensation of one GPP with one IPP produces farnesyl diphosphate (FPP), the precursor of

sesquiterpenes (Boeckelmann, 2008; Demissie et al., 2012; Glas et al., 2012).

Based on how isoprene units are condensed, regular or irregular monoterpenes are
biosynthesized. The precursor of regular terpenes, geranyl diphosphate synthase (GPP), is produced by
the sequential head-to-tail addition of DMAPP to IPP, whereas the non-head-to-tail joining of the two
isoprene units led to the precursor of less common ‘irregular’ terpenes, lavendulyl diphosphate (LPP)

(Boeckelmann, 2008; Mahmoud & Croteau, 2002).

These precursors are subsequently modified into various monoterpenes by specific enzymes
known as monoterpene synthases (mTPS) (Figure 2). Based on their chemical structures, monoterpenes
are classified into cyclic monoterpenes such as pinene, borneol, camphor, 1,8 cineole and limonene and
acyclic or linear monoterpenes, including geraniol and linalool, and ocimene. Relatively few

monoterpenes are acyclic (Degenhardt et al., 2009; Zhang et al., 2017).
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Figure 2. Biosynthesis pathway of mono and sesquiterpenes.

MEP- 2-C-methyl-D-erythritol 4 phosphate; DXS- 1-deoxy-D-xylulose 6-phosphate (DOXP) synthase; DOXP reductoisomerase
(DXRY); isopentenyl diphosphate (IPP); methyl-D-erytritol-4 phosphate (MEP); Dimethylallyl pyrophosphate (DMAPP); geranyl
diphosphate (GPP); B-phellandrene synthase (PhIS); (R)-linalool synthase (rLinS); limonene synthase (LimS); 1,8-Cineole
synthase (CinS); borneol diphosphate synthase (BPPS); bornyl diphosphate (BPP); borneol diphosphate diphosphatase (BDD);
borneol dehydrogenase (BDH); Mevalonate (MVA); acetoacetyl-CoA thiolase (AACT); 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) synthase (HMGS); farnesyl diphosphate (FPP); FPP synthase (FPPS); B -bergamotene synthase (BerS);
germacrene D synthase (GerS); T-cadinol synthase (CadS); B-caryophyllene synthase (B —CaryS), and 9-epi-caryophyllene
synthase (9-CaryS).

The molecular weight of plant-derived monoterpene synthases are in general between 50 kDa
and 100 kDa; a predicted isoelectric point (pl) near 5.0 and a pH optimum in the neutrality area. They
also need a divalent metal ion (usually Mg?* or Mn?* for angiosperms, K*, Mn?*, Fe?*) as a cofactor for
catalysis (Bohlmann et al., 1998). Monoterpene synthases contain three conserved motives among which
a tandem arginine motif (RR(X8) W-motif) is located at the very beginning of the N-terminus of the
protein. This motif plays a role in the isomerization of the monoterpene cyclization of the GPP substrate
and enzymatic activity of mTPS (Bohlmann et al., 1998; Williams et al., 1998) and protein stability
(Boyle et al., 2007). The RR(x8) W motif is involved in producing cyclic monoterpenes and is absent in

mTPS that produce acyclic products (F. Chen et al., 2011). The second and third motifs presented at the



C-terminus are DDxxD and (N, D)D(L, I, V)x(S, T)xxxE, have a function in substrate binding and
coordination of divalent metal ion cofactors (Christianson, 2006; Degenhardt et al., 2009). All mTPS also
bear transit peptides, which are N-terminal extensions rich in serine and threonine, low in acidic and basic
amino acids (aa), and they are about 45-70 aa long. They facilitate the targeting and translocation of
cytosolically synthesized precursors into plastids via a post-translational mechanism (Bohlmann et al.,

1998; Degenhardt et al., 2009).

1.3.1 Camphor biosynthesis in lavenders

Spike lavender is known as a high oil-yielding lavender variety producing low-grade oils with
more camphor (Falk et al., 2009). Among monoterpenes, linalool, 1,8-cineole, and camphor are found
mostly in flowers, while leaves have 1,8-cineole and camphor as main undesirable flavour components in

spike lavender, leading to a depreciated EO (Mendoza-Poudereux et al., 2017).

In the monoterpenes biosynthesis route, camphor is derived from the rearrangement of GPP by
specific enzymes (Despinasse et al., 2017). Also, according to the results achieved with NMR and GC-
MS, the biosynthesis of camphor and 1,8-cineole in spike lavender happens through the MEP pathway
(Mendoza-Poudereux et al., 2017). Studies in sage (Salvia officinalis) showed that camphor and borneol
are biosynthetically related (Wise et al., 1998). Bornyl diphosphate synthase (BPPS), the first enzymatic
step of camphor biosynthesis, gives bornyl diphosphate (BPP) as a major prenyl diphosphate, and several
monoterpenes as minor compounds. BPP is then dephosphorylated by bornyl diphosphate diphosphatase
(BDD), leading to the borneol, and then oxidized to camphor by a borneol dehydrogenase (BDH) (Figure
3) (Croteau et al., 1978; Mendoza-Poudereux et al., 2017; Sarker et al., 2012; Wise et al., 1998; Woronuk
et al.,, 2011). A monoterpenoid alcohol dehydrogenase (ADH) has been previously purified from
Artemisia annua (Polichuk et al., 2010). This enzyme as non-specific short-chain alcohol dehydrogenase
(SDR) had the lowest specific activity for borneol, indicating that borneol is not a primary substrate for

Artemisia annua ADH2 (Sarker et al., 2012). Later, a homology-based cloning strategy was conducted to
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clone an SDR from glandular trichomes of L. x Intermedia cDNA library (LiBDH) in E.coli, which
converts borneol into camphor (Sarker et al., 2012). This LiBDH is the first borneol specific
dehydrogenase reported from plants. Recently, a new derived BPPS from floral-based glandular
trichomes of L. angustifolia (Despinasse et al., 2017) showed that LaBPPS produced BPP (in low
amounts) and some other terpenes such as pinenes and camphene. Based on these results, they concluded
the possible role of their new identified LaBPPS gene in the biosynthesis of BPP and derived

monoterpenes such as borneol and camphor.

GPP |

BPPS
OPP OH o
I BDD BDH
—_— —_—
BPP

Borneol Camphor

Figure 3. Putative camphor synthesis in Lavandula latifolia.

Bornyl diphosphate synthase (BPPS) gives bornyl diphosphate (BPP). BPP is then dephosphorylated by bornyl diphosphate
diphosphatase (BDD), leading to the borneol, and borneol then oxidized to camphor by a borneol dehydrogenase (BDH).

1.4 Intracellular compartmentalization of monoterpene biosynthesis and secretion

The intracellular compartmentalization of terpene biosynthesis is still unclear. It has been
reported that monoterpene synthesis is compartmentalized to specialized leucoplasts within glandular
trichomes in the Lamiaceae family (Markus Lange & Turner, 2013; Turner & Croteau, 2004). Leucoplast
is the first site for the biosynthesis of monoterpene through MEP pathway. Then, the monoterpenes are
transported to the cytosol for downstream transformation and/or secretion (Turner et al., 2000; Markus

Lange & Turner, 2013; Sharifi-Rad et al., 2017).
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1.5 Regulation of monoterpene biosynthesis

1.5.1 Environmental regulation of monoterpenes

Monoterpene metabolites play several ecological and physiological functions, and therefore
their production by differential expression profiles of monoterpene synthase genes are undergoing
environmental factors, physiological, biochemical, metabolic, and genetic regulation (Sangwan et al.,
2001; Tholl, 2006). Regarding the implication of monoterpene metabolites for the interaction of plants
with the environment, volatile and non-volatile monoterpenes are suggested to serve as both pollinators
and predators of herbivores attractants, especially at the flowering stage (Boeckelmann, 2008).
Monoterpenes also act as pathogen deterrents. For example, expression of (S)-limonene synthase in rice is
induced in response to defence against its pest (Magnaporthe oryzae) infection (X. Chen et al., 2018). In
lavender, both non-oxygenated (ocimene, limonene) and oxygenated monoterpenes (linalool and terpinen-
4-ol) could act as repellents to protect immature flowers and seeds against damaging insects (Guitton et

al., 2010).

Monoterpenes have also been involved in mediating thermotolerance, and especially isoprene
emission may have played an important role in surviving plants under rapid temperature changes
(Sharkey & Yeh, 2001). High temperature causes water loss and decreased photosynthesis but does not
prevent increased rates of isoprene emission because of the very low heat capacity of isoprene relative to
water (Sharkey & Yeh, 2001). Also, isoprene emission showed a typical daily variation with a light- and
temperature-dependent increase in the morning and a decline in the emission rate during the night
(Mayrhofer et al., 2005). With higher light, isoprene increased thermotolerance of kudzu (Pueraria
lobata) leaves, and when photosynthesis declined to zero, thermotolerance increased with added isoprene
(Singsaas et al., 1997). It was reported that, long days improve plant growth and induce larger leaves and
flowers and consequently produce higher EO yield in peppermint (Clark & Menary, 1980). Also, it is

showed that low photon flux density and high temperatures led to the accumulation of pulegone and
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menthofuran, both of which contribute to an ‘off” odour and taste (Burbott & Loomis, 1967; Clark &

Menary, 1980).

1.5.2 Developmental regulation and spatiotemporal of monoterpenes

The developmental stage of the plant also triggers the monoterpene profile of plants. For
instance, in Salvia officinalis, camphor, and borneol levels are higher in expanding leaves compared to
mature leaves (Croteau et al., 1981). Studies showed that B-ocimene and myrcene levels increased on the
second day after anthesis in snapdragon flowers (Natalia Dudareva et al., 2003). In Menta piperita,
monoterpene profiles like menthone and menthol increase with leaf age advancement (Maffei &
Codignola, 1990; Turner et al., 2000). A separate study conducted on L. latifolia showed a decrease in
camphor and 1, 8 cineole contents and an increase in linalool level from flowering to fruiting. Also, plants
during the full flowering period showed higher EO yield than those in the fruiting period (Salido et al.,
2004). Also, monitoring monoterpene abundance in lavender showed the highest level of linalool at the

stage in which 30-70 % of flowers were in bloom (Boeckelmann, 2008).

The biosynthesis of monoterpenes is regulated spatiotemporally as well. In some plants, flowers
are the major sources of monoterpenes (Boeckelmann, 2008). In others, monoterpenes are abundantly
produced in leaf tissues, for example, 1, 8-cineole and camphor in L. x intermedia. In Arabidopsis,
monoterpene biosynthesis is limited to the flower stigma, anthers, nectaries, and sepals instead of flower

petals (Tholl et al., 2005).

It was reported that there is a higher level of camphor and 1, 8-cineole in spike lavender leaf oil
but a high percentage of linalool and borneol in oils from the flower. Linalool is considered a major
constituent in spike lavender oils from flowers, not the leaves. Linalyl acetate has a trace amount in both
flowers and leaves of spike lavender. Furthermore, EO is mostly made of monoterpenes (99.4%-99.9%
and 95.6%-99.5% in leaves and flowers, respectively) and the oxygenated monoterpenes such as borneol,
camphor and 1,8 cineole are more abundant than the hydrocarbon monoterpenes including pinenes,
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limonene and myrecene in L. latifolia (Mufioz-Bertomeu et al., 2007). A study showed that the leaves
and bracts of L. angustifolia have about ten times less volatile compounds compared with the blooming
heads (Guitton et al., 2010). Another study revealed that the amount of borneol/camphor was higher in
flowers, especially in the first two stages of inflorescent, than leaves of L. latifolia in different

developmental stages (Despinasse et al., 2017).

1.5.3 Genetic regulation of monoterpenes

Monoterpene production also is regulated through gene expression. Since monoterpenes have
specific functions in plant life, their biosynthesis and emission need to be regulated strictly
(Boeckelmann, 2008; McConkey et al., 2000; Tholl, 2006). For example, it was showed that there is a
correlation between menthofuran content and the level of the menthofuran synthase (mfs) transcript,
implying that menthofuran biosynthesis is controlled primarily by transcriptional regulation of
menthofuran synthase (Mahmoud & Croteau, 2003). Using relative expression assay of borneol
dehydrogenase (BDH), it was revealed that the level of camphor reached its maximum in glandular
trichomes of mature flowers due to higher expression of its biosynthetic enzyme (BDH) in L. x intermedia
(Sarker et al., 2012). Also, the abundance of mRNA, protein, and enzymatic activity of B-ocimene
synthase in snapdragon flowers (Natalia Dudareva et al., 2003), S-linalool synthase expression in Clarkia
breweri flowers (N Dudareva et al., 1996), and menthofuran synthase expression in peppermint leaves
(Mahmoud & Croteau, 2003; Turner et al., 2000) correlate with the emission of corresponding
monoterpenes. Higher amounts of transcripts for R-linalool synthase and 1,8-cineole synthase were found

in flowers and leaves of L. x intermedia, respectively (Demissie et al., 2012).

Metabolic engineering for de novo monoterpene biosynthesis and monoterpene emission
suggests that monoterpene production is regulated at the level of gene transcription (N Dudareva et al.,
1996; McConkey et al., 2000). There is a growing interest in improving the quality and yield of lavender

EO through metabolic engineering. Metabolic engineering is a quick and direct breeding tool to alter plant
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oil profile and can be used in the development of oil with the desired monoterpene profile (Gongalves &
Romano, 2013; Sharif et al., 2019). One of the strategies is identifying any of the genes involved in
controlling the biosynthesis of monoterpenes at the enzyme level (Gongalves & Romano, 2013; Mufioz-
Bertomeu et al., 2008). Using various molecular tools, numerous genes that encode mTPS and contribute
to EO production have been identified from different lavender species (Adal et al., 2017, 2019;
Benabdelkader et al., 2015; Demissie et al., 2012; Jullien et al., 2014; Landmann et al., 2007; Sarker et
al., 2013; Wise et al., 1998). For the understanding of the regulation of monoterpene synthesis in
lavenders, some studies have dealt with the in vitro cloning and functional characterization of some
monoterpenes like limonene synthase, linalool synthase, trans-a-bergamotene synthase, and Bornyl-
diphosphate synthase in L. angustifolia (Demissie et al., 2012; Despinasse et al., 2017; Landmann et al.,
2007) 1,8-cineole synthase and borneol dehydrogenase in L. x. intermedia (Demissie et al., 2012; Sarker
et al., 2012), 3-carene synthase, (S)-linalool synthase and (R)-linalool synthase in L. x intermedia (Adal et
al., 2017, 2019). For example, cloning, heterologous protein expression in E.coli, and functional
characterization of 1,8-cineole synthase (LIiCINS) from leaves and flowers of L. X. intermedia were
reported (Demissie et al., 2012). By showing a correlation between LICINS mRNA and 1, 8-cineole
content in mature flowers of lavandin, they concluded that the production of this monoterpene is likely
controlled through transcriptional regulation of LiCINS. Furthermore, in vitro cloning and functional
characterization of borneol dehydrogenase (BDH) from glandular trichomes of L. x. intermedia, showed
that BDH has a function for in vitro converting of borneol to camphor (Sarker et al., 2012). They also
reported that the LiBDH transcripts were significantly expressed in glandular trichomes of mature
flowers. Also, in another study, the in vitro cloning and functional characterization of BPPS from L.
angustifolia showed production of less BPP and more terpenes such as pinenes and camphene

(Despinasse et al., 2017).
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1.5.4 Genetic transformation of lavenders

The successful application of genetic engineering depends on the transgene being expressed and
inherited stably and predictably (Mufioz-Bertomeu et al., 2006). Thus, genetic engineering, along with
sufficient information about the genes involved in the biosynthetic pathways, could increase or improve

EO in lavenders (Nebauer et al., 2000).

There are numerous methods to deliver a foreign gene into host plant genomes classified into
two groups: indirect gene transfer - where exogenous DNA is introduced by a biological vector and direct
gene transfer - where physical and chemical processes are responsible for DNA introduction (Alves et al.,
1999). Among the methods proposed for achieving the gene transformation approach, indirect
transformation mediated by Agrobacterium (Sheng & Citovsky, 1996; Zupan & Zambryski, 1995) or
direct systems using particle bombardment and microinjection is mostly utilized (Crossway et al., 1986;
Zhaniji et al., 2001). Particle bombardment is a technique that inserts the exogenous DNA directly into the
tissue cells using high-pressure helium gas (Altpeter et al., 2005; Zhaniji et al., 2001). In microinjection, a
solution of DNA is injected into either cytoplasm or nucleolus of cells using a fine needle or pipette
(Chou et al., 2004; Crossway et al., 1986). An Agrobacterium-mediated transformation is a tool for
introducing a foreign gene in the form of T-DNA into the plant genome by using different Agrobacterium
strains. This method is the most common tool for plant transformation due to several merits, including its
simplicity, high reproducibility, and low experimental cost. Although only a small proportion of target
plant cells receive the DNA, this method can introduce a large fragment of the foreign gene but with a
small copy number into the host plant genome (Birch, 1997; Gelvin, 2003; Hwang et al., 2017; S. Li et

al., 2017).

Also, for Agrobacterium-mediated transformation, establishing an efficient and reliable
transformation system and the optimum conditions (e.g., tissue materials, Agrobacterium strains) for each

plant species is usually necessary (Mishiba et al., 2000; Nebauer et al., 2000). For example, for the first
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time, the transient expression of the neomycin phosphotransferase Il (nptll) marker gene, driven by the
nopaline synthase (nos) promoter, for plant selection of lavandin was obtained (Dronne et al., 1998). They
also showed that Agrobacterium susceptibility was cultivar dependent. Also for the first time, a stable
transformation of spike lavender by Agrobacterium tumefaciens (EHAZL05 strain) was reported (Nebauer
et al., 2000). In a similar work, it was reported an efficient transformation of spike lavender mediated by

two strains of Agrobacterium (LBA4404 and EHA101) with the gusA gene (Mishiba et al., 2000).

One of the approaches for metabolic engineering of plants is implementing sense and antisense
technology as useful tools to modulate the expression of the gene of interest. The antisense RNA strategy
as a potential tool provides the opportunity to reduce the expression of specific genes and thereby produce
plants with modified phenotypes or unwanted metabolites. Reducing the expression of a specific gene by
this technique also provides a way to study either the role of a gene whose function was previously
unknown or the role of a protein whose gene has been identified (Bird & Ray, 1991). For years, antisense
RNA technology has been applying to reduce the expression of targeted genes in plants (Tiwari et al.,
2014). The antisense technology is based on blocking the informational flow from DNA to protein via
introducing a homologous antisense version of the cDNA encoding antisense RNA (Bird & Ray, 1991;
van der Krol et al., 1988). A few parameters determine the potential of antisense RNA in gene regulation.
These include the region and length of target mMRNA covered by the antisense transcript, the organization
and potential of antisense transcript to form secondary structure, and some signals controlling the
synthesis and treating of antisense transcript in vivo (Green et al., 1986). In plants, antisense RNAs are
mainly used as a potential tool in the inhibition of fruit maturation, an increase of fruit shelf-life, virus
resistance, flower coloration, starch synthesis, male sterility, and fertility (Xu et al., 2018). Some studies
reported the application of antisense RNA technology for modification of EO in plants. For example, in a
study, the flux into the native limonene pathway was reduced in spearmint (Mentha spicata) by knocking
down the expression of limonene synthase through using RNAi method (C. Li et al., 2020). It was also

showed that transgenic down-regulation of menthofuran synthase, by the antisense approach, led to the

17



anticipated decrease in oil content of (1)-menthofuran without a change in EO yield and transgenic up-
regulation of menthofuran synthase improved flux of precursors for monoterpene biosynthesis and
increase in EO in peppermint (Mentha piperita) (Mahmoud & Croteau, 2003). Gene overexpression is
defined as a process that a fragment of the desired gene is obtained by artificial gene synthesis or is
directly grafted from the plant genome and subcloned into a plasmid to clone the gene. The constitutive
gene overexpression via sense technology in plants has been used widely to determine gene functions,
metabolic engineering of plants, and to improve useful phenotypes (Endo et al., 2018; Xu et al., 2018).
Until now, overexpression of a particular terpene synthase gene has been studied in a few Lamiaceae such
as peppermint (Krasnyanski et al., 1999; Bernd Markus Lange et al., 2011; Mahmoud et al., 2004),
spearmint (Q. Wang et al., 2016), cornmint (Mentha arvensis) (Diemer et al., 2001), lavendin (Desautels
et al., 2009), spike lavender (Mendoza-Poudereux et al., 2014, 2017; Mufioz-Bertomeu et al., 2006, 2008)
but with varying success rates. For example, it was reported that overexpression of spearmint limonene
synthase in spike lavender did not affect the EO profile of spike lavenders from flowers and leaves
(Mufoz-Bertomeu et al., 2008). They showed that EO accumulation was higher in developing than the
mature leaves. In another study, it was reported that the overexpression of the spearmint limonene
synthase (MsLS) gene did not lead to changing EO composition in mint but led to an increase in the
accumulation of limonene in spike lavender (Mendoza-Poudereux et al., 2014). Besides, it was reported in
another study that overexpression of Clarkia breweri linalool synthase gene in spike lavender resulted in
an increase in linalool content in leaves without modifying the EO yield (Mendoza-Poudereux et al.,

2014).

Arguably increasing the availability of biosynthetic precursors would be the most obvious
approach for enhancing essential oil yield in the transgenic plants (B Markus Lange & Ahkami, 2013;
Juan Segura et al., 2019). Thus, in addition to monoterpene synthase level regulation of monoterpene
biosynthesis, changes in the expression of enzymes involved in the MEP pathway affected the precursor

supply (IPP and DMAPP) for monoterpene biosynthesis (Juan Segura et al., 2019). The first documented
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success at increasing EO yield was reported in mint by overexpressing the endogenous gene coding for
DXR (Mahmoud & Croteau, 2001). They obtained two types of transgenic lines: the first lines contained
low oil yields due to co-suppression of DXR transcript levels; the second lines with overexpressed DXR
showed up to 44% increased EO yield compared with wild-type controls. In lavender, the overexpression
of the DXS gene led to EO increment for up to 359% in leaves and up to 74% in flowers of transgenic
spike lavender with essentially no negative effects on their EO composition (Mufioz-Bertomeu et al.,
2006) which might highlight the importance of the MEP pathway for precursor supply. Interestingly, the
consecutive expression of DXR in spike lavender also resulted in significant increases in oil yields and
other terpenoid end products derived from the MVA pathway (sterols) but had no effects on the
accumulation of carotenoids and chlorophylls, which are primarily derived from the MEP pathway
(Mufoz-Bertomeu et al., 2007). Also, it was reported that the generation of double transgenic spike
lavender plants overexpressing both DXS and LIS genes improved neither linalool content nor EO yield

(Mendoza-Poudereux et al., 2014).

1.6 Plant tissue culture

Plant tissue culture is in vitro maintenance of cells, tissue, organs, or whole plant under aseptic
nutritional and environmental conditions (Thorpe, 2007). Apart from its use as a tool of research, plant
tissue culture has different applications in the production of pathogen-free plants (P.-J. Wang & Charles,
1991), genetic manipulation (Pierik, 1988), organogenesis (Fransz & Schel, 1994), regeneration of
haploid, sterile, and seedless plants through the application of pollen or microspore cultures (Reed, 1996),
isolation of variants, clones, and mutant plants with enhanced resistance to biotic and abiotic stresses
(Nabors et al., 1975), overcoming seed dormancy and embryo sterility (Hu & Zanettini, 1995) and

production of secondary metabolites (Verpoorte et al., 1994).

Micropropagation as an effective technique of in vitro plant breeding provides fast propagation,

high multiplication rates, independence from the environmental factors, and protection from diseases
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under controlled conditions (Debnath et al., 2006). Plant micropropagation can be classified into two
principal methods:  propagation from axillary or terminal buds (meristem proliferation), and
organogenesis via the formation of adventitious shoots or somatic embryos (George et al., 2008a; Oseni et
al., 2018). In propagation by meristem, pre-existing shoot buds or primordial buds (meristems) are placed
on media or soil to promote root formation and proliferation. Organogenesis involves the formation of
shoot or embryo directly from an explant tissue without callus formation (direct organogenesis or direct
somatic embryogenesis), or indirectly when shoots or embryos regenerate on the previously-formed callus
or in cell culture (indirect organogenesis or indirect somatic embryogenesis). In somatic embryogenesis,
somatic embryos resemble the seed embryos that are formed but without seed coat and can be regenerated
into shoot and roots simultaneously (George et al., 2008a; Gongalves & Romano, 2013; Oseni et al.,

2018).

Plant growth regulators (PGRs) play an essential role in determining the development pathway
of plant cells and tissues in the culture medium. Auxins and cytokinins are the most important hormones
for regulating growth and morphogenesis in plant tissue and organ cultures. The type and the
concentration of hormones used depend mainly on the species of the plant, the tissue or organ cultured,
and the objective of the experiment. Auxins and cytokinins are the most widely used PGRs in plant tissue
culture, and their amount determines the type of culture established or regenerated. Cytokinins are purine
compounds applied into tissue culture medium mainly to stimulate cell division and morphogenesis
control by differentiation of adventitious shoots from callus and by releasing lateral buds from dormancy
in shoot tissue culture (George et al., 2008a; Skoog & Armstrong, 1970). Some natural cytokinenes used
in tissue culture are as follow: trans-zeatin, 4-hydroxy-3-methyltrans-2-butenylaminopurine (iP),
dihydrozeatin (N6 - A2 isopentenyl adenine), and (6-(4- hydroxy-3-methyl-trans-2- butenyl)
aminopurine). Despite the presence of endogenous cytokinins in whole plants, many tissues and small
organs are unable to synthesize sufficient amount of these substances in in-vitro culture. Thus, using

exogenous cytokinin in the media seems necessary (George et al., 2008a; Jameson & Song, 2016; Oseni
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et al., 2018; Skoog & Armstrong, 1970). Also, some commercially synthetic cytokinins such as kinetin
(KIN) and 6-benzyl amino purine (BA) are commonly used in micropropagation works (Skoog &

Armstrong, 1970).

Auxins are another widely used growth regulators in plant tissue culture. Chemically, they have
either an indole or an aromatic ring in their structure. Auxins are involved in the maintenance of polarity
of tissues and maintenance of apical dominance in whole plants. In tissue culture, they promote callus
growth, cell suspensions, and also organogenesis (such as inducing roots and somatic embryogenesis) by
initiating cell division and elongation (George et al., 2008a; Trigiano & Gray, 2016). The most common
natural auxins are indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA), while naphthyl acetic acid
(NAA) 2,4-dichlorophenoxyacetic acid (2,4-D) are used as synthetic auxins in tissue culture (Skoog &
Miller, 1957; Trigiano & Gray, 2016). Moreover, Thidiazuron (TDZ) has been used, with considerable

success, to promote plant regeneration (Jones et al., 2007).

The ratio of auxin and cytokinin included in the media is an essential factor determining the
type of organ induced differentiation of the cultured tissue (Skoog & Miller, 1957). Either a higher value
of auxin/cytokinin or the use of auxin alone tends to produce roots, while the inclusion of cytokinin alone
in the medium most often induces shoot formation. A balance of both auxin and cytokinin leads to the
development of the mass of undifferentiated cells known as callus (George et al., 2008a, 2008b; Oseni et

al., 2018).

1.6.1 Tissue culture studies in spike lavender

There are some germination constraints in lavender (poor germination of spike lavender and
lavender and not producing seeds in lavandin), which are mainly reproduced vegetatively as cutting (Kara
& Baydar, 2012; Slavova et al., 2004). Thus, effective protocols for producing these plants while keeping
their valuable metabolites and avoiding exploitation of wild populations are required (Gongalves &

Romano, 2013).
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In vitro propagation of lavenders under controlled environmental conditions allow for
facilitating the rapid multiplication of selected clones, extraction of valuable metabolites without
limitation factors (climate, water availability, and susceptibility to diseases), application of biotechnology
to improve the quality and quantity of EO and to increase the vigour of Lavandula spp. (Maria Carmen

Calvo & Segura, 1989; Lauren A E Erland & Mahmoud, 2014; Gongalves & Romano, 2013).

Only a few studies on tissue culture of spike lavender, especially on regeneration of this plant
are reported. For example, in a study regeneration via somatic embryogenesis from leaf bud-derived
callus of spike lavender was reported (Quazi, 1980). In another study, the hypocotyl sections from spike
lavender was used as preliminary explants for callus formation and cell culture (M C Calvo et al., 1988).
Also, an indirect adventitious bud induction from both hypocotyls and cotyledons of spike lavender with
callus formation intervention was achieved in a separate study (M C Calvo & Segura, 1988). In another
effort, adventitious buds were regenerated from hypocotyl sections of spike lavender (Maria Carmen
Calvo & Segura, 1989). Also, high auxin concentration and darkness inhibited regeneration from the
cultured leaves. The light might modify the endogenous level of hormones by reducing free endogenous

auxins like IAA (J Segura & Calvo, 1991; Stirk et al., 2014).

A method for bud regeneration from leaf explants using MS with 8.8 uM BA and 0.6 uM [AA
and MS with 0.06 uM TAA plus 8.9 uM BA for shoot elongation was reported for Agrobacterium
transformation of spike lavender (Nebauer et al., 2000). Also, a new indirect organogenesis protocol was
used for Agrobacterium-mediated spike lavender transformation (Mishiba et al., 2000). In their indirect
organogenesis, lavender leaves first were cultured in MS with 4.5 uM 2, 4-D for callus induction under
light conditions. After the inoculation of induced callus with Agrobacterium, they were transferred to MS

supplemented with 4.4 uM BA for shoot regeneration.
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1.7 Functional analysis of LiBPPS in transformed L. latifolia plants

Monoterpene synthases are attractive targets for monoterpene metabolism engineering to
improve essential oil yield or alter monoterpene composition in plants (Mahmoud & Croteau, 2002). The
monoterpene profile of spike lavender EO differs from that of the most valuable common lavender
(Lavandula angustifolia) by higher relative amounts of camphor and 1, 8-cineole with a trace amount of
linalyl acetate (Aprotosoaie et al., 2017; Mendoza-Poudereux et al., 2014). Many genes associated with
the EO pathway in this plant have been reported (Adal et al., 2017, 2019; Benabdelkader et al., 2015;
Demissie et al., 2012; Jullien et al., 2014; Landmann et al., 2007; Sarker et al., 2013). Our group has
recently cloned a novel BPPS gene (LiBPPS) from L. intermedia plants (unpublished). The identity of
this gene was confirmed through in vitro functional characterization of the encoded LiBPPS enzyme. The
results showed a high in vitro activity of LiBPPS in the conversion of GPP to BPP. The catalytic function
of this gene has not been confirmed in planta. This thesis aimed to examine the in planta function of
LiBPPS through constitutive expression of LiBPPS in sense and antisense orientations under the control

of CaMV35s promoter.

1.8 Research Objectives and Hypotheses

The main goal of this thesis was to examine the in planta role of LiBPPS gene in camphor

biosynthesis through altering its expression in transformed L. latifolia plants. Specific objectives were to:

1) Overexpress LIBPPS in antisense in stably transformed L. latifolia plants

2) Overexpress LiBPPS in sense in stably transformed L. latifolia plants

We hypothesized that:

1) The overexpression of a homologous sense version of LiBPPS will lead to increased expression
of the gene in some transformed L. latifolia plants while the overexpression of a homologous

antisense version of LiBPPS results in downregulation of BPPS in L. latifolia.
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2) The overexpression of LiBPPS will lead to increased production of BPP, borneol, and camphor,
while downregulation of the BPPS gene will result in reduced biosynthesis of these metabolites in

L. latifolia plants.

To achieve these objectives, we attempted to:

1) Clone a cDNA- encoding LiBPPS in sense and antisense orientation in L. latifolia plants

separately, using Agrobacterium-mediated transformation.

2) Evaluate the transcriptional expression of BPPS in transformed plants via molecular analysis.

3) Screen the essential oil of both BPPS-sense and BPPS-antisense plants via the GC-MS technique

and compared them to that of wild-type plant.
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Chapter 2: Materials and methods

2.1 Plant material

Spike lavender seeds were purchased from Seedneeds LLC (United states), and germinated
under sterile conditions described earlier (M C Calvo et al., 1988) with some minor changes. Lavender
seeds were surface-sterilized by immersion in 70% (v/v) ethanol for 1 min followed by soaking in 20%
commercial bleach containing 1 drop of Triton X-100 (Fisher Scientific, Canada) for 20 minutes. Finally,
seeds were rinsed with sterile distilled water three times, 5 minutes each. Seeds were kept in the dark at
25 °C for growing. The first pair of leaves from 40-50 days old seedlings was used as primary explants in

transformation experiments.

2.2 Culture conditions

The basal medium (BM, Appendix D) consists of MS salts and vitamins (Murashige and Skoog,
1962, PhytoTechnology laboratories, USA). This media contains 3% (w/v) sucrose (Fisher Scientific,
Canada), 0.4 % (w/v) Gellan gum (PhytoTechnology laboratories, USA) without hormones. pH was
adjusted to 5.7 before autoclaving. Growth regulators were added to the media after autoclaving (20 min
at 120 °C, 1x10° Pa). Regeneration of spike lavender was carried out according to previous study
(Nebauer et al., 2000). Hence, for direct organogenesis in the form of bud regeneration, the leaf explants
with their petiole segments were cut in 1 cm?using a surgical blade and cultured (with the abaxial surface
to the medium) on 25mmx 100 mm Petri plates containing basal regeneration medium (BRM) (Appendix
D). This medium consisted of MS medium supplemented with 0.6 uM IAA (Sigma Aldrich) and 8.8 uM
BA (Sigma Aldrich). Cultures were then kept in the dark at 25 °C for around 30-50 days until the callus
with tiny adventitious buds were emerged. The newly emerged 0.5-1 cm buds were then excised and
transferred to 250 ml magenta jars containing 30 ml shoot elongation medium (SEM, Appendix D) in
light (16/8 hour photoperiod) for shoot elongation. This medium contained 8.9 pM BA but with less

concentration of auxin (0.06 uM IAA). After 30 days, the individual elongated shoots were sub-cultured
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on fresh SEM media for further developments. The individual 2-3 cm elongated shoots were transferred
onto rooting media (RM) for root induction. Since the RM reported in the previous work (Nebauer et al.,
2000) did not yield a high percentage of rooting, we followed rooting media (RM) reported by Ernald
(2015) (Lauren Alexandra Elizabeth Erland, 2015). To do this, the developed shoots were cultured in
magenta jars containing half-strength MS media with 2.9 uM TAA (Appendix D), and pH of 5.7 for 20-25
days in the greenhouse at 25 °C and a photoperiod of 16 hours light and 8 hours darkness. Regenerated
plants were transplanted to small pots (100 ml) with transparent plastic covers to do acclimation and
maintain relative humidity. Relative humidity was reduced by gradually enlarging the plastic covers.

Complete removal of the covers took place after 4-5 weeks of placement.

2.3 Antibiotic resistance test

The sensitivity of spike lavender explants to antibiotic selectable markers such as kanamycin
and hygromycin was studied prior to the plant transformation to determine the effective concentration for
selecting transformed plants. Lavender seedlings cultured on MS media (as mentioned above) were cut 1
cm from above the roots and then transferred to rooting media containing kanamycin B (Sigma-Aldrich)
with different concentrations (0, 5, 7.5, 10, 15, 25, 50, and 100 mg L™?). To test the sensitivity of spike
lavender to another type of antibiotic, we used hygromycin B (A.G. Scientific) as one of the common
antibiotics for transformed plant selection with the same concentration used for the kanamycin resistance

test. Experiments involving 2-4 explants carried out in three replicates.

2.4 Constructing appropriate vectors and bacteria transformation

The primary spike lavender transformation was accomplished using the sense and antisense
constructs (BPPS-sense: pGA and BPPS-antisense: pGA). The full length of LiBPPS in both sense and
antisense orientation had already cloned separately into the pGAdekG/NIb.L vector derived from
pGA482 (named hereafter as pGA). The GUS reporter gene was removed by EcoRI and Kpnl digestion,

and replaced by LiBPPS-sense and LiBPPS-antisense gene separately. The PGA vector harboured
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neomycin phosphotransferase 11 (NPTII; kanamycin resistance gene), cauliflower mosaic virus (CaMV

35S) promoter, and NOS (nopaline synthase) terminator (Figure 3).

CaMV35s N

Nos Term.

T-DNA RB

PGA::GUS

T-DNA LB

Tet R

Figure 4. A schematic representation of pGA (pGA482) vector carrying GUS.

GUS gene was removed by EcoRI and Kpnl digestion, and replaced by LiBPPS-sense or LiBPPS-antisense. The expression of
LiBPPS in the construct is driven by the Cauliflower mosaic virus (CaMV) 35S promoter; The vector also harboured Neomycin
phosphotransferase gene (which confers resistance to Kanamycin); a nopaline synthase terminator (NOS Term); upstream MCS:
EcoRI and Ncol; downstream MCS: Ncol, BamHI and Kpnl; left border (T-DNA LB); right border (T-DNA RB); a gene
encoding a tetracycline-resistant protein for bacteria selection (Tet R) (An 1986).

Since, kanamycin neither suppresses the growth of untransformed and transformed spike
lavender with the above constructs nor led to selection of transgenic plants in tissue culture medium,
hygromycin as a different antibiotic was introduced for selection of transgenic plants. To do this,
pCambia 1390 vector (Marker Gene Technologies, Inc., Appendix A) harbouring hygromycin resistance
gene (HygR) was used for transformation of spike lavender. Since there is a lack of CaMV 35S-
Cauliflower mosaic virus promoter for the multiple cloning site (MCS) of pCambial390 binary vector,
we amplified CaMV 35S::GUS fragment from PGA vector and inserted it in the MCS site in

pCambial390. This vector also harbours: NOS- a nopaline synthase terminator; upstream MCS - EcoRI
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and Ncol; downstream MCS- EcoRI and Ncol; T-DNA LB - left border; T-DNA RB - right border; Kan
R- a gene encoding a kanamycin-resistant protein for bacteria selection. To construct pCambial390::
BPPS-sense (sense plasmid) and pCambial390:: LiBPPS-antisense (antisense plasmid), the coding
sequence for LiBPPS-antisense with a homologous antisense version of the borneol diphosphate synthase
(BPPS) cDNA in the opposite orientation and LiBPPS-sense with the normal homologous version of
BPPS cDNA in the correct orientation were amplified by PCR mentioned in Table C.1 using their gene-
specific primers (Table 2) and cloned into the pCambia 1390 vector. Separately, the 35s-gus A gene was
also cloned in the pCambia vector with the above mentioned PCR program listed in Table C.1 and
specific primers (Table 2). Thus, three different vectors were constructed: pCambial390:: 35s-gus A
(GUS construct), pCambial390:: LiBPPS-sense (sense construct), and pCambial390:: LiBPPS-antisense

(antisense construct) (Figure 5).

Ncol EcoRI HindIII

RB L

NOS t BPPS /I "aMV 35 | HygR ~< a
4—‘_’— \‘ CaMV 35s l_ £

Ncol EcoRI HindIII

i

Ncol EcoRI HindIII

RB LB

NOS t GUS CaMV 35 HygR ‘—4 2
q_l_'_ G < 2 3 I‘— %

Figure 5. Schematic representation of the T-DNA from pCambial390.

It shows three constructs: sense construct containing the normal homologous version of BPPS cDNA in the correct orientation
(a), antisense construct with a homologous antisense version of BPPS cDNA in the opposite orientation (b), and GUS construct
with the GUS cDNA (c) under control of CaMV35s. Restriction sites for Hindlll, EcoRI and Ncol are indicated. GUS gene was
removed by EcoRI and Ncol and replaced by BPPS gene. A gene encoding a hygromycin-resistant protein for plant selection
(HygR); a nopaline synthase terminator (NOSt); Cauliflower mosaic virus 35S (CaMV35s) promoter; left border (LB); right
border (RB).
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Then the resulting constructs were transformed into Escherichia coli (E.coli) strain DH5a
(Appendix B) via the heat shock method (Froger & Hall, 2007). The plasmid was extracted from positive

colonies grown on LB media containing kanamycin antibiotic.

After extraction and validation of constructs in the transformed E.coli by either restriction
enzyme digestion or PCR using gene-specific primers for the gene of interests, the positive plasmids
containing the resulting constructs extracted from the bacteria using plasmid DNA Miniprep kit (Omega)
and transformed into Agrobacterium tumefaciens strain GV3101 (Appendix B) via the freeze-thaw
method (Jyothishwaran et al., 2007). The bacteria were plated on LB agar medium supplemented with 50
mg/l kanamycin and 25 mg/l rifampicin. Then, the positive colonies were selected. A single transformant
bearing each construct was isolated and grown to log phase in test tubes containing 5 ml LB with the
above antibiotics for 24 h on a horizontal shaker (200 rpm) at 28°C. Then 1ml of the overnight culture
was transferred into fresh 100 ml of LB with the same antibiotics and grown overnight at 90 rpm at 28 °C.
The following day, when the measured ODggo Of the bacterial culture via UV/Visible Spectrophotometer
(Ultrospec 2100 pro) was 0.2-0.3, 100 uM acetosyringone (PhytoTechnology laboratories) added to the
bacterial culture and incubated for three hours more shaking at 200 rpm at 28°C. When the ODggo reached
the range of 0.56 to 0.6, the culture was centrifuged at 4000 rpm for 10 min at room temperature (22 °C).
The culture was then resuspended and diluted in 5 ml liquid BM (pH 5.5) (Appendix D) supplemented

with 100 uM acetosyringone (PhytoTechnology 1).
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Table 2. List of primers used in this study

Genes Primers Sequences (5" ==> 3”) vectors

For L. latifolia transformation and PCR detection

Li BPPS-sense bpps_sense_EcoRI_F CTAGAGAATTCATGCCTGTGGGAATCCT pCambial390

bpps_sense_Ncol R AATCCATGGTTAGGCATATGGCTCGAAC

Li BPPS-antisense bpps_antisense_Ncol_F ATATCCATGGATGCCTGTGGGAATCCT

bpps_antisense_EcoRI_R ~ TGACAGAATTCTTAGGCATATGGCTCGAAC pCambial390

355:gusA 35s_ Hindlll_F ATTAAGCTTATGGTGGAGCACGACACTC pCambial390
gus_ BamHI_R TATAGGATCCTTGTTTGCCTCCTGCT
HygR HygR_F ATG AAA AAG CCT GAA CTC ACC G
HygR R TTTCTT TGC CCT CGG ACG
S-Actin actin_F TGTGGATTGCCAAGGCAGAGT
actin_R AATGAGCAGGCAGCAACAGCA
For gqPCR analysis
Li BPPS BPPS-F AGAATTTGGGCAAGGGTATT
BPPS- R CGAGTTGAGACTCAGCATTAG

Note: Underlined sequences indicate the respective restriction site.

2.5 Agrobacterium-mediated transformation of L. latifolia

Agrobacterium-mediated leaf transformation of L. latifolia was carried out based on protocol

(Nebauer et al., 2000) already was set up with some modification. Between 440-450 young leaves with
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their petioles from 40-50 days seedlings were excised and pre-cultured for 24 h on BRM without
antibiotics. The pre-cultured explants were transformed by A. tumefaciens GV3101 carrying
pCambia 1390::BPPS-sense, pCambia 1390::BPPS-antisense, and pCambia 1390::35s:gusA (control) by
immersing in the Agrobacterium suspension as described in 2.4 for 20 min. After blot drying on sterile
Whatman filter papers, the explants were cultured on BRM for co-cultivation of explants and
Agrobacterium for 24 hours at 22 °C in the dark. The next day, the explants were transferred to the
bacterial elimination medium, which was BRM supplemented with the demonstrated concentration of 60
mg L TIMENTIN (Gold Biotechnology, USA), 120 mg L cefotaxime (Gold Biotechnology, USA)
(Adal, 2019) (Adal et al., 2019) in a growth chamber. After seven days of culture, the explants were
transferred to the selection medium, which consists of BRM with 60 mg L TIMENTIN, 120 mg L
cefotaxime, and 7.5 mg L* hygromycin B for plant selection. After 4 weeks of culture on the selection
medium, explants with newly emerged buds were subcultured to SEM with antibiotics for shoot
elongation. Elongated shoots were rooted in RM in the presence of antibiotics and then transferred to the
pots for acclimatization, as mentioned earlier in 2.2. In each transformation experiment, there were 50
wild-type explants as positive controls. A schematic procedure for L. latifolia transformation and

regeneration is shown in Figure 6.
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Figure 6. A schematic protocol for Agrobacterium-mediated transformation and regeneration of L. latifolia.

Photo credit by Elaheh Najafianashrafi

2.6 Evaluation of putative transgenic spike lavenders
2.6.1 Antibiotic selection of putative transgenic spike lavenders

The primary selection of putative transgenic spike lavenders was performed in the selection
medium (BRM consisted of 60 mg L* TIMENTIN, 120 mg L* cefotaxime, and also 7.5 mg L*
hygromycin B). The transgenic explants with emerged shoots were transferred to the shoot elongation

medium for further process.

2.6.2 Gus assay

Stable expression of - glucuronidase (GUS) by histochemical staining in transformed
Agrobacterium tumefaciens with GUS construct- a positive control for constructed vector, and in the

transgenic spike lavenders containing GUS vector- a control for transformation was assayed according to
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previous reported study (de Ruijter et al., 2003). Transformed bacteria, and freshly excised leaf segments
were separately immersed in GUS buffer containing 100 mM sodium phosphate buffer (pH 7.0), 0.1%
Triton X-100, and the substrate, 2 mM 5-Bromo-4-chloro-3- indolyl glucuronide (X-gluc), and then
incubated overnight at 37 °C. Subsequently, the plant material was rinsed in 70% ethanol to extract

pigments and visualize the blue staining.

2.6.3 Detection of plant selectable marker (HygR) and BPPS genes from cDNA

RNA was extracted from the young leaves of putative transgenic plants (BPPS-sense and BPPS-
antisense plants) using the RNAeasy Mini Plant Kit (Qiagen). The resulting RNA was quantified via the
NanoDrop-1000 Spectrophotometer running on an agarose gel to assay the quality and quantity of RNA.
Then, the total RNA (1 ug) was reverse transcribed into cONA with 50 uM oligo d(T), 50mM random
hexamer primers, 0.2 M RNAase inhibitor, and 1M-MuLV Reverse Transcriptase, x10 MR buffer (New
England Biolabs) following the manufacture's procedure. The resulting cDNAs were amplified by mi-
quantitative PCR (rt-PCR) and normalized with B-actin using a specific primer for -actin, HygR and
BPPS genes (Table 2) in untransformed and the putative transgenic plants according to PCR program
listed in Table C.2, Table C.3 and Table C.4. Each cDNA sample was amplified, and the PCR products
were subsequently run on a 1% agarose gel. Band intensities were measured by densitometry, using the

ImageJ software, used to estimate expression level.

2.6.4 Real-time quantitative PCR (qPCR)

Transcript levels for BPPS in young leaves of BPPS-sense, BPPS-antisense, and untransformed plants,
were determined by quantitative real-time PCR (gPCR). The transcript levels for BPPS in young leaves of
the putative transgenic plants were compared in relative to that of WT young leaf. The gPCR analysis
was performed using SYBR Premix (Applied Bioscience) in the StepOne Plus Real-Time PCR system
(Applied Bioscience) using Primer sets listed in Table 2. qPCR was run with a final reaction volume of 10

uL, consisting of 5 uL of SYBR premix, 5 uM of each primer, and ~150 ng of cDNA template. The
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following program was set for g°PCR: 50 °C for 2 min, and 95 °C for 2 min, 50 cycles at 95 °C for 3 s and
60 °C for 30 s, 95 °C for 15 s and 60 °C for 1 min as a final melting curve stage. The generated data were
analyzed using the Livak method (Livak & Schmittgen, 2001), expressed as 2 22T of a gene of interest
using B-actin as the endogenous control gene for data normalization. All reactions were repeated three

times, and two biological assays (different leaves of each transgenic plant) were performed.

2.6.5 Screening of EO for modified composition in transgenic plants

To determine monoterpenes variation in transgenic plants, their EO was extracted. To do this,
approximately 0.5 g of young leaves harvested from 9- month BPPS-sense, BPPS-antisense and WT
plants (Figure 7) were submerged in 25-ml test tubes containing 5 ml pentane and 50 pg of thymol as an

internal standard.

Figure 7. 9- month L. latifolia plants. a) BPPS-sense plant, b) BPPS-antisense plant, ¢) WT

The samples were then sonicated in an ice bath for 30 min using an Ultrasonic water bath

sonicator (VWR) to extract their oil. Qualitative EO analysis was accomplished by gas chromatography-

34



mass spectrometry (GC-MS) using a Varian GC 3800 Gas Chromatographer (Varian Inc, USA) coupled
to a Saturn 2200 lon Trap mass detector following the procedure used in our research group (Demissie et
al., 2013). In brief, for each sample without dilution, 1 pL was injected with cold on-column mode, at
which the injector temperature was set to 40 °C. The oven temperature was set at 40 °C for 3 min, ramped
to 130 °C at a rate of 10 °C min't and held for 2 min. The temperature was further ramped to 230 °C at a
rate of 50 °C min* and finally held for 8 min. The flow rate of the carrier gas (helium) was set to 1 mL
min. The product identity was confirmed by comparing their retention times and mass spectrum to those
of the corresponding authentic standards. For EO constituents for which a standard was not available,

mass spectra were compared to those in the NIST libarary (Figure 8 & 9).
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Figure 8. Sample chromatograms from EO of representative WT (top), BPPS-antisense (middle) and BPPS-sense (bottom).
Thymol was used as an internal standard.
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Figure 9. Mass spectrum of limonene, 1,8 cineole, camphor and borneol (from top to bottom) from EO of WT.

The concentration of each EO constituent was calculated by comparing its peak area to that of
the internal standard (thymol). Peak areas of 21 major constitutes and internal standard were used to
calculate relative percent composition and oil yield concentration using the formulae 1 & 2, as already has
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described (Lauren Alexandra Elizabeth Erland, 2015). The oil yield concentration was normalized to the
amount of tissue used in the extraction. Also, oil yield concentration and relative monoterpene

composition were averaged for 3 extractions. Thymol was used as internal standard for oil analysis.

Peak area major constituent
Formula 1: Relative percent composition = % 100

Y Peak area all constituents

3 Peak area all constituents
Formula 2: Oil yield = x ug thymol added

Peak area Thymol

For WT, tissues from three biological replication were used to extract the EO. To select the
appropriate tissue for screening oil composition in transgenic plants, initially, oil samples were taken from
the different developmental stages (young, medium, and old) of WT L. latifola leaves. Leaves of three
developmental stages were selected based on the position of the leaf (Figure 10). The young leaves were
collected from the four nodes of apical meristem; medium leaves were taken from the 6th-8th node of the
stem, while old leaves with a darker colour, sampled from the bottom of two nodes from the base of the

stem. EO from young leaves of 9 BPPS-sense and 11 BPPS-antisense plants was screened by GC-MS.

Figure 10. Three developmental stage of L. latifolia leaves, a) old, b) medium and c) young leaf
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2. 7 Statistical Analysis

Statistical analysis (Student's t-test) was performed using GraphPad Prism 8.4.3 (Graphpad
Software, US) with a significant difference at P < 0.05 or P < 0.01 to determine significant difference

between transgenic spike lavenders and WT.
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Chapter 3: Results

3.1 Sensitivity of L. latifolia to selectable markers

Due to using kanamycin as a general selectable marker for lavender transformation, the
kanamycin resistance test was initially implemented for the selection of transgenic plants. After culturing
unrooted seedlings of WT spike lavender in %2 MS media with 0 to 100 mg L kanamycin, the sensitivity
of explants to the antibiotic was determined. Kanamycin did not inhibit growth and root induction in WT
plants (Figure 11). The antibiotic resistance test was also performed to select transformed spike lavender
leaves with BPPS-sense: pGA and BPPS-antisense: pGA in selection media containing the above-
mentioned kanamycin concentration. Results showed that kanamycin did not inhibit callus induction and
shoot regeneration from WT leaf explants in selection media (data not shown). This observation revealed
that kanamycin is not a suitable selective agent for transforming spike lavender. Thus, hygromycin was
used as the substitution for kanamycin to select the putative transgenic plants. Hygromycin at a
concentration of 7.5 mg L™ and higher annulled root induction in all plants. The concentration above 10
mg L led to necrosis in the plants after 30 days. A concentration above 7.5 mg L hygromycin interfered
with the regeneration process, mainly shoot regeneration and shoot elongation of explants in SEM (Figure
12). Therefore, 7.5 mg L™ hygromycin is the lowest concentration of the selective agent that suppressed

the growth of untransformed cells was used for the selection of putative transgenic plants.
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Figure 11. The sensitivity of spike lavender to kanamycin.

Concentrations of 100, 50 and 15 mg L kanamycin did not suppress plant growth and root induction, indicating that this
antibiotic is not a suitable selecting agent for selecting transgenic spike lavender.

Figure 12. The sensitivity of spike lavender to hygromycin.

Suppressed root induction and necrosis in the plants grown on hygromycin at 15 mg L™ (a), 7.5 mg L (b) and 5 mg L*
hygromycin (c). While there was no effect on root induction and plant growth at 5 mg L™, hygromycin effectively inhibited root
formation at 7.5 and 15 mg L.

3. 2 Confirmation of constructed vectors in transformed bacteria

The constructs were successfully transformed into competent E. coli DH5 o cells and further
into Agrobacterium tumefaciens GV3101. The colonies grew well for each candidate, and positive
colonies were successfully selected via antibiotic selection media. Validation of the presence of the
respective constructs (GUS, sense, and antisense constructs) in transformed E. coli DH5a was

accomplished by restriction enzymes (EcoRI and Ncol) (Figure 13). Also, the presence of the genes of
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interest (GUS gene or BPPS) in transformed Agrobacterium tumefaciens was confirmed by PCR using
specific primers (Table 2). The PCR amplification resulted in ~ 1.6 kb band for GUS gene, and ~1.8 kb
for both BPPS-sense and BPPS-antisense genes indicated that both genes of interest were introduced

correctly into the constructs and therefore into the transformed Agrobacterium (Figure 14).

Pcambia 1390

3.0 kb

BPPS- sense
BPPS- antisense

1.0 kb

2.0 kb

1.0 kb

Figure 13. Agarose gel of restriction digestion of GUS, sense, and antisense constructs extracted from E. coli DH5a.

The digestion of the constructs by EcoRI and Ncol showed a 1.8 kb band for both BPPS-sense and BPPS-antisense in sense and
antisense constructs, respectively (a) and 1.6 kb band for GUS in GUS construct (b) alongside the ladder on the agarose gel.
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Figure 14. PCR confirmation of LiBPPS- sense, LiBPPS-antisense and GUS genes using gene-specific primers.

The amplification using gene-specific primers in transformed Agrobacterium tumefaciens showed a 1.8 kb band for both BPPS-
sense and BPPS-antisense in sense and antisense constructs respectively (a) and 1.6 kb band for GUS in pCambial390:: GUS (b)
alongside the ladder on the agarose gel.

3.3 Regeneration of hygromycin-resistant shoots

A procedure previously developed for the regeneration of transformed L. latifolia (Neuber et al.,
2000) was used in our study for the regeneration of transformed L. latifolia with A. tumefaciens separately
harboring sense, antisense, and GUS constructs. Agrobacterium growth was not observed in elimination
media, indicating that the implemented 60 mg L™ TIMENTIN and 120 mg L cefotaxime in elimination
media were appropriate concentrations to suppress Agrobacterium bacteria growth (Figure 15). Callus
emergence was observed on the surface of explants, particularly around the petioles, within 2-4 weeks of
culturing in selection media. At this stage, all WT leaves turned dark brown and died; thus, this stage
could be considered a primary stage for selecting transformed explants (Figure 16). Also, some of the

transformed explants were unable to regenerate into buds and turned dark brown. Within 30-50 days,
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some emerged calli were differentiated into adventitious buds on the selection media (Figure 17). Shoot
developments were observed within 60-75 days after transferring the adventitious buds to the SEM

(Figure 18).

Figure 15. L. latifolia leaves infected with Agrobacterium tumefaciens in the elimination media.

No trace of Agrobacterium growth was observed.

Figure 16. In vitro callus induction from L. latifolia.

Callus emergence from L. latifolia leaves treated with Agrobacterium tumefaciens on selection media containing 7.5 mg L*
hygromycin within 2-4 weeks (a), and no callus induction was observed on WT leaves within 2-6 weeks (b)
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Figure 17. In vitro shoot induction from L. latifolia leaves.

Bud induction on emerged callus from L. latifolia transformed with A. tumefaciens harboring sense (a), antisense (b), and GUS
(c) constructs on selection media containing 7.5 mg L hygromycin within 30-50 days

Figure 18. In vitro shoot development from L. latifolia.

Shoot development of putative transformed L. latifolia with A. tumefaciens harboring sense (a), antisense (b), and GUS (c)
construct on SEM with 7.5 mg Lt hygromycin within 60-75 days.

3. 4 Rooting of hygromycin-resistant shoots and plant development

The elongated shoots (~ 3 cm) obtained in SEM were excised and transferred to RM containing
7.5 mg L hygromycin for root induction. Results showed that ~ 70 % of the shoots were rooted within 3
weeks in RM (Figure 19). To acclimatize, the rooted plants transferred to soil as explained earlier in
section 2.2 (Figure 20).
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After acclimatization, 38- 67% of putative transgenic plants survived. The putative transformed
L. latifolia was defined as follows: The plants harboring sense construct (BPPS-sense), the plants
harboring antisense construct (BPPS-antisense), and the plants harboring GUS construct (GUS).

Transformed plants were visually similar to WT plants while grown in the greenhouse (Figure 21).

Figure 19. In vitro root induction of L. latifolia.

Rooting of putative transformed L. latifolia plants harbouring sense (a), antisense (b) and GUS (c) constructs.

Figure 20. Acclimatization of rooted L. latifolia in soil in greenhouse condition
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Figure 21. 7-months old putative transgenic L. latifolia plants growing in the greenhouse.

WT (a); BPPS-antisense plant (b); BPPS-sense plant (c).

Rate of successful organogenesis in transformed L. latifolia was calculated based on the number
of explants initially infected with Agrobacterium tumefaciens in bud induction medium, and the number
of explants regenerated to shoot and then developed into the whole plants. Out of the initial 150 treated
explants for each construct transformation experiment, 65 calli from transformed leaves with BPPS-sense
gene and 80 calli from transformed leaves with BPPS-antisense gene emerged in selection media. Of
these calli, 32 BPPS-sense and 59 BPPS-antisense plants were regenerated, of which 9 (31.25%) of
BPPS-sense and 40 (67%) of BPPS-antisense plants were established in the greenhouse (Table 3).
Although all BPPS-antisense plants were phenotypically indistinguishable from WT, most of the BPPS-
sense plants showed severe growth retardation. Of the 9 rooted plants, 3 (BPPS-S1, BPPS-S2, BPPS-S5)
grew well and resembled WT plants in growth habit; 2 (BPPS-S3 and BPPS-S4) grew poorly and
produced little vegetative tissue, and BPPS-S6, BPPS-S7, BPPS-S8 and BPPS-S9 did not survive in soil

(Figure 22).
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Figure 22. Some representative BPPS-sense plants growing in the greenhouse.

BPPS-S1 grew well and resembled WT plants in growth habit (a) BPPS-S3 grew poorly and produced little vegetative tissue (b),
and BPPS-S8 did not survive in soil (c).

Table 3. Summary of Agrobacterium tumefaciens experiments

Transformation

experiment (inserted

# of initially

inoculated explants

# of explants

developed into a

# of callus

developed into

# of shoots

developed roots (%)

# of survived

transformed plants

gene) with callus (%) shoots (%)
Agrobacterium
tumefaciens
BPPS-sense (BBPS-S) 150 65 (43.3%) 48 (73.8%) 32 (66.6%) 9 (28.12%)
BPPS-antisense 150 80 (53.3%) 66 (82.5%) 59 (73.2%) 40 (67%)
(BPPS-As)
GUS 150 59 (39.3%) 22 (54.2%) 15 (68.18%) Not transferred to

the soil
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3.5 Histochemical assay of GUS plants

A histochemical assay for B-glucuronidase activity showed blue precipitate in transformed
Agrobacterium tumefaciens with GUS construct- positive control for constructed vector and also in callus
and regenerated shoots of GUS plants transformed with GUS construct. GUS expression was not detected

in the WT L. latifolia plants (Figure 23).

Figure 23. GUS expression of transgenic L. latifolia.

Transformed Agrobacterium harboring GUS construct- a positive control (a), regenerated callus and shoots from GUS plants,
respectively (b and ¢), WT leaves- negative control (d).

3.6 Molecular analysis of putative transgenic plants

3.6.1 Detection of HygR gene

The HygR gene from young leaf-derived cDNA of transformed L. latifolia was detected with rt-
PCR using specific primers. The HygR gene was successfully amplified from some of the putative
transgenic plants, but it was not amplified from WT L. latifolia cDNA as was expected. Rt-PCR analysis
of the HygR gene amplified the expected fragments of ~1.0 kb. Figure 24 shows the HygR amplification
in some representative transformants, WT- a negative control, and sense construct harboring HygR gene-

a positive control. All the 9 putative BPPS-sense transgenic plants were positive for HygR. In
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comparison, 31 out of 40 putative BPPS-antisense plants were positive for this gene showing high

transformation efficiency of the HygR gene in our transgenic plants.

3.0KB

1.0KB

Figure 24. rt-PCR amplification of the HygR gene from some representative putative transgenic L. latifolia plants using gene-
specific primers amplified the expected fragments of ~1.0 kb.

The HygR gene was successfully amplified from most transgenic plants, but it was not amplified from wild-type L. latifolia
cDNA. 1 KB =1 kb ladder, P = sense construct- positive control, WT= wild -type L. latifolia- negative control, BPPS-S= BPPS-
sense and BPPS-As= BPPS-antisense plants.

3.6.2 Expression analysis of BPPS gene in generated transgenic plants

3.6.2.1 rt-PCR analysis of BPPS expression in generated transgenic plants

The expression of BPPS gene in young leaves of BPPS-sense, BPPS-antisense, and WT plants,
were assessed by rt-PCR using gene-specific primers and normalized to -actin. The cDNA derived from
young leaves of WT plants was used as a negative control for the plant genetic transformation in this
study. The PCR products were resolved on agarose (1%) gel. Band intensities were measured by
densitometry using the ImageJ software. BPPS and f-actin genes with ~ 1.8 bp and ~ 500 bp respectively

were observed within WT since BPPS is an indigenous gene in lavender plants, the expected fragment
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was observed in WT plants. All tested BPPS-antisense plants showed significantly lower BPPS

expression than WT except for BPPS-Asl2, and BPPS-As22,

which showed near-average BPPS

expression compared with WT. All BPPS- sense plants showed significantly stronger expression of BPPS

in comparison with WT and BPPS- antisense plants (Figure 25).

a b Wt S6 As9

1.2 1 LiBPPS

] . * %k ok **
.E T . N ** f-actin
% %* %
e 0.8 ** T
2 ~
L )
s
m w
&5
g E 0.6 - *k -
5 'g - *% - T *k
© = *%
SE€ 04 .
= *k
£
St
(=}
4 0.2 -

0 A

» A > L3
& 5 & %?g: e gg; o 5 LI B vf’\\ ;\m B 9\% v?\q Y'&Q 9”” Y?Q vﬁ
S S S S S S T T T T T FTITETEEE
IV F FFFFFFFF

Generated transgenic plants

Figure 25. rt-PCR amplification of the BPPS gene in WT and transgenic L. latifolia plants using gene-specific primers.

Normalized (to p-actin) expression of BPPS in wild-type (WT) and some representative BPPS-sense (BPPS-S) and BPPS-
antisense (BPPS-As) plants assessed by rt-PCR (a), and PCR products were resolved on agarose (1%) gel (b). Band intensities
were measured by densitometry using ImageJ software. All the BPPS-sense plants had stronger expression than BPPS-antisense
and WT. Data represented as mean xstandard error for two biological replicates and three technical repetitions, **P < 0.01.
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3.6.2.2 qPCR analysis of generated transgenic plants

To quantify the expression of BPPS in transgenic plants, the gPCR quantified-transcript levels
for BPPS in young leaves of BPPS-sense, BPPS-antisense were compared relative to that of WT leaf.
Results showed that the transcriptional expression level of BPPS in all BPPS-sense plants was
significantly high ranging from 6.2 — 10.5 fold. 8 out of 10 tested BPPS-antisense plants showed an
opposite trend toward significantly low BPPS expression ranging from 0.20 - 0.69 fold. Lines BPPS-As12
and BPPS-As22 showed a near-average BPPS expression compared with WT. For BPPS-sense plants,
lines BPPS-S5, BPPS-S7, BPPS-S8 and BPPS-S9 presented the highest level of transcripts, and among
BPPS-antisense lines, BPPS-As4, BPPS-Asll, BPPS-As19, and BPPS-As30 presented the lowest levels
of BPPS transcript. When we compared the highest transcript levels of BPPS line (BPPS-S8) with the
lowest transcript level of BPPS-antisense plants (BPPS-As 19), we calculated differences of up to 10.6

times for BPPS (Figure 26).
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Generated transgenic plants

Figure 26. gPCR analysis of WT and generated transgenic L. latifolia plants using gene-specific primers.

The transcript levels for BPPS in young leaves of BPPS-sense (BPPS-S) and BPPS-antisense (BPPS-As) was normalized to actin.
Data represented as mean + standard error for two biological replicates and three technical repetitions, **P < 0.01. The control
for relative expression (WT) was assigned the arbitrary value of 1.0.

3.7 Screening of EO
3.7.1 Oil analysis of three developmental stages of wild-type L. latifoila leaves

The EO obtained from spike lavender leaves of three developmental stages (young, medium,
and old leaves) showed that the oil yield decreased with the age of leaves from 36.3 % in young leaves to
11.2 % in old leaves (Figure 27). Since borneol diphosphate (BPP) produced by BPPS is not a volatile
compound, detection of this monoterpene was not feasible by GC-MS (Despinasse et al., 2017). We
detected the abundance of borneol, camphor, 1,8 cineole and limonene as the derived monoterpenes from
GPP to study the manipulating BPPS expression on the abundance of these monoterpenes in the
transgenic plants. EO analysis showed that camphor content decreased from 23% in the young leaf to 8.6
% in medium leaves and then increased to 12.4 % in old leaves (Figure 28). It seems likely that camphor
abundance did correlate less with the developmental stage of leaves. Also, borneol, along with 1,8
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cineole and limonene, decreased gradually as the leaf matured. Due to higher oil yield in young leaves of

spike lavender, this type of tissue was selected to screen monoterpenes in the transgenic plants.
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Figure 27. Oil yield (mg /g leaf) obtained from leaves of three developmental stages (young, medium, and old) of wild-type L.
latifolia.

Data represented as mean + standard error for three biological replicates and three technical repetitions.
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Figure 28. Relative percent abundance of four monoterpenes obtained from leaves of three developmental stages (young,
medium, and old) of wild-type L. latifolia.

Data represented as mean + standard error for three biological replicates and three technical repetitions.

3.7.2 Screening of EO in BPPS-antisense plants

In order to correlate camphor production and BPPS expression in transgenic plants, GC-MS
analyses were performed on young leaves of each transgenic line as an in planta evaluation of LiBPPS
function. The EO of 11 BPPS-antisense plants that their transcriptional BPPS expression has been already
evaluated was screened. Twenty-one constituents were identified in both transformants and wild-type L.
latifoila (See Appendix E). The oil yield in WT and each transgenic plant was calculated. BPPS-antisense
plants show an oil of near-average yield compared with WT except for BPPS-As33, which had
significantly (p< 0.05) less oil yield (32.21 mg oil/g leaf) compared with WT (37.3 mg oil/g leaf) (Figure

29).
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Figure 29. The total EO (mg oil/ g leaf) of 9 BPPS-antisense L. latifolia plants.

All the BPPS-antisense plants showed an oil of near-average yield compared with WT except for BPPS-As 33, with significantly
less oil yield. WT= Wild-type and BPPS-As= BPPS-antisense plant. Data represented as mean + standard error for three
biological replicates and three technical repetitions, **P < 0.01 and * P< 0.05.

The monoterpene synthase candidates tested for oil screening showed consistency with the
results obtained from the transcriptional expression of BPPS. All BPPS-antisense plants demonstrated a
significantly different abundance of borneol, 1,8 cineole, camphor, and limonene compared with WT
except for BPPS-As12, and BPPS-As22 (See Appendix D- Table 4). Borneol content was considerably
reduced in 9 of the BPPS-antisense plants with the highest and lowest reduction in BPPS-As4 (~ 80%)
and BPPS-As33 (37%), respectively, relative to WT (Figure 30). Likewise, camphor abundance also
decreased in 9 of tested transgenic plants, ranging in concentration from 10.8 % in BPPS-As30 to 16.06%
in BPPS-As20 compared to 23.5% in WT (Figure 31). Statistical analysis showed that 1,8 cineole in 8 of
BPPS-antisense plants was significantly (p< 0.05) higher, and ranged in concentration from 28.15% in

BPPS-As20 to 36.33% in BPPS-As19 compared to 23.74% in WT. The 1,8 cineole in BPPS-As33
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showed a similar percentage of abundance (25.24 %) compared to WT, which is consistent with its low

total EO (Figure 32).
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Figure 30. The borneol abundance of 9 of BPPS-antisense L. latifolia plants.
The borneol contents were considerably reduced in 9 of the BPPS-antisense plants with the lowest and highest reduction in

BPPS-As4 (~ 80%) and BPPS-As33 (37%) respectively, relative to WT. WT= Wild-type and BPPS-As= BPPS-antisense plant.
Data represented as mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.
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Figure 31. The camphor abundance of 9 of BPPS-antisense L. latifolia plants.

The camphor contents were considerably reduced in 9 of the BPPS-antisense plants with the highest and lowest reduction in
BPPS-As30 (54%) and BPPS-As20 (~ 32%) respectively, relative to WT. WT= Wild-type and BPPS-As= BPPS-antisense plant.

Data represented as mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.
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Figure 32. The 1,8 cineole abundance of 9 BPPS-antisense L. latifolia plants.

All the BPPS-antisense plants showed a significantly higher level of 1,8 cineole compared with wild-type except for BPPS-As33.
The 1,8 cineole abundance showed a significant increment in 8 of the BPPS-antisense plants with the lowest and highest increase
in BPPS-As20 (18.5 %) and BPPS-As19 (53%) respectively, relative to WT. WT= Wild-type and BPPS-As= BPPS-antisense
plant. Data represented as mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.

A consistent trend toward a decreased abundance of borneol and camphor with an increased 1,8
cineole level was observed in the 9 of BPPS-antisense plants except for BPPS-As33. Limonene was
detected in minute quantities in WT, but was significantly higher (p< 0.05) in 9 of BPPS-antisense plants

ranging from 1.49 in BPPS-As20 to 3.74% in BPPS-As14 compared with WT (1.22%) (Figure 33).
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Figure 33. The limonene abundance of 9 BPPS-antisense L. latifolia plants.

All the BPPS- antisense plants showed a significantly higher level of limonene with the lowest and highest increase in BPPS-
As20 (~22 %) and BPPS-As14 (206%) respectively, relative to WT. WT= Wild-type and BPPS-As= BPPS-antisense plant. Data
represented as mean * standard error for three biological replicates and three technical repetitions, * P< 0.05.

3.7.3 Screening of EO in BPPS-sense plants

The EO of the 5 BPPS-sense L. latifolia plants with a significant increase in BPPS expression
were analyzed. Over a period of 9 months, only 5 of the transgenic plants survived for oil analysis.
Similar to BPPS-antisense plants, twenty-one constituents were identified in BPPS-sense plants. The
transgenic plants showed alteration toward oil yield as BPPS-S2 and BPPS-S5 showed a significantly
higher oil yield (40.33-41.12 mg oil/g leaf), BPPS-S3 and BPPS-S4 exhibited a decrease in their oil yield
compared with WT (37.3 mg oil/g leaf). BPPS-S1 showed an oil of near-average yield compared with

WT (Figure 34).
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Figure 34. The total EO (mg oil/ g leaf) of 5 BPPS-sense L. latifolia plants.

BPPS-S2 and BPPS-S5 showed a significantly higher oil yield (8.1 and 10.2 % respectively), while S3 and S4 showed a
significant decrease in their oil yield (9.3 and 7.5 %) compared with WT. BPPS-S1 showed an oil of near-average yield
compared with WT; WT= Wild-type and BPPS-S= BPPS-sense plant. Data represented as mean + standard error for three
biological replicates and three technical repetitions, ** P< 0.01 and * P< 0.05.

Borneol abundance in BPPS-sense plants showed a significant (P< 0.05) increase ranged from 6.88 to

9.24% except for BPPS-S3 and BPPS-S4 compared with WT (4.18%) (Figure 35).
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Figure 35. The borneol abundance of 5 BPPS-sense L. latifolia plants.

While borneol in BPPS-S1, BPPS-S2, and BPPS-S5 increased considerably (=65, ~76, and ~220% respectively), BPPS-S3 and
BPPS-S4 showed a significant decrease (~55 and ~44 %) in borneol relative to WT. WT= Wild-type and BPPS-S= BPPS-sense
plant. Data represented as mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.

While camphor showed a significant (P< 0.05) increase in BPPS-sense plants ranging from 30.11-
36.88%, BPPS-S3 and BPPS-S4 showed a significantly lower level of camphor (18-20.8 %) compared

with WT (23.5%) (Figure 36).
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Figure 36. The camphor abundance of 5 BPPS-sense L. latifolia plants.

While camphor in BPPS-S1, BPPS-S2 and BPPS-S5 increased significantly (~ 28, ~ 40 and ~55 % respectively), BPPS-S3 and
BPPS-S4 showed a significant decrease (~23 and ~ 11% in camphor compared with WT. WT= Wild-type and BPPS-S= BPPS-
sense plant. Data represented as mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.

On the contrary, the 1,8 cineole content considerably reduced in all transgenic plants ranging

from 16.79% in BPPS-S5 to 20.19% in BPPS-S3 compared with WT (23.74%) (Figure 37).
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Figure 37. The 1,8 cineole abundance of 5 BPPS-sense L. latifolia plants.

The 1,8 cineole content was considerably reduced in all transgenic sense plants, with the lowest and the highest reduction in
BPPS-S3 (~15%) and in BPPS-S5 (~30%) relative to WT. WT= Wild-type and BPPS-S= BPPS-sense plant. Data represented as
mean + standard error for three biological replicates and three technical repetitions, * P< 0.05.

While limonene showed a significantly lower abundance (p< 0.05) in 3 of BPPS-antisense plants ranging
from 0.56% in BPPS-S1 to ~1.1% in BPPS-S5, BPPS-S3 and BPPS-S4 showed a significantly higher (p<

0.05) abundance of limonene (1.83-2.3 % respectively) compared with WT (1.22%) (Figure 38).
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Figure 38. The limonene abundance of 5 BPPS-sense L. latifolia plants.

Limonene in BPPS-S1, BPPS-S2 and BPPS-S5 decreased significantly (~ 54, ~ 17 and ~17 % respectively), BPPS-S3 and BPPS-
S4 showed a significant increase (~50 and ~ 88% respectively) in limonene compared with WT. WT= Wild-type and BPPS-S=
BPPS-sense plant. Data represented as mean + standard error for three biological replicates and three technical repetitions, * P<
0.05.
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Chapter 4: Discussion

Among lavender cultivars, spike lavender is not considered as a desired plant for the perfumery
industry due to producing high camphor. It is widely assumed that the production of monoterpenes is
regulated genetically and that the difference in camphor levels in L. latifolia, L. angustifolia and L. x
intermedia is due to the distinct genetic background of these species (Clark & Menary, 1980; Turner et
al., 2000). Monoterpene production is also influenced by environmental factors and varies throughout the

development of the plant (Boeckelmann, 2008; Tholl, 2006).

Although borneol has been identified as the main component in EO of leaf and aerial parts of lavender
cultivars, the abundance of this monoterpene in spike lavender is low compared with other cultivars
(Aprotosoaie et al., 2017). Also, the higher amount of 1,8 cineole and camphor in spike lavender EO
makes it different from other valuable lavender cultivars (Mendoza-Poudereux et al., 2014). Studies
showed that camphor and 1,8-cineole in lavenders are mostly found in both young leaves and flowers and
greatly affected by developmental and environmental factors mainly in the Mediterranean region
(Aprotosoaie et al., 2017). The 1,8-cineole abundance increases in low temperature (Mufioz-Bertomeu et
al., 2007) and after rainfall while lower altitudes favor the biosynthesis of camphor (Hassiotis et al.,
2014). Although monoterpene biosynthesis is undergoing environmental factors, physiological,
biochemical, metabolic and genetic regulation (Clark & Menary, 1980; Sangwan et al., 2001; Tholl,
2006), the reason behind this diversity in the monoterpene profile in lavender cultivars is not well
elucidated. It seems that more research in terms of knowledge in genetic and biochemical data is needed

to reveal the regulation of monoterpene in the plants (Aprotosoaie et al., 2017).

Regulation of monoterpene biosynthesis, especially the pathways that contributed to the

production

of camphor, are not yet fully understood in lavenders (Mufioz-Bertomeu et al., 2008). Thus, a genetic
knowledge of camphor biosynthesis in lavenders is important for the biotechnological breeding of spike
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lavender (Mendoza-Poudereux et al., 2017; Juan Segura et al., 2019). The biosynthetic route for camphor
biosynthesis was previously defined in sage (Salvia officinalis) and results showed that camphor and
borneol are biosynthetically related (Wise et al., 1998). GPP is converted by Bornyl diphosphate synthase
(BPPS) to bornyl diphosphate (BPP) as a major prenyl diphosphate, and a few monoterpenes as minor
compounds. BPP is then dephosphorylated by bornyl diphosphate diphosphatase, leading to borneol, and
then oxidized to camphor by a borneol dehydrogenase (BDH) (Croteau et al., 1978; Mendoza-Poudereux
et al., 2017; Sarker et al., 2012; Wise et al., 1998; Woronuk et al., 2011). In theory, the abundance of the
intermediates and the end product depends on the activation or inactivation of the intermediating enzymes
(Boeckelmann, 2008). Camphor accumulation depends on the expression of all the contributing genes and
inactivation or absence of these enzymes might not only change the accumulation of GPP but also the
intermediate and end products. Also, assuming the same route for camphor biosynthesis in lavenders, it
seems likely that the high amount of camphor in spike lavender is due to the high activity of BPPS and
BDH for the production of borneol followed by its conversion into camphor. In both L. latifoila and L .x.
intermedia, camphor abundance is higher than borneol content (Boeckelmann, 2008; Lesage-Meessen et
al., 2015; Lis-Balchin, 2002) assuming that although both BPPS and BDH are expressed in these plants,

BDH has more activity than BPPS to convert borneol to camphor.

Recently, a LiBPPS cloned in our research group showed a high in vitro activity (unpublished)
for the conversion of GPP to BPP. So, it was hypothesized that this gene would likely have a similar
catalytic function in planta. To explore this hypothesis, we overexpressed LiBPPS gene using sense and
antisense technology in spike lavender. We selected L. latifolia instead of L. x intermedia to transform
with LiBPPS due to the following reasons: first, L. latifolia contained a higher abundance of camphor
than L. x intermedia (Lesage-Meessen et al., 2015; Upson et al., 2004), thus by implementing antisense
technology, we aimed to reduce camphor abundance in spike lavender for the first time. Furthermore, a
reliable Agrobacterium-mediated transformation and regeneration of transgenic spike lavender were

available.
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In BPPS-transgenic plants, the BPPS cDNA was constitutively expressed under the control of
the CaMV35s as a strong promoter. Thus, we expected an increase in the production of BPP and the
consequent products such as borneol and camphor in BPPS-sense plants, and decrease in the biosynthesis
of BPP and borneol and camphor in the BPPS-antisense plants. To confirm this, EO screening was

performed in this study.

4.1 Cloning LiBPPS gene in sense and antisense orientation in L. latifolia plants

4.1.1 L. latifolia is sensitive to hygromycin

Transformation of spike lavenders was confirmed using callus induction and shoot regeneration
under antibiotic supplemented culture medium, histochemical assays for B-glucuronidase activity in GUS
plants and molecular analysis for the presence of the transgenes (LiBPPS and HygR) in BPPS-sense and

BPPS-antisense plants.

In the present research, a protocol for the genetic transformation of L. latilolia using hygromycin as a
selectable marker was developed. A reliable plant genetic transformation highly depends on
implementing an appropriate antibiotic to select the transformants (Angenon et al., 1994). The sensitivity
of L. latifolia explants to kanamycin was established prior to transformation experiments to determine the
effective concentration for selecting transformed cells. In our work, Kanamycin did not suppress the
growth of untransformed plants which was not in accordance with the kanamycin concentration (30 mg L
1) reported in the previous works (Mendoza-Poudereux et al., 2014; Mufioz-Bertomeu et al., 2006;
Nebauer et al., 2000). Various factors such as genotype, explants type, the developmental stage, and the
tissue culture conditions may contribute to the sensitivity of plant cells to the selection agent (Angenon et
al., 1994). We, therefore, studied the sensitivity of spike lavender to the selection agent under the actual
conditions of the transformation and regeneration process. Results showed that kanamycin did not have

an influence on callus induction, shoot and root induction in both WT and the putatively transformed
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explants in the selection media. Thus, kanamycin was not a suitable selective agent for transforming spike

lavender.

To test the sensitivity of spike lavender to hygromycin, we found that 7.5 mg L™ hygromycin annulled
root induction in the unrooted WT shoots and shoot regeneration in WT leaves. Thus, hygromycin at 7.5
mg Lt was considered for the selection of transformed L. latifolia in tissue culture because concentration
higher than 7.5 mg L™ reduced shoot development. This result was not in line with 50 mg L of
hygromycin was used for the selection of transformed L. latifolia plants reported in the previous study

(Mishiba et al., 2000).

We used a combination of both cefotaxime and TIMENTIN to suppress the growth of the
remaining Agrobacterium in the elimination media. It was reported that 120 mg L™ of cefotaxime killed
the remaining bacteria without any influence on the frequency of bud and shoot regeneration, but
concentrations higher than 160 mg L *slightly reduced shoot development (Nebauer et al., 2000). In our
work, cefotaxime at a concentration of 120 mg L-*combined with TIMENTIN at a concentration of 60 mg

Lt eliminated Agrobacterium tumefaciens in the elimination media.

Also, for the first time, we produced L. latifoila transgenic plants for the BPPS-sense and BPPS-
antisense gene with the selectable marker HygR gene using Agrobacterium-mediated transformation.
Since the purpose of regenerating GUS plants was validating the in vitro Agrobacterium transformation
system, rooted plants expressing GUS were not transferred into the soil for further analysis. Production

of transgenic plants through Agrobacterium-mediated transformation lasted for 150-160 days.

4.1.2 Hygromycin-resistant explants were regenerated under selection condition

The method used for regeneration of L. latifolia was based on protocol reported by previous
studies (M C Calvo et al., 1988; Nebauer et al., 2000). We obtained a success rate of callus induction,
shoot regeneration and elongation of the putative transgenic plants which was in line with the previous

study (Nebauer et al., 2000). Rooting induction in transformed L. latifolia was rather difficult to be
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obtained when we followed previous protocols, but was successfully obtained when using half-strength
MS with 2.9 uM IAA reported by a previous study in our research group (Lauren A E Erland &
Mahmoud, 2014). Although this mentioned concentration of IAA did not give the largest number of roots
it did give better results than the previous treatments. We reported the success rate of organogenesis in
transformed spike lavender measured based on the number of explants initially treated with
Agrobacterium and the number of survived plants in the greenhouse. In this experiment, out of the initial
treated 150 explants for each transformation experiment, 65 calli from transformed leaves with BPPS-
senes gene and 80 calli from transformed leaves with BPPS-antisense gene emerged in selection media.
Of these calli, 32 BPPS-senes and 59 BPPS-antisense plants were regenerated, of which 31.25% of
BPPS-senes and 67% of BPPS-antisense plants were established in the greenhouse. This finding is
comparable with the previous study (Nebauer et al., 2000). Although all BPPS-antisense plants were
phenotypically indistinguishable from WT, 50% of the BPPS-sense plants showed severe growth
retardation and did not survive in the soil in the greenhouse. This might be associated with the transgene
(BPPS-sense) introduced into the plant genome which influenced structural and regulatory genes
controlling the plant anatomical or physiological characteristics. Also, the 35S promoter used for the
expression of BPPS in transgenic plants can induce massive expression in not only glandular trichome but
also in various tissue (Endo et al., 2018). Thus, growth retardation in the BPPS-sense plants might be due

to the expression of BPPS in other tissue such as root, leading to growth inhibition.

4.2 Expression analysis of putative transgenic plants

4. 2.1 Reporter gene (B-glucuronidase, GUS) activity

To test the Agrobacterium-mediated transformation system, the gusA gene under the control of
CaMV 35S promoter was transformed into the spike lavender genome. Histochemical assay for B-
glucuronidase activity showed the presence of blue precipitate in callus and regenerated shoots of

transformed plants. Thus, a system for the genetic transformation of L. latifolia was developed using
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hygromycin selection of Agrobacterium-inoculated leaf explants. In higher plants, the cauliflower mosaic
virus 35S promoter is one of the most common promoters in the heterologous expression of plant genes

(Endo et al., 2018).

4.2.2 Expression of selectable marker (HygR) gene in the transgenic plants

Because foreign DNA is integrated randomly into the plant genome (Beltran et al., 2009), its
molecular characterization becomes a primary tool for the presence of transgenes (HygR and BPPS). By
approaching Agrobacterium transformation technology, although only a small proportion of target plant
cells may receive the DNA, this method can introduce a large fragment of the foreign gene but with a
small copy number into the host plant genome (Birch, 1997; Gelvin, 2003; Hwang et al., 2017; S. Li et
al., 2017). Multiple integrations may lead to the inactivation of the transgene in the plant genome through
the defence mechanism of the host plant ending in gene silencing. Thus developments of efficient tools
with simple integrations and high levels of expression are preferred for plant transformation (Beltran et

al., 2009).

The HygR was amplified in 9 survived BPPS-sense plants, while this gene was amplified in 31
out of 40 putative BPPS-antisense plants. This indicated that the hygromycin resistance gene was present
within the genome of transgenic plants and also showed the high transformation efficiency of the HygR
gene in the transgenic plants. Although some putative transformants were able to grow in the presence of
hygromycin, PCR amplification of the HygR gene was unsuccessful in these plants. This may due to the

expression of this gene in these plants below a level which was detectable.

4.2.3 Expression of BPPS in the transgenic plants

As BPPS is an endogenous gene in spike lavender, quantitative PCR amplification from cDNA
instead of genomic DNA from young leaves, was vital to evaluate the expression of BPPS in the
transgenic plants. To examine the expression pattern of the transgene, both rt-PCR and gPCR were

employed in our work.
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Evident differences were observed at the level of BPPS expression according to amplification
intensities by rt-PCR. Results revealed lower expression of BPPS in 11 out of 13 BPPS-antisense plants
meaning that the gene was down-regulated confirming that antisense RNA technology can be used as a
potential tool for reducing the expression of targeted genes in the transgenic plants. Although no studies
have been reported regarding using antisense RNA in reducing the activity of a target gene in lavenders,
some studies showed the application of this technique in other plants. For example, it was shown that the
expression of an antisense chalchone synthase (chsA) cDNA driven by either the CaMV 35s promoter or
the chsA promoter can result in a severe reduction of flower pigmentation in petunia(van der Krol et al.,
1988). Previous studies also demonstrated the utility of antisense RNA to reduce nopaline synthase
activity (Rothstein et al., 1987; Sandler et al., 1988), GUS activity (Cannon et al., 1990), small subunits of
ribulose bisphosphate carboxylase (rbe) activity in tobacco (Rodermel et al., 1988). Also, knocking down
the expression of limonene synthase by RNAi method in transgenic spearmint was reported (C. Li et al.,
2020). Another study showed down-regulation of menthofuran synthase (mfs) by the antisense approach

in transgenic peppermint (Mahmoud & Croteau, 2003).

We also used gPCR to determine the mRNA levels of the BPPS gene regulated by the promoter
CaMV 35S. The differences were observed at the levels of transcription according to amplification
intensities by rt-PCR agreed with the gPCR data for all the tested transgenic plants. 8 out of 10 tested
BPPS-antisense plants showed a less transcriptional expression level of BPPS compared with BPPS-sense
plants and WT. Surprisingly, 2 of the BPPS-antisense plants (BPPS-AS12 and BPPS-AS22), showed
near-average BPPS expression compared with WT. Some authors have already reported no significant
modification of monoterpene profile among the transgenic plants. This observation in our transgenic
plants might be due to the silencing of the LiBPPS gene in the plant genome. The transgene-silencing
effect can be interpreted in two general categories: positional effect in which the transgene may insert into
a non-expressed portion in unfavourable chromosomal location (heterochromatin) or the repeat-sequence

regions of telomers result in silencing of the transgene (M A Matzke & Matzke, 1998; Ye & Signer,
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1996). The second class of transgene inactivation occurs when multiple copies of the transgene are
present in a genome (Kumar & Fladung, 2001; M A Matzke & Matzke, 1998). This indicates that the host
genome has some control over the expression of the transgene in defense against foreign DNA through
DNA methylation and histone deacetylation at the transcriptional level (Marjori A Matzke et al., 2002) or
promoter methylation in the posttranscriptional level. Another assumption is that the BPPS transgene
might not be expressed due to the integration of truncated copies of the gene into the plant genome. The

actual mechanism of gene silencing in our plants cannot not be fully elucidated from our data.

BPPS amplification by rt-PCR and gPCR showed that all BPPS-sense plants had a higher level
of BPPS transcript compared with WT. When we compared the highest transcript levels of BPPS lines
with the lowest transcript level of BPPS-antisense plants, we calculated differences of up to 10.6 times for
BPPS. In BPPS-transgenic plants, the BPPS cDNA was constitutively expressed under the control of the
CaMV35s as a strong promoter. Thus, we assumed that as a plant develops, the promoter remains active,
resulted in increasing the level of BPPS transcript. Some studies showed a correlation between
overexpression of transgene with a level of transcript in the transgenic plants however this depends on the
plant tissue type, developmental stage, tissue position on the plant and transgenic lines (Diemer et al.,
2001; Bernd Markus Lange et al., 2011; Mahmoud et al., 2004; Mendoza-Poudereux et al., 2014; Mufioz-
Bertomeu et al., 2006, 2008). For example, it was shown that the expression of LIS transgene in spike
lavender was dependent on the developmental stage of plant leaf as young leaves showed the highest
expression (Mendoza-Poudereux et al., 2014). Also, in an another effort, up-regulation of DXR, an
enzyme of the MEP pathway, some lines of transgenic spike lavender plants led to an increase in mRNA
level (Mufioz-Bertomeu et al., 2006). In a separate study, a higher LS expression in some of the
transgenic spike lavender lines was reported whereas the rest of the lines showed a moderate expression

of the transgene (Mufioz-Bertomeu et al., 2008).
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4.3 Essential oil screening in WT and transgenic plants

4.3.1 Oil yield and monoterpene composition in WT plants

To select the appropriate tissue for screening oil yield and monoterpene composition in
transgenic plants, pre-screening of EO in different developmental stages (young, medium, and old) of WT
spike lavender leaves were performed. Results showed that the oil content (per weight) decreased with the
age of leaves from 36.3 % in young leaves to 11.2 % in old leaves. Also, we observed a higher abundance
of borneol, camphor, 1,8 cineole and limonene in WT spike lavender leaf. This might be due to an
increase in a higher density of essential oil glands in young leaves. The pattern of decreasing EO as the
leaf matures was in line with the higher oil composition in young leaves of WT and mutant L. x
intermedia (Lauren Alexandra Elizabeth Erland, 2015). Also, monitoring monoterpene abundance in both
transgenic and WT spike lavender showed that the content of some monoterpenes such as limonene,
pinene, myrcene, 1,8 cineole, camphor and borneol was decreased with leaf development (Mufioz-
Bertomeu et al., 2007). Other studies in Lamiaceae showed a higher EO profile in young leaves. For
example, in Salvia officinalis, camphor, and borneol levels were higher in expanding leaves compared to
mature leaves (Croteau et al., 1981). Other studies in Menta piperita showed that monoterpene profiles
like menthone and menthol increase with leaf age advancement (Maffei & Codignola, 1990; Turner et al.,

2000).

4.3.2 Oil yield and monoterpene content in the BPPS-sense and BPPS-antisense plants

To confirm whether modification of BPPS expression influences the abundance of camphor,
borneol and other monoterpenes, we monitored the EO of transgenic plants. EO screening of transgenic
plants over a period of 9 months was accomplished by sonication of young leaves followed by gas
chromatography separation of components and quantification by the internal standard. GC-MS analysis
Since, lavender EO monoterpenes are produced mainly in the glandular trichomes (Guo et al., 2020), it

was reasoned that alterations in mTPS gene expression should be observable at the level of essential oil
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accumulation (Mahmoud & Croteau, 2001). The goal of our study was to investigate the influence of the

sense and antisense version of LiBPPS on borneol and camphor abundance.

Since borneol diphosphate (BPP) produced by BPPS is not a volatile monoterpene due to its
high molecular weight (314.21 g/mol) and having biphosphate polarity group, detection of this
monoterpene was not feasible by GC-MS (Despinasse et al., 2017; Wise et al., 1998). Thus, we screened
the abundance of borneol and camphor (which are derived from BPP), in addition to some other

monoterpenes in our transgenic plants.

The analytical screen of BPPS-antisense plants showed that EO yield in most antisense plants
was similar to that in WT except for BPPS-As33, which produced less EO. This may due to the positional
effects of the transgene. It is possible that the transgene disrupted other genes that control plant growth
vigour and essential oil production in BPPS-As33. Data obtained in this study cannot confirm this
postulate, which can be further investigated through genome sequencing or other methods. In terms of
monoterpene composition, 9 of the BPPS-antisense plants showed a reduction of ~ 80% in borneol and of
~55% in camphor abundance relative to WT. The results indicated that in all cases in which the
expression of BPPS was transcriptionally downregulated in BPPS-antisense plants, a consistent
correlation was observed between the reduction of borneol and camphor and downregulation of BPPS.
This implies that camphor biosynthesis is preliminary controlled by the transcriptional regulation of
BPPS. Our results parallel those previously reported in other plants. To date, numerous studies have
shown that monoterpene production can be regulated through gene expression. For example, a positive
correlation between menthofuran content and the level of the menthofuran synthase transcript in
peppermint was reported, implying that menthofuran biosynthesis is controlled primarily by
transcriptional regulation of menthofuran synthase (Mahmoud & Croteau, 2003). Also, a positive
correlation between the level of camphor and the expression of its biosynthetic enzyme (BDH) in
glandular trichomes of L. x intermedia was shown (Sarker et al., 2012). Further, it was reported that the

changes in terpene synthase (TPS) expression led to changes in EO composition during lavender (L.
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angustifolia and L. x intermedia) inflorescence developments (Guitton et al., 2010). Another study
showed that the developmental expression of the limonene synthase (LS) transcript paralleled with
limonene accumulation in spike lavender leaves (Mufioz-Bertomeu et al., 2008). Also, the abundance of
linalool correlated with the transcription of the linalool synthase gene in L. x intermedia and L.

angustifolia (Boeckelmann, 2008).

The decrease in borneol in conjunction with camphor reduction in our BPPS-antisense plants
indicates that similar to sage (Sarker et al., 2012; Wise et al., 1998), camphor is produced from
consecutive dephosphorylation of BPP and oxidation of borneol in spike lavender. Furthermore, the
results may imply that downregulation of BPPS affected the downstream key genes such as BDH by a
precursor availability so that they were not able to accelerate monoterpene production and accordingly led
to a reduction of borneol and camphor in spike lavender. Although, the antisense approach for regulation
of monoterpene synthase had not been reported in lavenders prior to this study, one study showed that
down-regulation of menthofuran synthase gene (mfs) by antisense approach in peppermint led to a
decrease in menthofuran by the precursor availability (Mahmoud & Croteau, 2001). Similarly,
downregulation of BPPS gene in antisense plants resulted in the reduction of borneol (~40-80%) and
camphor (32-54%) abundance. To date, only two studies were conducted for the identification and in
vitro functional characterization of genes committed in camphor biosynthesis in lavender. However, the
in vivo potential role of these genes was not confirmed in lavender plants yet. For example, BDH gene
from glandular trichomes of L. x Intermedia cDNA library cloned in E.coli converted borneol into
camphor (Sarker et al., 2012). Also, a BPPS has been identified from lavender plants (Despinasse et al.,
2017) showing a potential role for in vitro converting of GPP to less BPP and other monoterpenes such as
pinenes and camphene. It was assumed that this gene was not strongly expressed, or its mMRNA was not

very stable in vitro (Despinasse et al., 2017).

Screening of other monoterpenes in BPPS-antisense plants showed that 8 of the transgenic

plants contained a significant increment of 1,8 cineole between 18.5% - 53% and of limonene ranged
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from 22%-206% compared with WT. It is possible that the downregulation of BPPS in BPPS-antisense
plants favored increasing the level of GPP as a precursor for other monoterpenes such as 1,8 cineole and
limonene. It can be speculated that the accumulation of 1,8 cineole in BPPS-antisense plants is due to the
accumulation of the GPP pool after the downregulation of BPPS in the transgenic plants. Accordingly, the
GPP as the universal precursor of the monoterpenes will be recruited for the biosynthesis of other
monoterpenes including 1,8 cineole, limonene, linalool, 3-carene or B-phelandrene (Zhao et al., 2020;
Zhou et al., 2016). Our results were in accordance with previous studies showing that GPP as a precursor
supply acts as a limiting factor in the biosynthesis of monoterpenes through the plastid MEP pathway.
Such competition between enzymes sharing the same limiting substrate (GPP) has already been observed
with some transgenic plants. For instance, competition for GPP between 4S-limonene synthase (4S-LS)
and those enzymes catalyze the production of sabinene, 1,8-cineole and the ocimene led to altered level of

compounds formed directly from GPP in pepermint and cornmint transgenic lines (Diemer et al., 2001).

BPPS-sense plants exhibited a range of phenotypes, and oil yield. Among 9 BPPS-sense plants, 4 showed
growth retardation and did not survive in greenhouse. Considering a high level of BPPS expression in
these transgenic lines (7-10 times compared with WT), it was assumed that strong expression of BPPS
may lead to the conversion of GPP to levels of borneol and camphor that are lethal for transgenic plants.
Also, it is possible that the presumably higher level of borneol and camphor in these transgenic lines,
caused a dramatically reduced level of GPP for other monoterpenes or substrates such as terpenoid,
growth regulators, chlorophylls or carotenoids that are important to plant growth and development
(Aharoni et al., 2003; B Markus Lange & Ahkami, 2013). Among the 5 survived transgenic plants, BPPS-
S2 and BPPS-S5 showed a significantly higher oil yield (8.1 and 10.2 % compared to WT plants
respectively) which was consistent with their high level of BPPS transcript, while BPPS-S3 and BPPS-S4
showed a significant decrease in their oil yield with 9.3 and 7.5 % compared with WT, respectively.
BPPS-S1 showed an oil of near-average yield compared with WT. Although BPPS-S1, BPPS-S3 and

BPPS-S4, showed higher BPPS expression with 4-6 times transcript level compared with WT, EO yield
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was drastically decreased in these transgenic plants. We did not anticipate this result, as overexpression of
BPPS is not expected to lower oil yield. However, complications due to somoclonal variation and
positional effects of the transgene could affect plant growth and development, and oil yield. In this
context, similar results have been previously reported in other plants. For example, although the
constitutive overexpression of the spearmint LS gene led to high transcript abundance and enzyme
activity in glandular trichomes of transgenic peppermint plants, the oil yield and monoterpene
composition were the same as in WT controls (Mahmoud et al., 2004). In another study, the elevated
expression levels of spearmint limonene synthase gene (4SLS) led to up to 200% oil yield in some
transgenic peppermint compared with WT while overexpression of the same transgene in cornmint
resulted in similar or lower yield oil than that of WT (Diemer et al., 2001). The reduction in oil yield due
to transgene expression could also be due to a decrease in glandular trichome (where oil is produced)
numbers (B Markus Lange & Ahkami, 2013). In our case study, evaluating the density and size of
glandular trichomes on the leaves of the highest, moderate and lowest yielding transgenic plants would

help to investigate the mechanisms controlling EO yield in spike lavender.

Regarding the monoterpene profile of the BPPS-sense plants, we found that changes in the amount of
borneol and camphor along with other monoterpenes such as 1,8 cineole and camphor were dependent on
the transgenic lines and could not be clearly related to overexpression of LiBPPS gene on the variations of
these compounds in the transgenic spike lavender lines. Although BPPS-S1 contained near-average EO
compared with WT, it showed expected higher borneol and camphor with less 1,8 cineole and limonene
compared to WT. BPPS-S1, BPPS-S2 and BPPS-S5 also showed an expected higher level of camphor
and borneol with less quantity of limonene and 1,8 cineole compared with WT, suggesting the potential
function of LiBPPS in regulating borneol and camphor production in spike lavender. It is possible that the
introduced LiBPPS might improve the availability of BPPS for the steps leading to camphor biosynthesis
in this transgenic line. This outcome is in accordance with the accumulation of borneol and camphor

increased with the expression level of LaBPPS in L. angustifolia (Despinasse et al., 2017). The transgenic
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lines BPPS-S3 and BPPS-S4 with lower EO yield showed a lower abundance of borneol and camphor
compared with WT. Although these two lines contained higher 1,8 cineole than the other 3 transgenic
plants, they accumulated lower quantities of 1,8 cineole compared with WT. Limonene, which is a minor
monoterpene in EO of WT spike lavender leaves, showed a significant increase (~50 and ~ 88%

respectively) in BPPS-S3 and BPPS-S4 compared to WT and other transgenic plants.

The monoterpene abundance results observed in some BPPS-sense lines were unexpected. This could be
due to the introduction of a transgene that may not have 100 % homology with the endogenous gene
(LiBPPS) lead to variation in the monoterpene profile in BPPS-sense plants. Such effects have previously
been observed in other studies. For example, Some of the transgenic spike lavender lines overexpressing
limonene synthase gene resulted in increased amounts of limonene without alteration the levels of other
monoterpenes compared to control (Mufioz-Bertomeu et al., 2008). Also, it was found that overexpression
of Clarkia breweri linalool synthase gene in spike lavender resulted in an increase in linalool content in
leaves without modifying the total content of EO (Mendoza-Poudereux et al., 2014). It was reported that
the constitutive expression of 4S-LS transgene did not lead to altered oil composition (Krasnyanski et al.,
1999). Moreover, it was shown that a decrease of total monoterpenes after the introduction of 4S-LS
transgene in two cornmint transgenic lines (Diemer et al., 2001). In a separate study, the attempt to
overexpress the endogenous limonene-3-hydroxylase (L3H) gene in transgenic peppermint plants was
unsuccessful, as none of the transgenics contained elevated levels of L3H activity or increased oil yield.
However, cosuppression of L3H in peppermint promotes accumulation of limonene (up to 80% of the
essential oil compared to about 2% of the oil in wild type plants), without influence on oil yield of the

transgenic plants (Mahmoud et al., 2004).

Unexpected changes in monoterpene profile in our transgenic plants could be due to an
influence on the availability of GPP as a precursor to other terpene synthases that produce multiple
products in spike lavender. Numerous plant terpenoid synthases produce multiple products (Bohlmann et

al., 1998). For example, identification, cloning and functional characterization of BPPS from floral-based
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glandular trichomes of L. angustifolia (Despinasse et al., 2017) showed that LaBPPS produced BPP
(30%) and some other terpenes such as pinenes and camphene. Also, the recombinant BPPS from sage
officinalis produced mainly BPP (75%), but also limonene, camphene, pinene, 1,8 cineole, sabinene and
myrcene in the lower level (Wise et al., 1998). The in vitro cloned and functionally characterized LiBPPS
in our research group showed production of a high amount of borneol (61%) following alkaline
phosphatase (AP) treatment and a lower amount of camphene, a-pinene, B-pinene, limonene and
terpinolene. Thus, it is assumed that overexpression of LiBPPS in our transgenic spike lavenders altered
GPP availability, and led to alteration in the abundance of monoterpenes other than borneol and camphor.
Similar results were reported where the expression of spearmint LS in transgenic spike lavender led to the
production of limonene as a main product, pinenes and myrcene in developing leaves of the transgenic

plant (Mufioz-Bertomeu et al., 2008).

In summary, our results confirm that monoterpene metabolism can be modified through genetic
manipulation of terpene synthase expression. In studies reported here, the introduction of sense and
antisense versions of LiBPPS gene resulted in modifications of borneol and camphor in addition to other
monoterpenes profiles in spike lavender. However, interpretation of some results is difficult, in particular

since the regulatory mechanisms that control monoterpene production in plans are poorly understood
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Chapter 5: Conclusion

Some of the most commercially important lavender species with high essential oil yield (e.g., L.
latifolia and L. x intermedia) produce relatively high amounts of camphor and borneol, which render their
EO undesired for use in perfumes and other cosmetics. Metabolic engineering can potentially be used to
reduce camphor and borneol content in these plants. However, the relevant genes must be first cloned.

One of the genes that can be used to alter borneol and camphor production is BPPS.

Recently, a floral-based BPPS was identified from L. x intermedia in Mahmoud’s lab and the identity of
this gene was confirmed through in vitro functional characterization of the BPPS. Results showed a high
in vitro catalytic function of LiBPPS in the conversion of GPP to BPP (unpublished) but the function of
this gene has not been detected in planta. The main goal of this thesis was to examine the in planta role of
LiBPPS gene in camphor biosynthesis through altering its expression in transformed L. latifolia plants.
Specific objectives were to overexpress LiBPPS in sense and antisense in stably transformed L. latifolia

plants.

The objectives of our study were successfully met through cloning a full-length cDNA-
encoding LiBPPS in sense and antisense version of BPPS driven by the CaMV 35S promoter separately
into the pCambial390 vector, transforming Agrobacterium tumefacience with pCambial390:: LiBPPS-
antisense (antisense plasmid) and with pCambial390:: LiBPPS-sense (sense plasmid). The constructs
were used to stably transform spike lavender using an Agrobacterium-mediated transformation protocol.
Finally, we evaluated the transcriptional expression of BPPS in planta via molecular analysis, and

screened the essential oil of BPPS-sense and BPPS-antisense plants by GC-MS technique.

For plant transformation, we used hygromycin as a selectable marker, and obtained a reasonable
success rate of callus induction, shoot regeneration and elongation of the putative transgenic plants which
was in line with the previous work (Nebauer et al., 2000). However, we found that regenerated putative
BPPS-antisense plants had a higher survival rate than the putative BPPS-sense plants in the greenhouse,
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most likely since ectopic expression of BPPS in sense affects plant growth via an unknown mechanism.
Results of the molecular analysis by rt-PCR showed that 100% of survived BPPS-sense plants and 77.5%
of survived BPPS-antisense plants showed expression of HygR gene. Results of normalized BPPS
expression via rt-PCR and transcription level of BPPS via g-PCR showed a higher and lower
transcriptional expression level of BPPS for all BPPS-sense plants and some of the BPPS-antisense
plants, respectively, compared with that of WT. However, some of the BPPS-antisense plants showed a
similar BPPS expression compared with WT. These results indicate that that sense and antisense
technology can be used as a potential tool for altering the expression of targeted genes in transgenic
plants. Our results support the hypothesis that the overexpression of a homologous sense version of
LiBPPS will lead to increased expression of the gene in some transformed L. latifolia plants while the
overexpression of a homologous antisense version of LiBPPS results in downregulation of BPPS in L.
latifolia. However, some BPPS-antisense plants did not show the expected higher BPPS expression,

likely due to positional effects.

EO yield was not substantially altered in most BPPS-antisense and BPPS-sense plants. However, as
expected, most of the BPPS-antisense plants showed a reduction of borneol and camphor relative to WT.
These results may imply that camphor biosynthesis is preliminary controlled by the transcriptional
regulation of BPPS, and also that LiBPPS has a function in converting GPP to BPP in spike lavender. Our
results parallel those previously reported in other plants (Guitton et al., 2010; Mahmoud & Croteau, 2003;
Sarker et al., 2012). From these results, we also found that the decrease in borneol in conjunction with
camphor reduction in our BPPS-antisense plants indicates that camphor is produced from consecutive
dephosphorylation of BPP and oxidation of borneol in spike lavender. We also observed an expected
higher level of camphor and borneol in sense plants compared with WT, confirming the potential function
of LiBPPS in regulating borneol and camphor production in spike lavender. However, some of the BPPS-
sense plants exhibited a decreased level of borneol and camphor despite showing higher BPPS

expression. Although we did not anticipate this result, similar results have been previously reported in
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other plants (Diemer et al., 2001; Mahmoud et al., 2004). Our results confirm the hypothesis that the
overexpression of LiBPPS gene leads to increased production of BPP, borneol, and camphor, while
downregulation of the gene will result in reduced biosynthesis of these metabolites in spike lavender.
However, interpretation of some of EO screening results in our transgenic plants was difficult as the
observed monoterpene concentrations and EO vyield did not follow expected patterns. Thus,
complementary studies such as evaluating the density and size of glandular trichomes on the leaves of the
highest, moderate and lowest yielding transgenic plants would help to investigate the mechanisms
controlling EO vyield in spike lavender. Further studies, for example using Southern Blotting to detect the
copy number of the transgene, identification and functional characterization of transcription factors (TF)
that interact with the BPPS expression gene in spike lavender, and RNA sequencing to identify numerous
candidate genes in transgenic plants which show the unique expression patterns. Also, some BPPS-sense
lines showed growth retardation and did not survive in the soil in the greenhouse. Thus, we were unable
to screen the EO of these lines. It is possible that ectopic expression of BPPS in sense interfered with the
normal growth and development of plants. One way to avoid such complications is to use glandular
trichome-specific promoters to overexpress or downregulate the BPPS gene in spike lavender. Thus, the

target monoterpenes can accumulate in glandular trichomes and no other plant tissues.

In conclusion, our results clearly demonstrate that LiBPPS encodes a functional BPPS gene, and that
production of camphor and borneol can be controlled through manipulating the expression this gene in

lavenders.
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Appendices

Appendix A: Map of Pcambia 1390 plant expression vector (NovoPro)
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Appendix B: Bacteria strains used in this thesis

Organism Strains Antibiotic resistant Purpose
E. coli DH5a Kanamycin Cloning
A. tumefaciens GV3101 Rifampicin Plant

transformation

Appendix C: PCR programs used in this study

Table C. 1. The PCR program for amplification of BPPS in sense plasmid and antisense plasmid and for amplification of 35s:gus

A genes in GUS plasmid

Stage Temperature Time Cycle
Stage 1
Pre-denaturation 95 °C 5 min 9
Denaturation 95 °C 30 sec
Annealing 65 °C 30 sec
Extension 72 °C 2 min
Stage 2
Denaturation 95 °C 30 sec 31
Annealing 56 °C 30 sec
Extension 72 °C 2 min
Stage 3
Final extension 72 °C 10 min 1
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Table C. 2. The PCR program for validation of hygromycin resistance gene (HygR) in transformed plants

Stage Temperature Time Cycle
Stage 1
Pre-denaturation 95 °C 5 min 8
Denaturation 95 °C 30 sec
Annealing 59 °C 30 sec
Extension 72 °C 1.45 sec
Stage 2
Denaturation 95°C 30 sec 32
Annealing 51°C 30 sec
Extension 72 °C 1.45 sec
Stage 3
Final extension 72 °C 10 min 1
Hold 4°C o
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Table C. 3. The PCR program for validation of actin in transformed plants

Stage Temperature Time 2. Cycle
Stage 1
Pre-denaturation 95°C 5 min 30
Denaturation 95°C 30 sec
Annealing 56 30 sec
Extension 72°C 45 sec
Stage 2
Final extension 72°C 7 min 1
Hold 4°C 0
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Table C. 4. The PCR program for validation of the BPPS gene in transformed plants

3. Stage Temperature Time Cycle
Stage 1
Pre-denaturation 95 °C 5 min 8
Denaturation 95 °C 30 sec
Annealing 60 °C 30 sec
Extension 72 °C 2 min
Stage 2
Denaturation 95°C 30 sec 22
Annealing 53°C 30 sec
Extension 72 °C 2 min
Stage 3
Final extension 72 °C 10 min 1
Hold 4°C o
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Appendix D: Media compositions used for L. latifolia transformation and regeneration

For L. latifolia transformation

a) Suspension medium (BM medium) plus acetosyringtone:

- 4.43 g L't Murashige and Skoog salts with vitamins (PhytoTechnology laboratories)

- 3.0 % (w/v) sucrose (Fisher scientific)

-pH55

After autoclaving:

- 100 uM Acetosyringone (PhytoTechnology laboratories)

b) Co-cultivation medium (BRM without antibiotics):

- 4.43 g L't Murashige and Skoog salts with vitamins

- 0.4 % Gellan gum (PhytoTechnology laboratories, USA)

- 3.0 % (w/v) sucrose

- 0.6 uM indole acetic acid (IAA) (Sigma Aldrich)

- 8.8 uM 6-benzylaminopurine (BA) (Sigma Aldrich)

-pH5.5

For L. latifolia organogenesis:

a) Elimination medium:

- 4.43 g L't Murashige and Skoog salts with vitamins
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- 0.4 % Gellan gum

- 3.0 % (w/v) sucrose

- 0.6 uM indole acetic acid (IAA)

- 8.8 uM 6-benzylaminopurine (BA)

-pH5.7

After autoclaving:

-60 mg LT TIMENTIN (ticarcillin and clavulanate) (Gold Biotechnology, USA),

- 120 mg L* cefotaxime (Gold Biotechnology, USA)

b) Selection medium:

- 4.43 g L't Murashige and Skoog salts with vitamins

- 0.4 % Gellan gum

- 3.0 % (w/v) sucrose

- 0.6 uM indole acetic acid (IAA)

- 8.8 uM 6-benzylaminopurine (BA)

-pH 5.7

After autoclaving:

-60 mg L TIMENTIN

- 120 mg L cefotaxime
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- 7.5 mg L hygromycin B (AG.Scientific)

SEM (Shoot Elongation Medium):

- 4.43 g L Murashige and Skoog salts with vitamins

- 0.4 % Gellan gum

- 3.0 % (w/v) sucrose

-0.06 M 1AA

-8.9 uM BA

-pH to 5.7

After autoclaving:

-60 mg L TIMENTIN

- 120 mg L* cefotaxime

- 7.5 mg Lt hygromycin

c) Rooting medium:

- 2.21g L™* Murashige and Skoog salts with vitamins,

- 0.8 % Gellan gum

- 3.0 % (w/v) sucrose

-2.9 uM IAA

-pH to 5.7
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After autoclaving:

-60 mg LT TIMENTIN
- 120 mg L cefotaxime
- 7.5 mg L* hygromycin

Note: all antibiotics used in regeneration and rooting media were added after autoclaving
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Appendix E: Supplementary table for EO screening of transgenic plants

Oil yield (mg oil/g leaf) and relative percent composition of major oil constituents in young leaves of wild-type (WT), BPPS-
sense (BPPS-S) and BPPS-antisense (BPPS-As) plants. Values are compared to WT using the student’s t-test. Data represented

as mean * standard error for three biological replicates and three technical repetitions, * P< 0.05.

Line Camphor SD Borneol SD 1,8 SD Limonene SD Oil Yield SD
Cineole

WT 235 1.45 4.18 0.23 23.74 0.76 1.22 0.19 373 2.81
BPPS-As4 13.4* 0.52 0.87* 0.12 35.31* 1.46 241* 0.24 36.8 2.78
BPPS-As9 14.6* 142 1.85* 0.09 35.86* 2.34 1.96* 0.14 37.91 121
BPPS-As11 12.8* 0.39 1.32* 0.05 34.89* 1.9 2.3* 0.05 36.5 21
BPPS-As12 22.22 1.33 3.98 0.20 23.91 0.36 1.13 0.1 38.0 2.55
BPPS-As14 11.6* 1.24 1.87* 0.1 35.18* 1.72 3.74* 0.18 37.8 15
BPPS-As18 13.5* 1.95 2.31* 0.17 32.46* 2.64 2.39* 0.13 36.5 0.58
BPPS-As19 12.9* 217 1.89* 0.2 36.33* | 0.97 2.42* 0.25 38.7 2.69
BPPS-As20 16.06* 3.13 2.14* 0.17 28.15* 2.66 1.53* 0.09 35.8 1.33
BPPS-As22 22.61 2.22 4.03 0.06 2351 2.96 131 0.2 37.22 1.90
BPPS-As30 10.8* 29 1.39* 0.16 33.6* 3.39 2.04* 0.19 36.1 2.61
BPPS-As33 15.9* 1.23 2.63* 0.34 25.24 2.71 1.49* 0.15 32.21** 2.86
BPPS-S1 30.11* 2.24 6.88* 0.67 19.2* 1.74 0.56* 0.14 39.89 3.58
BPPS-S2 32.81* 1.24 7.38* 0.41 17.19* 1.9 1.01* 0.09 40.33* 3.58
BPPS-S3 18* 3.43 1.87* 0.27 20.15* 2.06 1.83* 0.3 33.81* 1.33
BPPS-S4 20.8* 2.39 2.32* 0.62 19.89* 3.8 2.3* 0.05 34.5* 2.1
BPPS-S5 36.38* 3.39 9.24* 1.01 16.79* 211 1.01* 0.08 41.12* 2.34
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