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Abstract

Several varieties of Lavandula x intermedia (lavandins) are cultivated for their essential oils (EO)
which are extensively used in a wide range of hygiene and personal care products. These EOs are
mainly dominated by monoterpenes, including linalool, linalool acetate, borneol, 1,8-cineole, and
camphor. Among these, camphor is of particular significance as it adds a sharp overtone to the EO
fragrance, reducing its olfactory appeal compared to finer lavender EOs in which linalool and linalool
acetate impart a pleasant scent. We have recently constructed a cONA library from the secretory cells
of floral glandular trichomes of L. x intermedia plants. In this thesis we describe the cloning of a
borneol dehydrogenase (LiBDH), a putative linalool acetyltransferase (LiLAT), and a caryophyllene
synthase (LiCPS) cDNA from this library. The 780 bp open reading frame (ORF) of the LiBDH
cDNA encoded a 259 amino acid short chain alcohol dehydrogenase enzyme with a predicted
molecular mass of ca. 27.5 kDa. The recombinant LiBDH was expressed in E. coli, purified by Ni-
NTA agarose affinity chromatography, and functionally characterized. The bacterially produced
enzyme specifically converted borneol to camphor as the only product with K, and k. values of 53
UM and 4.0x 10™ s, respectively. The LiBDH transcripts were detected both in leaf and flower
tissues. However, they were concentrated in floral glandular trichomes of mature L. x intermedia
flowers indicating that like other Lavandula monoterpene synthases the expression of this gene is
regulated in a tissue-specific manner.

Using the same procedures described above a putative sesquiterpene synthase (LiCPS) was
also cloned and functionally characterized. LiCPS produced caryophyllene from fernesyl diphosphate
(FPP), and a-terpieol, 1,8-cineiole, and a few other monoterpenes from geranyl diphosphate (GPP)
and neryl diphosphate (NPP). Further, two additional lavender TPS’s, LILAT and L. angustifolia
terpene synthase like protien-1 (LaTPS-I), were expressed in bacteria and assayed. Purified
recombinant LiLAT and LaTPS-I1, however, did not produce detectable amounts of any product in

vitro.

il



We believe that the cloning of lavender genes including LiBDH and LiCPS has far reaching

implications for improving the quality of Lavandula EOs through metabolic engineering.
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Preface

Chapter 2, Section 2.4 “Glandular trichome extraction” has been published in: Alexander
Lane, Astrid Boecklemann, Grant N. Woronuk, Lukman S. Sarker, Soheil S. Mahmoud
(2010). A genomics resource for investigating regulation of essential oil production in
Lavandula angustifolia. Planta. 231:835-845. | collected the tissue and optimized the

method for glandular trichome extraction from various lavender tissues.

Chapter 2, Section 2.5.1 “cDNA library construction” and section 2.5.2 “Microarray
analysis” has been published in: Zerihun A. Demissie, Monica A. Cella, Lukman S. Sarker,
Travis J. Thompson, Mark R. Rheault, Soheil S. Mahmoud (2011). Cloning, functional
characterization and genomic organization of 1,8-cineole synthases from Lavandula. Plant
Mol Biol. 79:393-411. The cDNA library construction was carried out at Plant
Biotechnology Institute (PBI), and microarray experiment was done at University of Toronto.
My contribution was to isolate glandular trichomes, extract RNA from glandular trichomes
for cDNA library and microarry data experimentation, match the microarray probe ID with
cDNA library annotation, and complete the microarray data analysis. In this publication, I
also cloned cineol synthase genomic DNA from L. angustifolia, L. X intermedia and L.

latifolia flower tissues.

The work presented in Chapter 3, Section 3.2 “Short chain alcohol dehydrogenase” has been
published in: Lukman S. Sarker, Mariana Galata, Zerihun A. Demissie, Soheil S. Mahmoud
(2012). Molecular cloning and functional characterization of borneol dehydrogenase from the

glandular trichomes of Lavandula x intermedia. Arch. of Biochem. and Biophysics. 528: 163—

v



170. | conducted this work under the supervision of Dr. Soheil Mahmoud. Mariana Galata
cloned one medium chain alcohol dehydrogenase and Zerihun Demissie helped me conduct

the gRT-PCR experiment.
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1 Chapter: Introduction

Plants produce thousands of primary and secondary metabolites, including volatile
compounds, at various developmental stages throughout their life cycle, during flowering,
ripening, and maturation. Individual species in Planta synthesize a unique blend of volatile
compounds which generates the “flavor fingerprint” (Goff and Klee 2006). Lavenders,
known for their volatile compounds, are small aromatic shrubs cultivated worldwide for
essential oil (EO) (Lane et al. 2010). The world market for lavenders was estimated to be

CAD $200 million in 2005 and has grown substantially since then (www.ienica.net).

Bulgaria, England, the United States, and France are the leading countries in the world that
produce the most amount of lavender EOs. Considerable amounts are also produced in

Canada, with more than 18 farms in British Columbia alone.

1.1 Composition and significance of lavender EO

Like other Lamiacea plants, such as common sage (Salvia sp.), mint (Mentha sp.) and thyme
(Thymus sp.), the genus Lavandula is a member of the family Lameacea, which is composed
of over 32 morphologically distinct species including L. angustifolia (English lavender), L.
latifolia (Spike lavender), and L. x intermedia (Lavandin) (Upson et al. 2004). It is important
to note that Lavandin is derived from a natural cross of Spike and English lavender. Lavender
EOs- a blend of mono and sesquiterpenoid alcohols, esters, oxides, and ketones- are
extensively used in cosmetics, hygiene products, and alternative medicines. Around 50-60
monoterpenes have been identified in different lavender varieties, although only a few
components determine the characteristic EO of a given species (Upson et al. 2004). The most
abundant monoterpenes found in lavenders include linalool, linalool acetate, borneol,

camphor, and 1,8-cineole. Among these, camphor, linalool, and linalool acetate are key


http://www.ienica.net/

determinants of the lavender EO quality (Lis-Balchin 2002, Upson et al. 2004). EOs with a
high linalool and linalool acetate to camphor ratio are considered to be of “high quality”, and
thus are used in cosmetic products and aromatherapy (Cavanagh and Wilkinson 2002, Lane
et al. 2010). EOs added to alternative medicines are typically rich in camphor and 1,8-
cineole. Lavender EO also contains sesquiterpenes such as caryophyllene, bergamotene and
nerolidol with trace amounts of other terpenoid compounds such as perillyl alcohol.
Lavender EO composition is greatly influenced by environmental factors, and the
species it is collected from (Cavanagh and Wilkinson 2002). Oil composition for the most
common lavender species: English lavender, Spike lavender, and Lavandin are listed in Table
1.1. Though it is smaller in size and the oil yield is relatively low, L. angustifolia has a better
linalool and linalool acetate to camphor ratio compared to L. x intermedia and L. latifolia. L.
latifolia contains large quantities of camphor while producing a small amount of linalool and
linalool acetate, making it more useful for the alternative medicine industry. On the other
hand, Lavandin produces an EO with a less favorable linalool and linalool acetate to camphor
ratio; the overall oil yield is much higher, and the plant has better adaptability in cold
weather (Interactive European Network for Industrial Crops and their Applications (IENICA)
September 27, 2002). The choice of lavender variety is therefore dependent on required oil
yield, and quality (higher quality oils for pure EOs, fragrance, and medical application; lower

quality oils for soaps and detergents), and the growth environment (Boeckelmann 2008).

1.1.1  Medicinal and commercial importance
Lavender was named the “Herb of the year” in 1999 by the Herb Growing and Marketing
Network in the United States because of its use in the therapeutic and cosmetic industry. This

use can be traced back to the ancient Roman and Greek era (Cavanagh and Wilkinson 2002).



The lavender flower was used in the mummification process during the ancient Egyptian
times. More recently the EO of this plant has been prescribed for treating infection, anxiety,
infertility, and fever. It has also been used as an anti-depressant, anti-spasmodic, anti-
flatulent agent, anti-emetic remedy and a diuretic (Chu and Kemper 2001). Lavender EO is
very popular in aromatherapy and has gained a good reputation for relieving stress,
depression and insomnia (Wolfe and Herzberg 1996). In animal trials, lavender EO was
found to have positive effects on pulmonary diseases. It also had sedative/hypnotic,
anxiolytic, anticonvulsant properties, and helped cognitive function, though there is no
conclusive evidence using human trials (Chu and Kemper 2001). Studies suggest that
Lavender aroma prevents deterioration of work performance during recesses (Sakamoto et al.
2005), and might improve memory and cognition in Alzheimer’s patients (Adsersen et al.
2006). Lavender essential oils have numerous other medicinal applications. For example,
linalool, linalool acetate, and cineole have antibacterial, antifungal, and insecticide properties
(Cosentino et al. 1999, Pattnaik et al. 1997). Lavender oils containing high camphor content
are used in inhalants to relieve coughs and colds (Theis and Koren 1995), and as active
ingredients in liniments and balms used as topical analgesics (Xu et al. 2005). Camphor has
also been considered as a potential radio sensitizing agent, and has been used in oxygenating
tumors prior to radiotherapy (Goel and Roa 1988, Guillandcumming and Smith 1979).
Perillyl alcohol, a monoterpene found in trace amounts in L. angustifolia (Perrucci et al.
1994), has drawn recent interest due to its chemopreventative and chemotherapeutic
properties (Hohl 1996, Peffley and Gayen 2003, Schulz et al. 1994). Caryophyllene oxide,

found in L. angustifolia and L. latifolia, has strong anti-inflammatory effects.



Lavender EOs are also extensively used in the cosmetics industry. In Victorian,
Medieval and Renaissance periods lavender EO was used for the storage of linens and to
disguise objectionable odours (Chu and Kemper 2001). Now a day, we commonly find
Lavender EO in a wide variety of perfumes and soaps, and the lavender-based

perfumery/cosmetic industry is growing worldwide.

1.2 Terpene Biosynthesis

1.21 Terpenes

Lavender EO is a complex mixture of many different aromatic compounds; however,
terpenes are its primary constituents. Terpenes are naturally occurring organic hydrocarbons
that play a tremendous physiological and developmental role in plants. Terpenes are
produced through the polymerization of a five-carbon unit called ‘isoprene’, and are
classified based on the number of isoprene units they contain. The smallest terpenes contain
only a single five-carbon unit, and are called hemiterpenes. The best known hemiterpene is
isoprene itself, which is released from photosynthetically active plant tissues. Monoterpenes
are composed of two five-carbon units and predominate in the volatile essences of flowers
and the EO of spices and herbs. Sesquiterpenes contain three five-carbon units and, like
monoterpenes, they are volatile components in essential oils. In addition, sesquiterpenes act
as phytoalexins, antibiotic compounds, and anti-feedants. Di-terpenes contain four five-
carbon units and include phytols, gibberellin hormones, and phytoalexins. Some di-terpenes,
like taxol and forskolin, are pharmacologically important in the treatment of cancer and
glaucoma, respectively. Triterpenes contain six five-carbon units and include phytosterol

membrane components, certain phytoalexins, various toxins, and feeding deterrents.



Tetraterpenes that contain eight five-carbon units are the carotenoids accessory pigments, and

are essential to photosynthesis (Cavanagh and Wilkinson 2006, Croteau et al. 2000).

1.2.2  Stages of terpene biosynthesis

Terpene biosynthesis can be conveniently divided into four stages: Stage 1 involves the
production of isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP). In stage 2, IPP and DMAPP are condensed in a “head-to-tail fashion” to form the
higher order isoprenoid building blocks: geranyl pyrophosphate (GPP; Cp) or neryl
diphosphate (NPP; Cyo), farnesyl pyrophosphate (FPP; Cis), and geranylgeranyl
pyrophosphate (GGPP; Cy). The third stage of terpene synthesis involves the conversion of
GPP, FPP and GGPP to respective terpene groups. The final stage of terpene synthesis occurs
mostly in the cytosol and involves redox transformations, cyclization, and/or carboxylation,
to produce derivatives of the basic terpene groups. For example, the monoterpene linalool is
carboxylated to produce linalool/linalyl acetate (Croteau et al. 1978, Lane et al. 2010, Liu et

al. 2005, Mahmoud and Croteau 2002, Piel et al. 1998).

1.2.3 Isoprene biosynthesis

In plants, two independent but interactive pathways called Mevalonate (MVA) or cytosolic,
and 2-C-methyl-D-erythritol 4-phosphate (MEP) or plastidial pathway, produce the general
terpene precursors IPP and DMAPP (Arigoni et al. 1997; Bick and Lange 2003; Gershenzon
et al. 2000; Laule et al. 2003). The MVA pathway is the only pathway found in animals and
fungi as well as in the cytoplasm of phototropic organisms. Precursors produced through this
pathway are mainly converted to FPP to synthesize sesquiterpenes, and triterpenes among
others (Chappell 1995a, Chappell 1995b, McGarvey and Croteau 1995). The MEP pathway,

present in most bacteria and in plant chloroplasts, provides precursors for the biosynthesis of



GPP and GGPP that are ultimately used to produce monoterpenes and diterpenes,
respectively (Mahmoud and Croteau 2001, Mahmoud and Croteau 2003, Mahmoud et al.
2004).

The MVA pathway initiated by the three molecules of acetyl-coenzyme (Co)A yields
3-hydroxy-3-methylglutaryl CoA (HMG-CoA). The enzyme HMG-CoA reductase reduces
HMG-CoA to mevalonic acid (MVA), which is then converted to mevalonate 5-diphosphate
by mevalonite kinase and mevalonate 5-phosphate kinase. Mevalonate 5-phosphate is
subsequently decarboxylated to yield IPP (Figure 1.1) (Liu et al. 2005). The MEP pathway or
DXP pathway, inaugurated by the condensation of pyruvate and glyceraldehyde-3-phosphate
to 1-deoxy-D-xylolose 5-phosphate (DOXP), which is catalyzed by DOXP synthase (DXPS).
DOXP is then reduced to 2-C-methyl-D-erythitol 4-phosphate (MEP) by DX
reductoisomerase (DXR). The cytidine 5-phosphate derivative is synthesized from MEP,
which then undergoes phosphorylation and cyclization to produce 2-C-methylerythritol-2,4-
cyclodiphosphate (MECP). 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP)
synthase converts MECP to HMBPP, and is then transformed to IPP and DMAPP (Figure

1.1) (Liu et al. 2005).

1.2.4  Mono- and sesquiterpene synthesis

Mono- and sesquiterpenes are derived from the precursors GPP and FPP, respectively, by the
activity of various terpene synthases (sometimes called cyclases) (Figure 1.2). Some
monoterpenes, such as camphor and linalool acetate, are further modified through
acetylation, oxidation or, reduction reactions. Camphor is produced from borneol by the
action of a short chain alcohol dehydrogenase and linalool acetate is produced from linalool

by the linalool acetyltransfearase enzyme. Monoterpene synthases initiate the reaction by



forming cationic intermediates such as geranyl cation, linalyl diphosphate (transoid and
cisoid), linalyl cation, and finally the a-terpinyl cation. These intermediate products
individually experience a number of cyclizations, hydride shifts, or other rearrangements
until they form a stable component. For example, a-terpinyl cation, a critical branchpoint
intermediate, forms all cyclic monoterpenes such as limonene, a-terpineol, pinene,
phellandrene, sabinene, terpinene, borneol, camphor, cineol, etc. Geraniol, linalool, myrcene,
and p-ocimene are derived from geranyl and linalyl cation (Figure 1.3). Two intermediate
cationic forms, such as farnesyl cation and its isomer nerolidyl cation, are produced by
sesquiterpene synthases before any rearrangement occurs for stable compounds (Degenhardt

et al. 2009) (Figure 1.4).

1.2.4.1 Mono- and sesquiterpene synthases

To date, hundreds of different mono and sesquiterpene synthases have been isolated and
cloned from a number of plants including mint, lemon, snapdragon, sage, and Arabidopsis
and even gymnosperms like grand fir (for details please follow (Degenhardt et al. 2009)).
Interestingly, most terpene synthases possess similar properties, such as a native 50-100 kDa
molecular mass range (either monomeric or dimeric), a requirement for a divalent metal ion
as cofactor for catalysis (usually Mg or Mn®* for angiosperms, K*, Mn?*, Fe?* for
gymnosperms), a pl near 5.0 and a pH optimum within a unit of neutrality (Bohlmann et al.
1998). In general, plant monoterpene synthases (600-650 amino acids) are larger than
sesquiterpene synthases (550-580 amino acids) due to the N-terminal signal peptide
sequences which target the protein towards the plastids. The N-terminal signal peptides
contain a high frequency of serine and threonine residues with low amounts of acidic amino

acids; however, they do not share any common sequence similarities (Bohlmann et al. 1997).



Sequence analysis of terpene synthases from different plant species revealed four conserved
motifs, i.e. the RR(Xg)WD motif, LQLYEASFLL motif, DDXXD and
(N,D)D(L,1,V)X(S,T)XXXE motifs (Bohlmann et al. 1998). The arginine rich N-terminal
RR(Xg)W motif is essential for cyclization of GPP and the enzymatic activity of many
monoterpene synthases (Williams et al. 1998b), while the LQLYEASFLL motif is thought to
be part of the active site (McGeady and Croteau 1995, Wise et al. 1998). The aspartate rich
regions: DDXXD and (N,D)D(L,1,V)X(S,T)XXXE motifs, are responsible for the enzymatic
activity and coordination of divalent cations and are thus responsible for substrate binding
and ionization, respectively (Christianson 2006, Whittington et al. 2002). The DDXXD motif
is highly conserved compared to the less conserved (N,D)D(L,1,V)X(S,T)XXXE motif in
almost all plant terpene synthases, and both of these motifs bind a trinuclear magnesium
cluster involved in coordination of the pyrophosphate group of the substrate (Zhou and Peters
2009). Site-directed mutagenesis studies revealed that this region is very important for
terpene catalysis, as mutations in this region frequently lower or completely abolish the
catalytic activity, while other alteration to this region lead to abnormal products (Cane et al.
19964, Cane et al. 1996b, Degenhardt et al. 2009, Seemann et al. 2002b). However, a
NDXXD motif which is a natural variant of DDXXD motif of (+) germacrene synthase from
goldenrod has no impact on catalytic activity. This shows that the highly conserved DDXXD
motif is not as necessary for catalytic activity in farnesyl diphosphate cyclization (Prosser et
al. 2004). Moreover, some sesquiterpene synthases share a repeated DDXXD motif instead
of (N,D)D(L,1,V)X(S, T)XXXE motif which is also involved in catalysis (Little and Croteau

2002, Steele et al. 1998).



Phylogenetic analysis has discerned that terpenoid synthases (TPS) are categorized
into six gene subfamilies (designated TPSa-TPSf). TPSa is constituted by sesquiterpene and
diterpene synthases from angiosperms. TPSd is comprised of 11 gymnosperm mono-, sesqui-
and di-terpene synthases. Many monoterpene synthases, including identified monoterpene
synthases from Lamiaceae, belong to the TPSb family (Bohlmann et al. 1998, Trapp and
Croteau 2001). TPSc, TPSe and TPSf are represented by single angiosperm terpene
synthases, i.e. the diterpene synthases such as copalyl diphosphate synthase, kaurene

synthase, and the angiosperm linalool synthase, respectively.

1.2.4.2  Short chain alcohol dehydrogenase/reductase (SDR)

The SDR family includes various oxido-reductase, isomerasse, and lyase enzymes which
lead to the production of some new monoterpenes from the regular monoterpenes; this family
also exhibits a variety of substrate specificities for steroids, retinoids, prostaglandins, sugars,
alcohols and other small molecules (Figure 1.5) (Jornvall et al. 1995, Kallberg et al. 2002,
Kallberg et al. 2010, Okamoto et al. 2011). SDRs are usually 750-800 nucleotides, 250-275
amino acid, long with a molecular mass of ca. 28 — 30 kDa (Jornvall et al. 1995). Two
conserved motifs have been found in amino acid sequence comparisons between the SDR
enzymes, even though pairwise identities are quite low (10%-30%) (Jornvall et al. 1995,
Kallberg et al. 2002, Kallberg et al. 2010, Kavanagh et al. 2008). These two motifs are the
coenzyme binding motif GXXXGXG, and an active site pattern of YXXXK. The first SDR
crystal structure revealed that the coenzyme and substrate binding sites fall into a single
domain which is clearly distinct from the structures of the medium chain dehydrogenase/
reductase (MDR) enzymes that are composed of two separate domains (Tanaka et al. 2001).

The active site motif, YXXXK, positioned at 155-159 in ZSD1 from Zingiber zerumbet, is



one of the most commonly conserved motifs in SDR. A Ser142 residue (13 residues
upstream form the Tyr) is conserved in most SDR enzymes. The ‘Ser-Tyr-Lys triad’ is
responsible for the catalysis of SDR. Again, one Asp residue at the N-terminal end (Asp39
for ZSD1) plays a critical role for determining the coenzyme specificity for NAD(H) over

NADP(H) in the SDR enzyme (Okamoto et al. 2011).

1.2.4.3  Acetyltransferase

Acylation is a common and biochemically significant modification of plant secondary
metabolites. Plant BAHD acyltransferases comprise a large family of acyl CoA utilizing
enzymes which produce volatile esters, as well as constitutive defense compounds and
phytoalexins (Figure 1.6) (St-Pierre and De Luca 2000). The BAHD aceyltransferase family
was named according to the first letter of each of the first four biochemically characterized
enzymes of the family (BEAT-benzylalcohol O-acetyltransferase, AHCT-anthocyanin O-
hydroxycinnamoyltransferase, HCBT- anthranilate N-hydroxycinnamoyl/benzoyltransferase,
and DAT- deacetylvindoline 4-O-acetyltransferase) (St-Pierre and De Luca 2000). The
BAHD members are cytosolic monomers with an average of 445 amino acids, and molecular
masses ranging from 48 to 55 kDa (D'Auria 2006). Analysis of sequence similarities revealed
some conserved domains among the BAHD family members. The first one is the HXXXDG
domain located near the center portion of each enzyme, which has been shown to be
important for a general base catalysis (D'Auria 2006, Shaw 1992, St-Pierre and De Luca
2000). The oxygen or nitrogen atom of the corresponding substrate is deprotonated by the
histidine residue of the HXXXDG motif allowing a nucleophilic attack on the carbonyl
carbon of the coenzyme A thioester. It forms a tetrahedral intermediate between the

coenzyme A thioester and the acceptor substrate. The intermediate tetrahedral is reprotonated
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to produce the free CoA and the acylated ester or amide (D'Auria 2006). The second highly
conserved region is the DFGWG motif, located in the carboxyl end, which is believed to
have a structural role in enzymatic function, but is not strictly required for membership
within the BAHD family of enzymes (D'Auria 2006). Nearly all functionally characterized
BAHD enzymes contain both of these motifs. Site directed mutagenesis experiments showed
that deletion or modification of one or both of these motifs result in highly reduced enzyme

activity (D'Auria 2006).

1.3 Storage and secretion of volatile terpenes

There are numerous functions of the volatile compounds produced by plants. For example,
they help to attract pollinators during pollination, protect the plant from herbivorous attacks,
or act as a pathogen deterrent. In some plants, e.g., lavenders and mints, these volatile
compounds are produced and accumulated in a specialized secretion structures called
glandular trichomes (Fahn 1988, Lis-Balchin 2002). Glandular trichomes are modified
epidermal cells that cover leaves, stems and parts of the flower. There are two forms of
glandular trichomes available in mint including captitate and pletate glandular trichomes. The
capitate glandular trichomes are smaller in size and simple in form having only a basal cell, a
short stalk and a one to two cell head (Fahn 1988). On the other hand, peltate glandular
trichomes are complex in structure and consist of secretory cells (usually eight disc cells), a
stalk cell and a basal cell anchoring the trichome in the epidermis (Figure 1.7) (Fahn 1988).
Essential oils are stored in the subcuticular space between the cuticle and the apical walls of
the secretory cells. The exact secretory mechanism is not known yet; however, it is believed
that volatile compounds are secreted through a diffusion system through the cuticle (Fahn

1988).
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Volatile compound production is related to the size and age of the glandular
trichomes as well as to the number of glands per area of tissue. In recent studies, it was
shown that monoterpene synthesis and accumulation are directly controlled by the
development of the oil glands during the growth season. For example, linalool content in
lavender is proportional to the flower developmental stages (Boeckelmann 2008). The gland
development process is rapid and their number increases simultaneously while the tissue

matures, especially during the vegetative growth.

1.4 Regulation of Terpene synthesis

The biosynthesis of terpenes is mediated by a group of enzymes called terpene synthases, and
is regulated by environmental and developmental cues, and through regulation of gene
expression. In peppermint, a genus of Lamiaceae, plant growth and oil yield was regulated
by the amount of daylight. Shorter days resulted in decumbent plants with small leaves, while
longer days with high photon flux density and high night temperatures favoured erect plants,
large leaves and flowers, and highest EO yields (Clark and Menary 1980). The terpene
profile of a plant also changes during different developmental stages of tissue maturation. -
ocimene and myrcene from snapdragon flowers were undetectable in unopened and 1day old
flowers, but were strongly detected in the anthesis or later stages (Dudareva et al. 2003). In
peppermint, monoterpene content reached a peak between twelve to twenty days after leaf
emergence and then rapidly declined at full leaf expansion stage (Turner et al. 2000). In
lavender, linalool production was developmentally regulated. More specifically, linalool
content gradually increased during flower developmental stages starting from bud to full

bloom (Boeckelmann 2008).
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Although environment and developmental regulation can take place, terpene
biosynthesis is mainly regulated at the level of gene expression. Numerous studies have
shown that the abundance of terpene synthase was highly correlated with the emission level
of their respective terpenes (e.g., p-ocimene synthase from snapdragon, S-linalool synthase
from Clarika breweri, 1,8-cineole synthase from L. x intermedia, and menthofuran synthase
from peppermint (Boeckelmann 2008, Bohlmann et al. 1997, Demissie et al. 2012,
Dudareva et al. 1996, Dudareva et al. 2003, Mahmoud and Croteau 2003). Mahmoud and
Croteau (2003) demonstrated that overexpression and co-suppression of menthofuran
synthase resulted in the respective increase or decrease in the production of menthofuran in
peppermint. In some cases, manipulation of terpene synthase expression did not show any
impact on the EO profile for that plant. For example, overexpression of limonene synthase in
peppermint leaves failed to increase the limonene synthase transcript in oil glands (Mahmoud
et al. 2004). Further, some terpenes such as fernesol and cadinol were present in very minute
amounts in lavender EO, although the transcripts for farnesyl synthase and cadinene synthase
were highly abundant in glandular trichome (Lane et al. 2010) suggesting that the precursor,
FPP, might be the limiting factor in the production of farnesol and cadinol by farnesyl
synthase and cadinene synthase, respectively in lavender glandular trichome (Lane et al.

2010).

1.5 Research purpose

There is increasing demand for high quality lavender EOs. As previously discussed, English
Lavenders (L. angustifolia) produce the finest quality EO, which contains trace amounts of
camphor and high concentrations of linalool and linalool acetate; however, the EO yield in

these plants is very low. On the other hand, Lavandins (L. x intermedia) have a much better
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yield of low quality EOs that contain high amounts of camphor. In principle, it should be
possible to enhance EO quality in Lavandins by reducing camphor production in these plants
through biotechnology once the gene responsible for the production of this compound is
cloned. The main objective of the work presented in this thesis was to identify and clone the
gene responsible for the production of camphor. Based on previous studies reported in the
literature | hypothesized that Lavandins express an alcohol dehydrogenase (borneol
dehydrogenase; BDH) enzyme that oxidizes borneol to camphor, and that camphor
production is regulated at the level of BDH transcription. The experiments reported in this
thesis examined the following predictions of this hypothesis:

i) Lavandin cDNA library would contain sequences homologous to known alcohol
dehydrogenases.

ii) Lavandin alcohol dehydrogenase homologues expressed in bacteria would convert
borneol to camphor

iii) The steady state levels of mMRNA of the Lavandin alcohol dehydrogenase that
converts borneol to camphor would correlate with tissues that produce high levels of
camphor.

Three alcohol dehydrogenase candidates from a L. x intermedia floral glandular
trichome cDNA library were identified and cloned into a bacterial expression vector.
Recombinant proteins were produced in E. coli, purified, and assayed for camphor
production using borneol as a substrate. The transcription activity of the clones encoding

BDH activity was analyzed in L. x intermedia plants by standard and real time PCR.

In a search of EO related genes, | also indentified one contig from the cDNA library

of glandular trichomes from L. x intermedia containing 53 EST members. This was a
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sesquiterpene synthase-like sequence, though it was missing the N-terminal signal peptide. |
hypothesized that the highly abundant terpene synthase like sequence was a sesquiterpene
synthase. To test this hypothesis, | cloned the gene using a bacterial expression system and

analyzed its enzymatic function in vitro.

Linalool acetate is absent in the EO of L. latifolia whereas it is present in L.
angustifolia and L. x intermedia. Based on our cDNA library and microarray data analysis, |
hypothesized that a linalool acetyltransferase is involved in the conversion of linalool to
linalool acetate. To test this hypothesis, | selected four candidates and cloned them using the

bacterial expression vectors (pET41b(+) and pGEX4T1 vector).

The previously reported cDNA library of leaf and flower tissues from L. angustifolia
has revealed a highly abundant (higher numbers of ESTS) terpene synthase like sequence
(LaTPS-I) which was missing a stretch of 73 amino acid sequence in the middle of the
sequence as compared to the other terpene synthases. This missing region contains the most
important DDXXD motif which is involved in divalent metal ion binding as well as
interacting with the diphosphate moiety of the substrate. | hypothesized that LaTPS-1 did not
utilize terpene precursors (GPP, FPP, or NPP) to produce any secondary metabolites. To test
this hypothesis, | cloned LaTPS-I into a bacterial expression system and used purified

recombinant protein for the enzymatic reaction.

Ultimately, this study will lay the groundwork for future research to improve the
quality of lavender essential oil which is necessary to meet current demand from the

aromatherapy and alternative medicine industries.
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Table 1.1 Major mono- and sesquiterpenes in lavender species.

(English lavender, Lavandin and Spike lavender) (Lis-Balchin 2002)

Content (%) of major terpenes in lavender oil

English lavender Lavandin Spike lavender

(L. angustifolia) (L. x intermedia) (L. latifolia)
Linalool 10-50 20-23 26-44
Linalool acetate 12-54 19-26 0-15
cis and / or trans-Ocimen 1.0-17 1.0-3.0 0-0.3
Lavandulol and acetate 0.1-14 0.5-0.8 0.2-1.5
Camphor 0-0.2 12 5.3-14.3
1,8-Cineiol 2.1-3.0 10 25-36
a-and B-Pinene 0.02-0.3 0.6-0.9 1.6-3.6
Borneol 1.0-4.0 2.9-3.7 0.8-4.9
Caryophyllene 3.0-8.0 2.7-6.0 0.1-0.3
Myrcene 0.4-1.3 1.2-1.5 0.2-04
Farnesene Trace 11 0.2-0.3
Germacrene D 0.2-0.9 1.0-1.2 Trace
Camphene 0.1-0.2 0.3-0.6 0.2-1.8
Limonene 0.2-0.4 0.9-1.5 1.0-2.2
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Figure 1.1 Biosynthesis of IPP and DMAPP via the mevalonate pathway (left) and the
mevalonate-independent (DXP) pathway (right). The indicated enzymes are: AACT,
acetoacetyl-coenzyme A thiolase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase;
HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; MVA kinase, mevalonate kinase;
MVAP kinase, mevalonate 5-phosphate kinase; MVVAPP decarboxylase, mevalonate-5-
diphosphate decarboxylase; DXPS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-
deoxyxylulose-5-phosphate reductoisomerase; MEP cytidyl transferase, 2-C-
methylerythritol-4-phosphate cytidyltransferase; CDP-ME kinase, 4-(cytidine-5'-diphospho)-
2-C-methylerythritol kinase; MECP synthase, 2-C-methylerythritol-2,4-cyclodiphosphate
synthase; HMPPP synthase, 1-hydroxy-2-methyl-E-butenyl-4-diphosphate synthase; HMBPP
reductase, 1-hydroxy-2-methyl-E-butenyl-4-diphosphate reductase and IPP isomerase (IPPI).
The pathway may give rise to IPP and DMAPP independently of the interconversion
catalyzed by IPPI. A transfer of IPP/DMAPP between cytosol and plastid is possible but, as
of yet, unproven. Inspired from Mahmoud and Croteau 2002 with permission from Trends in

Plant Science.

18



)\/\OPP <~ /K/\opp

Isopentenyl-PP IPP Dimethylallyl-IPP
(IPP) Isomerase (DMAPP)

GPP synthase

T

\

v
QP synthase
OPP
\ AN |:> Monoterpenes (Cyq)
GGPP synthase ‘
|:> Sesquiterpenes (C;s)
Trlterpenes (Cs0)

|:> Diterpenes (Cy)

Tetraterpenes (Cyp)

GGPP

GGPP

Figure 1.2 Overview of terpene biosynthesis. GPP is synthesized by the condensation of one
molecule of IPP and one molecule of DMAPP catalyzed by GPP synthase. FPP is the
condensation product of GPP and one molecule of IPP, while GGPP is produced through the
condensation of one molecule of GPP and two molecules of IPP. Monoterpenes are a result
of the derivatization and rearrangement of GPP, while FPP and GGPP are the precursors to
sesqui- and triterpenes, and di- and tetraterpenes, respectively. Inspired from Mahmoud and

Croteau 2002 with permission from Trends in Plant Science.
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Figure 1.3 Schemetic presentation of major monoterpene synthesis of lavender. The reaction
mechanism starts with the ionization of the geranyl diphosphate substrate. The resulting
carbocation can undergo a range of cyclizations, hydrogen shifts and rearrangements before
the reaction is terminated by deprotonation or water capture. Cyclic monoterpenes are
synthesized from a-terpinyl cation. Acyclic monoterpenes are produced from either geranyl
cation or linalyl cation. Reproduced from Degenhardt et al. 2009 with permision from

Phytochemistry.
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Figure 1.4 Schemetic presentation of major sesquiterpene synthesis of lavender. The reaction
mechanism for sesquiterpene synthases in figure 1.4 start with the ionization of the FPP. The
resulting carbocation can undergo a range of cyclizations, hydrogen shifts and

rearrangements before any stable compound is produced. Reproduced from Degenhardt et al.

2009 with permission from Phytochemistry.
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Figure 1.5 Proposed pathway for camphor biosynthesis. Double arrows indicate involvement
of multiple enzymes. GPP, geranyl diphosphate; OPP, diphosphate moiety; BDH, borneol
dehydrogenase. Reproduced from Sarker et al. 2012 with proper authorization from Archives

of Biochemistry and Biophysics.
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Figure 1.7 Schemetic diagram of a glandular trichome. Copied from Turner et al. 2000 with

permission from Plant Physiology.
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2 Chapter: Materials and Methods

2.1 Chemicals and regents

Analytical grade chemicals and reagents were used in this study. Unless otherwise specified,
biochemical reagents and organic solvents were bought from either Sigma-Aldrich (Canada)
or Fisher Scientific (Canada). Restriction enzymes, T4-DNA ligase, Tag-DNA polymerase,
Vent-DNA polymerase, M-MuLYV reverse transcriptase, and corresponding buffer solutions
were purchased from New England Biolab (NEB, Canada). Deoxynucleotide-tri-phosphate
mix (ANTPs) was purchased from Invitrogen (Canada), or Promega (USA). The iProof (Bio-
Rad, USA), and Kappa hotstar (Kappa biosystem, USA) Hi-fidelity taq polymerase was used
to amplify the gene of interest during cloning into bacterial plasmids. Real time PCR, using
SsoFastTM Eva- Green® Supermix (Bio-Rad, USA), was used to analyze the transcripts of

different gene(s) of lavenders.

2.2 Bacteria and plasmids
The suppliers and genotypes of bacterial strains used in this study are listed in Table 2.1.
Plasmids used were pBluescript-SK for cDNA library construction. pET41b(+) (Figure 2.1)

and pGEX4T1 (Figure 2.2) vectors were used for heterologous protein expression.

2.3 Plant material

L. x intermedia cv. Grosso and L. angustifolia cv. Lady were grown under natural conditions
at a field site at the University of British Columbia, Okanagan campus (Kelowna, BC,
Canada) (Boeckelmann, 2008). L. latifolia flower and leaf tissue was provided by Dr. Tim

Upson from Cambridge University (UK).
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2.4 Glandular trichome extraction

Glandular trichome secretory cells were isolated by a modified glass bead abrasion method
previously reported (Gershenzon et al. 1992). Briefly, L. x intermedia flowers were collected
and soaked for 1 hour in ice-cold extraction buffer (200 mM sorbitol, 10 mM sucrose, 25
mM MOPSO, 0.5 mM PO, buffer, 10 mM sodium bisulfate, 10 mM ascorbic acid, 1 mM
EDTA, 1 % PVP-40, and 0.6 % methylcellulose) containing 2 mM aurinticarboxylic acid, 5
mM thiourea, and 2 mM DTT (for RNA preservation) at pH 6.6. Cells were then transferred
to the bead beater chamber including 500 um glass beads and XADS beads, and were beat
for 30 sec four times (4X) on ice. The slurry was passed through a 70 um mesh membrane
and cleaned with wash buffer (10% glycerol, 25 mM phosphate buffer, 1 mM EDTA and 1
mM DTT containing 1 mM aurinticarboxilic acid, 5 mM thiouria and 2 mM DTT). The flow
through — containing the glandular cells - was then passed through a 20 um mesh membrane
to collect glandular trichomes. The isolated trichome cells were dilated by adding Rnase free
water and used immediately, or were flash frozen in liquid N, and stored in a -80 °C freezer

until used.

2.5 RNA extraction and reverse transcription

Qiagen RNA extraction kit was used to isolate total RNA from different tissues of lavenders
using the manufacturer protocol. Complementary DNA (cDNA) was prepared by using Oligo
dT and Random hexamer primers (IDT, USA), and M-MuLV reverse transcriptase enzyme

according to the manufacturer protocol.

2.5.1 cDNA Library construction
Total RNA was extracted from the secretory cells by the Qiagen RNAeasy mini Kit in Dr.

Mahmoud’s Lab, and was sent to Plant Biotechnology Institute’s Natural Products Genomic
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Laboratory (PBI-NAPGEN) for library construction. The quality of all RNA samples was
confirmed using an Agilent 2100 Bioanalyzer. Messenger RNA was purified from total RNA
using a Dynabeads® mRNA purification kit (Invitrogen). cDNA synthesis, insert
sequencing, bioinformatics, and clone archiving were performed by staff at the PBI as a paid
service. The cDNA library was constructed with a ZAP Express® cDNA Synthesis Kit
(Agilent Technologies, Palo Alto, CA, USA) as prescribed by the manufacturer. The
respective libraries were then cloned into the pBlueScript SK+ vector (Stratagene), and
transformed into ElectroMAX DH10B T1 Phage Resistant Cells (Invitrogen). Aliquots of
each library were plated on LB growth medium containing 100 g/ml of carbenicillin. A total
of 10,000 ESTs were isolated and partially sequenced from the 5 end. These colonies were
then cultured and archived at -80°C in 96 well micro-titer plates as 10% glycerol stocks.
Raw sequence files were produced using the ‘phred’ software package (Ewing and
Green 1998; Ewing et al. 1998). These sequences were then vector-trimmed and low-quality
trimmed using ‘crossmatch’ (Chou and Holmes 2001; Phrap 2008) and ‘lucy’ (Ewing and
Green 1998; Ewing et al. 1998) software, respectively. Poly-AT regions were then removed
using custom scripts and low-complexity regions were masked with ‘mdust’ (The
Computational Biology and Functional Genomic Laboratory 2008). All good quality
sequences were then BLASTX searched against the NCBI non-redundant (nr) database.
Sequence clustering was performed using ‘tgicl’ with parameters set as follows: tgicl
sequences -p 94 -v 1000 -O -p 98 -0 49 —t 10000’ (The Computational Biology and
Functional Genomic Laboratory 2008). Gene ontology (GO) terms were assigned to the
ESTs by transferring the GO terms from the TAIR database (TAIR 2008) assigned to their

top BLAST hit.
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2.5.2 Microarray data generation

To understand the expression of genes represented in our EST database, we conducted a
transcript profiling experiment in various tissues of L. angustifolia, L. x intermedia and L.
latifolia using microarrays. Tissues used in this study included flowers, leaves, and glandular
trichomes from 30% flowering stage of L. angustifolia and L. x intermdedia (See Table 2.4).
L. latifolia gland tissue was not available for this experiment. Probe generation, array
construction, RNA labeling, array hybridization, washing, scanning, signal quantification and
data analysis were performed by staff at the University Health Network Microarray Centre
(Toronto, Canada) as a paid service. The microarray experiment was designed to allow the
comparison of different mMRNA transcript variations among the tissues from different
lavender species (Table 2.4). For each array, a total of 54,346 probes were used. The probes
were filtered to remove those with little or no expression across all samples. Probes that were

in the lower 20th percentile across all arrays were also removed.

2.6 Cloning and functional characterization

2.6.1 Primer design & PCR to amplify the gene of interest

Selected candidates were fully sequenced to obtain the sequence for the complete open
reading frame (ORF). The ORFs corresponding to respective genes of interest (GOI) were
cloned into Ndel (5’ end) and EcoRI/Xhol (3’ end) restriction sites of the pET41b(+) vector
(Fig. 3.2). Cloning primers were designed manually by adding restriction enzyme (RE) sites
and a few extra nucleotide sequences were added at the 5° upstream for the RE recognition.
The primer sequences were analyzed by using Integrated DNA Technologies [IDT
(www.idtdna.com)] PrimerQuest© Software (2002), which incorporates the Primer3©

Software (Rozen and Skaletsky 2000). The predicted ORFs of the candidate genes were
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amplified by PCR using iProof high fidelity DNA polymerase (Bio-Rad, USA) and specific
primer sets containing appropriate restriction enzyme sites (Table 2.3) using the following
program: initial denaturation at 95 °C for 5 min, followed by 95 °C for 1 min, Tm £ 5 °C for
30 sec and 72 °C for 1 min for 35 cycles with a final elongation at 72 °C for 5 min PCR
program. PCR products were cleaned up by the PCR purification kit from Omega (Omega

Bio-Tek, USA).

2.6.2 Cloning of full length GOI and expression into E.coli

The Amplicons were digested with Nde | and EcoRI1/Xhol restriction enzymes, and ligated
into pET41b(+) bacterial expression vector, where it was fused to sequences encoding eight
C-terminus histidine residues at the carboxylic terminus end of the protein to facilitate
purification by Ni-NTA agarose affinity chromatography (EMD Chemicals, Darmstadt,
Germany). For cloning into the pGEX4T1 expression vector, amplicons were digested with
EcoRI and Xhol restriction enzymes and the GST fusion tag was used to purify the
recombinant protein. To produce the recombinant protein, different E. coli cells were
transformed with individual constructs, grown to log phase at 20 °C in Luria-Bertani (LB)
media supplemented with respective antibiotics, (either ampicilin at 50 mg/L, kanamycin at
30 mg/L, and chloramphenicol at 34mg/L or, combination of two of them) and induced with
isopropyl-3-D-thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM. The induced
cells were chilled on ice for 15-20 min, collected by centrifugation at 3,220 g and 4 °C for 20

min, and stored at -80 °C overnight.

2.6.3 Recombinant protein purification and SDS-PAGE
The stored cells were resuspended either in Novagen bind buffer (0.3 M NaCl, 50 mM

Na;HPOQO,4, 10 mM imidazole, pH 8.0; EMD Chemicals, Germany), or in GST purification
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buffer (1x PBS) containing 1 mM protease inhibitor phenylmethanesulfonyl fluoride
(PMSF), kept on ice for 20 min and sonicated on ice using a Sonic Dismembrator Model 100
(Fisher Scientific, Ottawa, ON, Canada) to complete bacterial membrane disruption. The cell
debris were removed by centrifugation at 15,000 g and 4 °C for 15 min (Sorvall, USA), and
the recombinant proteins harvested from the soluble fraction by Ni-NTA agarose affinity
chromatography (EMD Chemicals, Germany) following the manufacturer’s procedure.
Protein samples were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized by staining with Coomassie Brilliant Blue. Protein

concentration was determined by Bradford Assay (Bio-Rad).

2.6.4 Enzymatic Assay reaction

2.6.4.1  Alcohol dehydrogenase

Initially, enzyme assays were performed in 5 ml reaction volume containing 100 mM sodium
phosphate buffer (pH 8.0), 40 ug of the enzyme, 1 mM NAD", and 0.5 mM substrate
(borneol). After overnight incubation at 30 °C with 150 rpm shaking, assay products were
extracted into 1 ml pentane and concentrated ~ 50 times before analysis by GC-MS (see
below). For linear kinetics study, assays were performed in 2 ml reaction volume (keeping
reagent concentrations as before) at five different time points: 1 hr, 2 hr, 4 hr, 8 hr, and 16 hr.
The optimum temperature was determined from a set of reactions performed at 27, 30, 32, 35
and 37°C. The optimum pH was determined by performing assays at pH 7.0, 7.5, 8.0, 8.5, 9.0
and 10.0 using MOPS for pH 7.0 and pH 7.5, sodium phosphate for pH 8.0, TAPS for pH 8.5
and CAPSO for pH 9.0 and 10.0 as a buffer. All assays were performed in duplicate or

triplicate.
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2.6.4.2  Sesquiterpene synthase & Putative LaTPS-I

In vitro enzyme activity assays were performed in 500 pl reactions volume containing the
assay buffer (50 mM Tris/HCI, 5% (v/v) glycerol, 1 mM MnCl,, 1 mM MgCl,, 1 mg/ml
Bovine Serum Albumin [BSA], pH 7.0), 1 mM DTT, 25 uM substrate (GPP or FPP;
Echelon, Salt Lake City, UT, USA), and 10 ug of the purified recombinant protein. The
mixture was overlaid by 500 ul of pentane and incubated at 30 °C for 60 min. Purified
protein extracts from E. coli Rosetta™ (DE3) pLysS cells transformed with expression
vector without insert were assayed under the same conditions as controls. Reactions were
stopped by vigorous vortexing followed by flash freezing in liquid nitrogen, and stored in a -
80 °C freezer until analyzed. To concentrate the assay products, ca. 90% of the pentane was

evaporated using a gentle stream of highly purified helium gas.

2.6.4.3 Acetyltransferase

Initially, enzyme assays were performed in 5 ml of 100 mM sodium phosphate buffer (pH
8.0), containing 40 ug of the enzyme, 1 mM acetyl CoA, and 0.5 mM substrate (linalool,
sigma aldrich). After overnight incubation at 30 °C with 150 r.p.m shaking, assay products

were extracted into 1 ml pentane and concentrated ~ 50 times before analysis by GC-MS.

2.7 Enzyme Kinetics study for LiBDH

To construct the Michaelis-Menten saturation curve, alcohol dehydrogenase enzyme assays
were performed at optimum temperature (32 °C) and pH (8.0) for 30 minutes (n=5) in 1 ml

reaction volume containing 100 mM sodium phosphate buffer, 1 uM enzyme, 1 mM NAD”,
and substrate concentration of 5 uM, 25 uM, 50 uM, 100 uM, 200 puM, 400 uM and 1 mM.

Assay progress was monitored by measuring the conversion of NAD" to NADH at 340 nm
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using a Lambda 25 UV-visible spectrometer (Perkin-Elmer). Absorbance results were used
with NADH extinction coefficient (6.22 x 10° M*cm™) to calculate the enzyme activity. The
kinetic parameters of the enzyme were determined from a Michaelis—Menten saturation

curve constructed using SigmaPlot software version v.10.00 (Systat Software, Germany).

2.7.1 Gas Chromatography / Mass Spectrometry
All GC-MS analyses were performed on the Varian GC 3800 Gas Chromatographer coupled

with a Saturn 2200 lon Trap mass detector (Agilent technologies, USA). The instrument was
equipped with a 30 m X 0.25 mm capillary column coated with a 0.25um film of acid-
modified polyethylene glycol (ECTM 1000, Altech, Deerfield, IL, USA) and a CO, cooled
1079 Programmable Temperature Vaporizing (PTV) injector (Agilent technologies, USA).
The cold on-column mode, where the injector was set to a temperature of 40 °C for
injections, was used. The oven temperature was initially maintained at 40 °C for 3 min,
followed by a two-step temperature increase, first to 130 °C (at a rate of 10 °C per minute)
and then to 230 °C (at a rate of 50 °C per minute), and held at 230 °C for 8 min. The carrier
gas (helium) flow rate was set to 1 ml per minute. The identity of product was confirmed by

comparing its retention time and mass spectrum to those for an authentic sample.

2.8 Transcript analysis

2.8.1 Standard PCR reaction
Total RNA was extracted from different lavender tissues by using a plant RNA extraction kit

and treated with DNase | enzyme to remove genomic DNA using the Omega Bio-Tek Kkit.
Treated total RNA was reverse transcribed with Oligo (dT) (80 pM) and random hexamers
(40 uM) (Custom oligos, IDT Canada) by using M-MuLV Reverse Transcriptase enzyme

(New England Biolabs, MA, USA) following the manufacturer’s protocol. The

34



transcriptional activity was measured in 30% flowering stage and in young leaf tissues from
L. angustifolia, L. x intermedia, and L. latifolia by standard PCR based on the intensity of the
bands. The PCR reaction was repeated from Bud-1, Anthesis, 30% flowering stage, and

glandular trichome from the 30% flowering stages of L. x intermedia.

2.8.2 Real time quantitative PCR (qPCR)

The relative abundance of LiBDH, LiCPS, LiLAT and LaTPS-1 were analyzed from tissues
described in 2.8.1 by using CFX96™ Real Time detection system (Bio-Rad, USA).
Complementary DNA (cDNA) for relative transcript analysis was synthesized using iScript
cDNA synthesis kit from Bio-Rad according to manufacturer’s instructions. SsoFastTM Eva-
Green® Supermix (Bio-Rad, USA) along with approximately 150 ng of cDNA as a template
and 500 nM of each of the primers in 20 pl reaction volume. Gene specific primers (Table
2.3) used in quantitative real-time PCR experiments were designed using the IDT primer
quest software (http://www.idtdna.com/Scitools/Applications/Primerquest/) targeting 120—
200 base-pairs (bp) fragment size. The following program was used for real time PCR: 95 °C
for 30 sec followed by 40 cycles of 5 sec at 95 °C and 30 sec at 58 °C. Normalized
expression values (**CT) of LiBDH and LaLINS were calculated by CFX96™ data manager

(Bio-Rad, USA) using B-actin as a reference gene.

2.9 Multiple sequence alignment and phylogenetic tree construction

The phylogenetic tree was constructed using the default parameters of PhyML software
available at http://www.phylogeny.fr (Dereeper et al. 2008). PhyML employs MUSCLE
software to generate multiple alignments and the maximum likelihood computational method
to construct the phylogenetic tree. Classical SDRs from different plants were employed in the

phylogenetic tree construction.
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Table 2.1 Supplier and genotype of bacterial strains used in this project.

Escherichia coli Supplier Genotype
F~mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM 15
Invitrogen,
DH10B AlacX74 recAl endAl araD139 A(ara leu)
Canada
7697 galU galK rpsL nupG A—
BL21 Novagen, Canada F ompT hsdSg(rg” mg) gal dcm
BL21(DE3) Novagen, Canada F ompT hsdSg(rg” mg) gal dcm (DE3)
F ompT hsdSg(rg" mg") gal decm (DE3) pLysS
BL21(DE3)pLysS  Novagen, Canada
(Cam"®)
F~ ompT hsdSg(rs" mg") gal dcm (DE3)
Rosetta(DE3)pLysS Novagen, Canada
pLysSRARE2 (Cam®)
F~ ompT gal decm hsdSg(rg” mg)(DE3)pLysS
C43(DE3)pLysS Lucigen, USA

(Cam"®)
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Figure 2.1 Map of pET41b(+) vector. pET41a-c(+) vectors have the same map, although they have a different

purification tag at C-terminal end (Novagen, EMD chemicals, Germany).
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Figure 2.2 Map of pGEX4T1 vector. (GE healthcare, Canada)
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Table 2.2 L. x intermedia tissues used in this project.

(Flower developmental stages and leaf)

Flower Leaf
Bud Anthesis 30% bloomed flower
1-2 cm, green 5-8 cm, violet, 30% flowers on 2 cm, young
unopened spike opened
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Table 2.3 Lists of primers used in this project.

Target gene (Vector)

Primers

LiBDH/LiSDR2

(PET41b(+))

F-5’-CCCTCATATGGCTTCAACTGTTTTGAGA-3’

R -5’-AGTCTCGAGCGAATCCATCAAATCAAAC-3’

LiSDR1(pET41b(+))

F-5’-CCGCGCATATGGAGAAAATAGGGAAAAG-3’

R-5’-TTTGAATTCATGAGTCTGGAAGGCATTCC-3’

LiLAT-3 (pET41b(+))

F-5’-ATCTCATATGGCATCTACCAAAACCCTAA-3

R -5’-CCCGAATTCAACAATGCTGAAAGATTAGA-3’

LiLAT-3 (pGEX4T1)

F-5’-AATTGAATTCATGGCATCCACCAAAACC-3’

g R-5’-AAAGCTCGAGCAATGCTGAAAGATTGAAAG-3’
c
(5]
= F-5’-AGGGCATATGGCGATGATTATTACAAAAC-3’
o LiLAT-4 (pET41b(+))
R-5’-GGGGAATTCCCAGTATCCAATTTATTGTAA-3’
F-5’-CCCCGAATTCATGGCGATGATTATTACA-3’
LiLAT-4 (pGEX4T1)
F-5’-CCCCCCTCGAGAGTATCCAATTTATTGTA-3’
F-5’-GATAACATATGAGGAGGTCAGCGAATTATAG-3’
LiCPS (pET41b(+))
R -5’-AATATGAATTCTTAATATGGAAGGGGTGAAGG-3’
F-5’-GGCCATATGGATAGCAAGTCAGTCAATG-3’
LaTPS-1 (pET41b(+))
R -5’-ATACTCGAGCTCTGCAAGATTCGCTGC-3’
F-5’-~AATCGGAGCGGCAGCATAATCT-3’
LiBDH
R-5’-TAATACGGCGAGACGCAGTTCA-3’
F-5’-ACACGCACGACAATTTGCCA-3’
LiLINS
R-5’-AGCCCTCCAATGAAGTGGGAT-3’
o
O
L F-5’-TGTGGATTGCCAAGGCAGAGT-3’
p-actin
F-5’AATGAGCAGGCAGCAACAGCA 3’
F-5’-AATGAGCAGGCAGCAACAGCA-3’
LaTPS-I

R-5’-AATCTGGAACTCGCATTTGGCG-3’
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Table 2.4 Microarray experiment design.

Microarray experiment design

A) L. x intermedia Grosso-Bud (Gland) B) L. x intermedia Grosso -Anthesis (Gland)
B) L. x intermedia Grosso -Anthesis (Gland) C) L. x intermedia Grosso -30% flower (Gland)
C) L. x intermedia Grosso -30% flower (Gland) D) L. anguatifolia-30% flower (Gland)

E) L. x intermedia -PP1-30% flower (Gland) F) L. x intermedia -PP2-30% flower (Gland)
G) L. x intermedia Grosso-total flower (30% stage) v H) L. anguatifolia-total flower (30% stage)

G) L. x intermedia Grosso-total flower (30% stage) 1) L. latifolia-Total flower

H) L. anguatifolia-total flower (30% stage) 1) L. latifolia-Total flower

H) L. anguatifolia- total flower (30% stage) J) L. anguatifolia - total leaf (young)

PP1=L.x intermedia cv. Provance containing peak 1 (linalool)

PP2=L.x intermedia cv. Provance containing peak 2 (linalool, linalool synthase)
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3 Chapter: Results

3.1 cDNA library

A cDNA library was constructed from the secretory cells of L. x intermedia floral oil glands
(Figure 3.1) to identify the genes involved in the biosynthesis and storage of lavender EO. A
total of 10,000 ESTs were isolated and partially sequenced at 5’ end with an average
sequence read of 637 bp. The experiment yielded 8,205 high quality reads, which were
clustered into 4,116 unigenes. The unigene library contained 3,075 genes that were
represented by a single EST (singletons) and 1,041 contigs corresponding to 5,130 ESTs,
representing over 62.53 % of the reads. GO annotation showed that 4753 (57.93%) and 3068
(37.39%) sequences were involved in biological processes and cellular components,
respectively (Table 3.1). From the biological processes, 809 (9.86%) sequences were
predicted to be involved in the isoprenoid biosynthesis process. Most of the terpene synthesis
genes contained numerous EST members suggesting their strong transcriptional regulation in
secretory cells. For example, the contig corresponding to linalool synthase contained over 68
members indicating that, as expected, linalool synthase is strongly expressed in lavender oil
glands (Lane et al. 2010). Given that oil gland cells are specialized to produce large
quantities of the EO, the above observations could be well justified. Based on homology to
proteins in the Plant Genomic Database (PlantGDB), putative functions could be assigned to

3,903 (approximately 94.83 %) of the unigenes.
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3.2 Short chain alcohol dehydrogenase

3.2.1 Candidate selection

A homology-based analysis of our sequences against those in TAIR and UniProt protein
databases identified a total of ten ESTs as putative SDRs. Among these, two ESTs
corresponded to singletons, while the remaining eight formed three contigs. Two contigs
(Contig 1 and 2) included two EST members each, and one contig (Contig 3) contained four
members. Only Contigs 1 and 3 produced ESTs that encoded full length SDRs, and thus were
selected for further analysis. The full length EST corresponding to Contig 1 (designated
LiSDR-1) was 1020 base pairs, with an ORF of 759 nucleotides that encoded a protein of
253 amino acids with a predicted molecular weight of 27 kDa. The other full length EST,
Contig 3, (designated LiSDR-2) was 841 nucleotides long and had an ORF of 780
nucleotides that encoded a 259 amino acid protein with a predicted molecular weight of 27.5
kDa. Both proteins bore predicted mitochondrial targeting sequences, as identified by the

IPSORT (http://ipsort.hgc.jp/), TargetP (http://www.cbs.dtu.dk/services/TargetP/) and

PREDOTAR (http://urgi.versailles.inra.fr/predotar/predotar.html) online protein analysis tools. It

is worth noting that all three protein analysis tools identified a mitochondrial targeting
sequence for LiSDR-2. However, a mitochondrial targeting sequence for LiISDR-1 was only

identified by IPSORT.

3.2.2  Functional analysis of recombinant LiBDH

The LiSDR-1 and LiSDR-2 proteins were expressed in E. coli (Rosetta (DE3)pLysS) cells,
and purified by Ni-NTA affinity column chromatography. Following purification, the
recombinant enzymes were assayed for dehydrogenase activity with borneol as a substrate,

and either NAD™ or NADP™ as a cofactor. Analysis of the assay products by GC-MS revealed
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that LiISDR-1 did not produce a detectable product, while LiISDR-2 (subsequently renamed
LiBDH) produced camphor from borneol with NAD™ (but not NADP™) as a cofactor (Figure
3.2). The negative control assays, which contained all the reagents including recombinant
protein extracts obtained from bacterial cells harboring the empty vector, did not produce
detectable products. Also, the reverse reduction assay in which camphor was used as a
substrate and NADH as a cofactor, did not produce detectable amounts of borneol or other
products (data not shown). Furthermore, a recombinant L. angustifolia SDR and a medium
chain alcohol dehydrogenase (MDR) from L. x intermedia (expressed and purified using the
same procedures) were not able to produce any detectable amount of camphor from borneol
when assayed under identical conditions. The SDR cDNA cloned from L. angustifolia 30%
flower was obtained from our previously reported L. angustifolia floral cDNA library (Lane
et al. 2010).

To examine the substrate specificity of the enzyme, LiBDH was also assayed with
eight other monoterpenes (alpha terpineol, 1,8-cineole, citronellol, linalool, lavandulol, nerol,
geraniol, and perillyl alcohol), and one sesquiterpene (farnesol) found in lavenders, and with
menthol which is a common monoterpene in other Lamiaceae plants. A significant amount of
products were not found after 12 hours of incubation in any of the assays. Those assays
containing a-terpineol as a substrate produced trace amounts of camphor and isoborneol.
Comparable quantities of both camphor and isoborneol were also found in negative control
assays, indicating that these monoterpenes were produced either non-specifically, or through

the action of a contaminated bacterial protein.
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3.2.3 Kinetics study

LiBDH showed linear catalytic activity starting from 30 min up to several hours (Figure
3.3a), while its optimum pH and temperature were determined to be 8.0 (Figure 3.3b) and 32
°C (Figure 3.3c), respectively. Kinetic parameters for the enzyme were obtained from a plot
of velocity versus substrate concentration fit to the Michaelis-Menten equation using the
hyperbolic enzyme kinetics analysis module of the SigmaPlot software v.10.00 (Systat
Software, Erkrath, Germany) (Figure 3.3d). The K, of LiBDH was found to be 53.6 + 14.9
uM, while it’s Viax, Keat and keat / K Were calculated to be 3.97 x 10 pmol sec, 4.0 x 10™

sec™ and 7.5 x 10° pM™ sec™, respectively.

3.2.4  Tissue specific regulation of LiBDH

Initially a standard PCR strategy was used to study the expression pattern of LiBDH
transcript in various L. x intermedia tissues, including leaf, bud, anthesis, and mature (30% in
bloom) flowers. The results indicated that the transcripts for this gene were highly abundant
in floral glandular trichomes (Figure 3.4a). Next, we employed a quantitative PCR (QPCR)
approach to quantify the expression of LIBDH mRNA in various tissues of L. x intermedia,
including leaf, anthesis, floral tissues collected at 30% flowering stage and secretory cells
isolated from floral tissues at 30% flowering stages. The results of this experiment confirmed
that the LiBDH transcripts were concentrated (ca. 200 fold higher) in the secretory cells of
glandular trichomes (Figure 3.4b). Finally, the transcriptional activity of LiBDH in young
leaves and floral tissues (30 % flowering) of L. angustifolia, L. x intermedia and L. latifolia
plants was determined by qPCR. In this experiment, the abundances of the L. x intermedia
linalool synthase (LiLINS) transcripts were also measured as a control (Lane et al. 2010). As

expected, LILINS mRNA was more strongly expressed in flowers compared to leaves (Figure
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3.4c). The LiBDH transcripts were detected in both L. angustifolia and L. x intermedia
flowers; however, they were much less abundant than those of LiLINS. Further, LiBDH
MRNA was much less abundant in L. latifolia flowers compared to those of L. angustifolia
and L. x intermedia plants (Figure 3.4c). The relatively low expression of LIBDH mRNA
paralleled the concentrations of borneol and camphor (also relatively low compared to
linalool), which amounted to 0.6 mg to 2.0 mg per gram of fresh tissue for both

monoterpenes in these tissues (Figure 3.4d).

3.2.5 Sequence comparison and phylogenetic tree analysis

LiBDH exhibited a significant similarity to SDRs from Camellia sinensis (61% identity),
Phaseolus lunatus (61% identity), Lactuca sativa (57% identity), Artemesia annua (56%
identity), and Zingiber zerumbet (52% identity) in multiple sequence alignment (Figure 3.5),

and was closely rooted with the above SDRs in the phylogenetic tree (Figure 3.6).

3.3 Multiproduct sesquiterpene synthase (LiCPS)

3.3.1 Candidate selection

In search of sesquiterpene synthases expressed in lavenders, the L. angustifolia trans a-
bergamotene synthase (LaBERS) cDNA sequence was blasted against the L. x intermedia
EST database. This search identified the LICPS contig as the best candidate (77% identity to
LaBERS) for a sesquiterpene synthase. The LiCPS contig contained 53 ESTSs, indicating that
the corresponding gene was strongly expressed in glandular trichomes. Microarray data
suggested that LICPS is developmentally regulated during flower developmental stages of L.
x intermedia, and is up-regulated in flower and glandular trichomes of L. x intermedia
compared to L. angustifolia while it is down regulated in total flower compared to L. latifolia

(Table 3.2).
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3.3.2  Functional analysis of recombinant LiCPS

It has previously been demonstrated that exclusion of the transit peptide enhances solubility
of recombinant proteins in bacterial hosts (Williams et al. 1998a). In search of the transit
peptide, LiCPS was analyzed in Signal IP, Signal 3L, and Target IP. The search did not find
a transit peptide. This is consistent with the fact that sesquiterpene synthases do not contain a
signal peptide and are predominant in the cytosol. Recombinant LICPS was expressed,
purified and was used for enzymatic assay reaction. The purified recombinant LICPS
produced only one essential oil constituent, caryophyllene, when assayed with FPP (Figure
3.7a). LiCPS produced a-terpeniol, cineole, limonene and alpha pinene form GPP and NPP
as substrate (Figure 3.7b, 3.7¢). When assayed with GPP as a substrate, LiCPS produced 1,8-
cineole as a major product. LICPS produced alpha terpineol as a major product when assayed

with NPP.

3.3.3  Tissue specific regulation of LiCPS

LiCPS was found to be developmentally regulated in flowers of L. x intermedia. Using
standard PCR, we observed a strong band of LiCPS in glandular trichome compare to bud,
anthesis and flower from 30% flowering stage. We could not detect LiCPS transcripts in

young leaves of L. x intermedia plants (Figure 3.8).

3.3.4 Multiple sequence alignment and phylogenetic tree analysis

A BLASTP search showed that LiCPS was most closely related to trans-alpha-bergamotene
synthase from L. angustifolia with 77% amino acid identity level. LiCPS also exhibitted
sequence identity with a-zingiberene synthase of Ocimum basilicum (63%), a-terpineol

synthase of Vitis vinifera (52%), p-ocimene/myrcene synthase of Vitis vinifera (52%), and B-
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ocimene/myrcene synthase of Vitis vinifera (50%). From the multiple sequence alignment it
was found that LiICPS contains all the conserve motifs such as the initial substrate
isomerization RR(Xg)W motif, DDXXD and (N,D)D(L,I,V)X(S,T)XXXE motifs which are
responsible for the enzymatic activity and coordination of divalent cations and thus
responsible for substrate binding and ionization, respectively (Figure 3.9). The phylogenetic
analysis revealed that LiCPS is closes related to LaBERS and other terpene synthases from
lavenders and to a-zingiberene synthase from Ocimum basilicum. Surprisingly, the gene was

distantly related to the caryophyllene synthases from Zea mays (Figure 3.10).

3.4 Alcohol acetyltransferase

3.4.1 Candidate selection

Around 117 ESTs corresponding to acetyltransferase were found in our cNDA library.
Among these, 15 ESTs were singleton while the remaining 102 ESTs formed contigs. GO
annotation revealed only four contigs (98 ESTs) and two singletons that were potential
alcohol acetyltransferases, while others corresponded to histone acetyltransferase, amino acid
acetyltransferase and, dihydrolipoamide acetyltransferase. The two singletons were very
short sequences covering only the C-terminal end of acetyltransferase proteins. The four
selected contigs LILAT-1, LiLAT-2, LiLAT-3, and LiLAT-4 candidates have six, thirty five,
twenty, and thirty five ESTSs, respectively (Table 3.2). According to the EO profile of
lavenders, LiLAT should be up regulated in L. x intermedia and L. angustifolia tissues
compared to L. latifolia. This was confirmed by the microarray transcript analysis as LiLAT-
2 and LiLAT-3 transcripts were up-regulated accordingly (Table 3.2). Initially, LILAT-1 was
selected since it had a higher sequence homology with LiLAT-2 and LiLAT-3 sharing 90%

and 84% sequence similarities, respectively. LILAT-2 and LiLAT-3 share 82% sequence
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similarities between themselves though, LILAT-2 lacks 59 amino acids at the C-terminal end
including the highly conserve DFGWG motif (Figure 3.11). LiLAT-1 also lacks a 22 amino
acids strech at the N-terminal end. LILAT-4 candidate falls into a different clade of alcohol
acetyltransferase classification including unaltered conserved motifs; as well, the mRNA
transcript of this candidate is down regulated in L. angustifolia and L. x intermedia compared

to L. latifolia flower and gland tissues (Figure 3.12).

3.4.2 Cloning and Functional analysis of recombinant LILAT

LiLAT-3 and LiLAT-4 were cloned into pET41b(+) vector using Ndel and EcoRl, or, EcoRI
and Xhol restriction enzymes sites to facilitate the His tag or, GST tag purification,
respectively. The initial cloning strategy was confirmed by restriction enzyme digestion
(Figure 3.13) and followed by sequencing the clones to address cloning confirmation. The
final clones were transformed into E. coli Rosetta(DE3)pLysS, Origami(DE3)pLysS, and
C43(DE3)pLysS cells for recombinant protein production. After overnight incubation of
crude LiLAT recombinant proteins with substrate linalool and coenzyme A did not produce
any detectable products.

LiLAT-3 and LIiLAT-4 were cloned into the pGEXA4T1 vector using EcoRI and Xhol
restriction enzyme sites and transformed into BL21 and BL21(DE3)pLysS cells for
recombinant protein production (Figure 3.14, Figure 3.15). Total protein samples extracted
from the induced bacterial cells for respective clones were analyzed by SDS-PAGE. Both
cell types strongly expressed the recombinant LILAT-GST fusion protin (Figure 3.15).

However, protein purification using His tag affinity chromatography was unsuccessful.
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3.4.3 Sequence comparison and phylogenetic tree analysis

All four candidates were found to contain all the conserved motifs for alcohol
acetyltransferase with few changes (Figure 3.16). The HXXXDG domain located near the
center portion of each enzyme has been shown to be important for a general base catalysis
mechanism. The second highly conserved region is the DFGWG motif located in the
carboxyl end, and is believed to have a structural role in enzymatic functions which is not
strictly required for membership within the BAHD family of enzymes (D'Auria 2006).
Phylogenetic analysis showed that, LILAT-1, LiLAT-2 and LiLAT-3 fell into close
proximity with alcohol acetyltransferases while LiLAT-4 shared a close relationship with

vinorine synthases, which is also an acetyltransferase.

3.5 LaTPS-I

3.5.1 Candidate selection

Two cDNA libraries, including 14,000 ESTs, from L. angustifolia leaf and flower were
recently reported (Lane et al. 2010). A cDNA sequence (LaTPS-I) deduced from a contig
formed by ESTSs present in both libraries exhibited strong homology to the L. angustifolia
limonene synthase. This sequence, however, did not contain a stretch of 73 amino acids,
including the DDXXD terpene synthase signature motif, present in other terpene synthases.
Given that limonene is produced mainly in lavender leaves, transcriptional activity for
LaTPS-1 was expected in leaves, but not in flowers. Due to this unique structure (i.e., the lack
of an important motif) and unexpected expression pattern LaTPS-1 was selected for further
analysis to understand its contribution to EO synthesis in lavenders.

Functional analysis of recombinant LaTPS-I
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The ORF for LaTPS-1 contained 1,482 nucleotides, and encoded a 494 amino acid
protein with a predicted molecular weight of 54.3 kDa. LaTPS-1 was cloned into the
pET41b(+) vector using Nde I and Xho I restriction sites, and the recombinant protein was
produced in E. coli cells (Figure 3.17). The Ni-NTA affinity purified recombinant LaTPS-I
was incubated with GPP, NPP or FPP as substrates for 2 h to overnight, but did not produce
any products. Small quantities of linalool and geraniol were found in GC-MS analysis, which
were also formed in control assays devoid of LaTPS-1, indicating that they are most likely

arose from the hydrolysis of the substrate after long incubation (data not shown).

3.5.2  Tissue specific regulation of LaTPS-I

Transcripts of LaTPS-I were compared to those of LafPHLS and LaLINS by standard PCR.
While LaTPS-1 mRNA was found to be present in both flower and leaf tissue of L.
angustifolia, those of LapPHLS and LaLINS were present only in leaf or flower tissues,
respectively (Figure 3.18a). In real-time PCR, LaTPS-I was seen to be ten times more

abundant in glandular trichomes compared to flower tissue (Figure 3.18b).

3.5.3 Sequence comparison and phylogenetic tree analysis

A BlastP search revealed that LaTPS-I could be a monoterpene synthase, however, it has a
73 amino acid stretch in the middle of the sequence which contains the most important
divalent cation binding motif DDxxD (Figure 3.19). Except for that motif it contains all other
conserve motifs for terpene synthases including the 58 amino acid signal peptide. From the
phylogenetic tree analysis, LATPS-1 was found to be closely related to monoterpene
synthases from lavenders and fell into the terpene synthase clade TPSb which generally

contains TPSs from angiosperms including Lamiaceae (Figure 3.20).
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Table 3.1 GO annotation of L. x intermedia gland cDNA libarary.

Biological process

Cellular component

GO annotation Sequences GO annotation Sequences
Cellular process 2812 (34.27%) Cell 2471 (30.12%)
Metabolic process 2702 (32.93%) Cell part 2471 (30.12%)
Response to stimulus 1543 (18.81%) Organelle 1852 (22.57%)
Developmental process 525 (6.40%) Organelle part 1086 (13.24%)

Multicellular organismal
process
Biological regulation

Multi-organism process

Regulation of biological
process
Localization

Establishment of localization

Cellular component
organization
Reproduction

Reproductive process
Signaling

Immune system process
Death

Positive regulation of biological
process

Negative regulation of
biological process

Growth

Rhythmic process
Pigmentation
Viral reproduction

Biological adhesion
Cell proliferation

Locomotion

497 (6.06%)

454 (5.53%)
428 (5.22%)
421 (5.13%)

328 (4.00%)
322 (3.92%)
302 (3.68%)

238 (2.90%)
238 (2.90%)
161 (1.96%)
125 (1.52%)
61 (0.74%)
59 (0.72%)

59 (0.72%)
50 (0.61%)

23 (0.28%)
6 (0.07%)
4 (0.05%)

2 (0.02%)
1 (0.01%)

1(0.01%)

Macromolecular complex

553 (6.74%)

Cell junction 129 (1.57%)
Symplast 129 (1.57%)
Extracellular region 124 (1.51%)
Membrane-enclosed lumen 100 (1.22%)
Molecular function
GO annotation Sequences
Catalytic activity 2837 (34.58%)
Binding 1403 (17.1%)

Transporter activity
Structural molecule activity
Nutrient reservoir activity

Antioxidant activity

Nucliec acid binding
transcription factor activity
Electron carrier activity

Enzyme regulator activity

Molecular transducer
activity

Receptor activity

Protein binding
transcription factor activity
Prtoein tag and
metallochaperone activity

357 (4.35%)
219 (2.67%)
173 (2.11%)

156 (1.9%)
125 (1.52%)

50 (0.61%)
30 (0.37%)
23 (0.28%)

7 (0.9%)
5 (0.6%)

5 (0.6%)
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Table 3.2 Microarray analysis.

Tissues used in microarray analysis

A) L. x intermedia (Grosso)- Gland from

Bud

C) L.xintermedia (Grosso)- Gland from

Flower 30%

G) L.xintermedia (Grosso)-Total Flower

) L. latifolia-Total Flower

Results of the microarray analysis

B) L. xintermedia (Grosso)-Gland from Anthesis

D) L. angustifolia (Lady)- Gland from Flower 30%

H) L. angustifolia (Lady)- Total Flower

Contig. GVsH G Vsl H Vs I AVsB
Mem. Intvang Intv lat Angvlat  Gr-Bud V Anth
LiCPS 53 Up-14 Down-2.28 Down -9.7 Down -29
LiLAT-1 6 Up-44 Up-1.89 Down -52 Down-4
LiLAT-4 35 Up-18 Up-18 Down-7
LiLAT-3 20 Up-1.47 Up-18.5 Up-20.79 Down-6
LiLAT-2 35 Up-2.4 Up-1.39 Down-11 Down-6

(Up) - up regulation

(Do) - down regulation

53



Figure 3.1 Extracted glandular trichomes from 30% flowering stage of L. x intermedia.
(Image was taken by Nikon dxm 1200 camera, Japan)
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Figure 3.2 Protein purification and GC-MS analysis of LIBDH. a) SDS-PAGE stained with
coommassie blue. M: marker, 1- pellet from induced cells, 2- soluble fraction, 3- flow
through, 4- LiBDH recombinant protein purified by Ni-NTA resin column. b) GC
chromatogram of LiBDH assay with mass spectrum of camphor. ¢c) GC chromatogram and
mass spectrum of authentic camphor. d) GC analysis of extract from the negative control.
Peak-1 Camphor, peak-2 Iso Borneol, peak-3 Borneol. Reproduced from Sarker et al. 2012

with proper authorization from Archives of Biochemistry and Biophysics.
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Figure 3.3 Kinetic assay of LiBDH with borneol as a substrate: a) time course assay of
LiBDH activity, b) effect of pH on LiBDH activity, c) effect of temperature on LiBDH
activity and d) velocity of LiBDH at increasing borneol concentrations. Reproduced from

Sarker et al. 2012 with proper authorization from Archives of Biochemistry and Biophysics.
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Figure, 3.4 Transcriptional activity of LIBDH in different tissues of lavender species. a)
Standard PCR of Actin (a) and LiBDH (b) from leaf, bud, anthesis, 30% flower, and
glandular trichomes of L. x intermedia b) Relative LiBDH transcript levels in developmental
stages of L. x intermedia flowers measured by gPCR normalized to actin. c) Tissue specific
transcriptional abundance of LiBDH and LiLINS in L. angustifolia (L.A), L. x intermedia
(L.1), and L. latifolia (L.L) normalized to actin. d) Amount of borneol and camphor in
different flowering stages of L. x intermedia (mg per gram of fresh tissue). Reproduced from

Sarker et al. 2012 with proper authorization from Archives of Biochemistry and Biophysics.
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Figure 3.5 Multiple alignment of the deduced amino acid sequences of LiBDH with SDR from other plants; Mentha x piperita

(AAU20370.1), Pisum sativum (AAF04253.1), Zingiber zerumbet (BAK09296.1), and Artemisia annua (ADK56099.1).(*)-

identical,(:)- conserved substitutioin. Black bar and gray shade indicates the conserve motifs. Reproduced from Sarker et al. 2012 with

proper authorization from Archives of Biochemistry and Biophysics.
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i — ABC02082.1_Cucumis_melo
L—— ACL37155.1_Panax_ginseng
YP_003777728.1_H.seropedicae
AAC35343.1_Itrifida
_I AAC35340.1_Itrifida
AAC35342.1_Itrifida
o AAU20370.1_Mentha_x_piperita
AAF04253.1_Pisum_sativum
QO93Y47_3-beta-hydroxysteroiddehydrogenase
BAE99880.1_A thaliana
L—— AAK38664.1_Podophyllum_peltatum
BAE72097.1_Lactuca_sativa
AAK38665.1_Forsythia_x_intermedia
BAA13541.1_Vigna_unguiculata
BACS53872.1_Phaseolus_lunatus
AEC10992.1_Camellia_sinensis
LiBDH
XP_002272206.1_Vitis_vinifera
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ADKS6099.1_Artemisia_annua
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YP_003777356.1_H.seropedicae
AAQ75422.1_Mentha_x_piperita

Figure 3.6 Phylogenetic tree analysis of the “Classical Group” of plant SDRs. The scale bar
represents 1.0 amino acid substitutions per site. Reproduced from Sarker et al. 2012 with

proper authorization from Archives of Biochemistry and Biophysics.
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Figure 3.7 Enzymatic assays of LICPS.
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Figure 3.7 Enzymatic assays of LICPS with a) FPP which produce caryophyllene as a major
product, b) GPP which produce cineol as a major product, and ¢) NPP which produce a-

terpineol and cineol as the major products.
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Figure 3.8 Amplification of LiCPS transcripts by PCR in different tissues of L. x intermedia.
LF-young leaf, BD-bud stage of flower, Anth-Anthesis stage of flower, 30% FL-mature
flower at 30% stage, Galnd-Glandular trichome from 30% flowering stage. a- f§ Actin, b-

LiCPS.
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Figure 3.9 Multiple alignment of the deduced amino acid sequences of LiCPS with LaBERS from L. angustifolia (AAB73046.1), and

Ocimum basilicum (Q5SBP4.1). (*)- identical,(:)- conserved substitutions, and (.)-semi-conserved substitution of amino acids. Shaded

sequences are conserved motifs.
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Figure 3.10 Phylogenetic tree analysis of LICPS with other terpene synthases from different

plants. The scale bar represents 0.4 amino acid substitutions per site.
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Figure 3.11 Amino Acid sequence comparisons of three LiLAT candidates which seem to

MASTKTLTFKVTRKDPELISPAEPTPYGFKYLSDIDDQHGFRIRFSIIFFYRENPSMKGK
MASTKTLTFKVTRKDPELISPAEPTPYGFKYLSDIDDQYGFRIRFSIIFFYRENPSMKGK
MASTKTLTFKVTRKNRELISPAEPTPYGFKYLSDIDDQDCLRFRFPLIFFYRENISMKGK
**************: KAAA AKX KA A A XA A AR XA A ARk X kA * Kk :*:**.:******* * Kk ok kK
DPVKIIRDAVAKALVFYYPFAGRSRECASRKLVVDCTGEGVIFVE
DPVKIIRDAVAKALVEYYPFAGRLRECASRKLVVDCTGEGVIFVEADADVMMQQFGDALH
DPIKIIRDAVAKALVFYYPFAGRLRECDSRKLVVDCTGEGVVEVEADADVMLQQFGDALH
**:******************** * kK% *************:***
BEEEE= 11 DTPGYDGIINCPLLFIQVTRLKCGGFILTYSCNHTICDAIGFSQFLSAV
PPFPNLEELLLDTPGYDGIINCPLLFIQVTRLKCGGFILTYSCNHTICDAIGFSQFLSAV
PPFPNLEKLLLDTPDYDGTINCPILFIQVTRLKCGGFILSYSCNHT ICDAAGFVQFMSAV
:******.*** ****:***************:********** * % ‘k*:*‘k*
GELARGATVPSIQPVWERHLLSARNPPRVSFTHREYDVLPKTNGETDKMVVRYFFFDVAD
GELARGATVPSIQPVWERHLLSARNPPRVSFTHREYDVLPKTNGETDKMVVRYFFFDVAD
GELARGATAPSIQPVWERHLLTARNPPRVSFTHREYDVVPKTNGETDKMVVRYFFFDAAD
********'************:****************:******************-**
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KAkKNkKAAhkk  KAkAAhhAkehkkhkhkeoehkhkkhkehkhkhAhkhAhAk Kk *hkoehkkhkkeokhkhkokhkk *Akhkhkkhkkkkhk%k

RNYCIVSDTTNVGFEKVDLGWGEPVYGGLAK-GIGWIPAHWYIPFKNKKGEQGTIVTVCL

RNYCIVSATTNVGSRKWTSGG-———===——==——— === ————— ASPCM

MNYYIVSDTSTAGFEEVEVGWGKPVYGGVAKGT IDWIGVNWY I PFKNKKGEQGKIVTVCL
* Kk kKK *k:-.*k . * e *:
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A e 388
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60
60
60

105
120
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218
240
240

278
300
300

338
360
360

397
386
420

have sequence identity. Red color indicates the missing portion between the sequence

alignments. Yellow color shows the conserved motifs.
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Figure 3.12 Amino acid sequence comparisons of LiLAT-1 and LiLAT-4. LILAT-lis a

representative from the identicle candidates. Yellow color shows the conserve motifs.
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Figure 3.13 Restriction enzyme digestion of LiLAT clones after cloning into pET41b(+)
vector. N= Ndel, E= EcoRI, X= Xhol, DH= E. coli DH10B competent cells, C43=E. coli

C43(DE3)pLysS cells.
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Figure 3.14 Restriction enzyme digestion of LiLAT clones in pGEX4T1 vector using EcoRl

and Xhol restriction sites.

70



Non induced

<
(]
3
=
g
=
8
Z

LiLAT-3
LiLAT-4

Ladder
LiLAT-3
LiLAT-4

BL21 BL21(DE3)pLysS

Figure 3.15 SDS-PAGE analysis of protein samples extracted from bacterial cells expressing
LiLAT candidates using the pGEX4T1 vector. Non induced: total protein from non induced
cells; Ladder: Protein markers; LILAT-3 and LiLAT-4: total protein from induced bacterial
cells from respective clones. BL21 and BL21(DE3)pLysS bacterial cells were used in this

experiment. The band indicated by the arrow corresponds to the LILAT-GST fusion protein.
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Figure 3.16 Phylogenetic tree analysis of LILAT candidates with other acyltransferases from

different plants. The scale bar represents 0.7 amino acid substitutions per site.
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Figure 3.17 SDS-PAGE analysis of LaTPS-I. NI: Non induced; Pellet: cells after
centrifugation; Sol.: Soluble fraction; 1 FT: Flow through; 1% and 2" wash: flow through
after washing the column before elution; Eluted protien: contain pure fraction of LaTPS-I

protien. The arrow indicates the LaTPS-I recombinant protein.
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Figure 3.18 LaTPS-I transcript analysis. a) Standard PCR and b) gPCR. Black represents
LaLINS and grey represents LaTPS-I (normalized with B-Actin, n=3). Figure 3.18 a) was

reproduced from Demissie et al. 2011 with proper authorization from Planta.
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Figure 3.19 Multiple deduced amino acid sequence alignment of LaTPS-1 with LaLIMS, LaLINS and a few other monoterpenes
synthases from angiosperms. Black bar indicates the conserved motifs and the grey shades indicate the sequence similarities.

Reproduced from Demissie et al., 2010 with permission from Planta.
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Figure 3.20 Phylogenetic tree analyses of LaTPS-I with other terpene synthases from
different plants. TPSs with 50% minimum amino acid sequence identity are grouped into
TPSa — TPSf subfamilies. Reproduced from Demissie et al., 2010 with permission from

Planta.
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4 Chapter: Discussion

4.1 Cloning and functional characterization of LiBDH

The secretory cells of glandular trichomes in Lavandula strongly and specifically express
genes required for all stages of monoterpene metabolism. This includes those involved in the
MEP pathway (e.g., DXS), which supplies precursors for monoterpene biosynthesis, and
those that catalyze the formation of individual monoterpenes from GPP (e.g., linalool
synthase;(Lane et al. 2010)). Also, genes encoding enzymes that catalyze the downstream
modification of monoterpenes are strongly expressed in these trichomes. For example, the
oxygenases, reductases and dehydrogenases that mediate the transformation of limonene to
menthol in peppermint, a process that involves several biochemical reactions, are highly
abundant in peppermint oil glands (Croteau et al. 2005). In order to probe the biosynthesis of
EO monoterpenoid constituents in Lavandula, we have recently developed a gland-specific
EST library from L. x intermedia. This database is highly enriched in monoterpenoid
biosynthetic genes, and has facilitated the cloning of several terpene synthases including the
L. x intermedia 1,8-cineole synthase (Demissie et al. 2012). We thus hypothesized that a
borneol dehydrogenase is also strongly expressed in L. x intermedia oil glands, and
proceeded to clone and functionally characterize the gene. Initially, we isolated two
candidates from our L. x intermedia gland cDNA library, expressed them in E. coli cells, and
assayed the dehydrogenase activities of the purified recombinant proteins using borneol and
other main Lavandula monoterpenes as substrates. One of these candidates, LiBDH, was able
to convert borneol into camphor. However, unlike many other SDRs, including a recently

reported Artemisia annua SDR (ADHZ2; (Polichuk et al. 2010)) that accepts a number of
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substrates, LIiBDH did not produce detectable products from other monoterpenoid alcohols,
indicating that this SDR is highly specific. Indeed to our knowledge, LiBDH is the first
borneol specific dehydrogenase reported from plants. The recently reported Artemisia annua
SDR (ADH2) was shown to dehydrogenate a range of substrates including: (-)-cis-carveol, (-
)-artemisia alcohol, (+/-)-borneol, (-)-trans-carveol, and (-)-trans-pinocarveol. This enzyme
had the highest specific activities for (-)-cis-carveol and (-)-artemisia alcohol, and the lowest
specific activity for borneol (Polichuk et al. 2010), indicating that borneol is not a primary
substrate for Artemisia annua ADH?2.

LiBDH is structurally similar to other plant SDRs and contains the standard
conserved motifs present in these proteins, including the structural “Rossmann fold” and the
“Ser-Tyr-Lys” catalytic triad which is very important for SDR functionality (Chen et al.
1993). The protein also contains other conserved motifs present in plant SDRs including the
N-terminal cofactor-binding TGXXX(AG)XG motif and the catalytic Y XXXK motif (Figure
3.5), and hence belongs to the classical SDR subfamily (Figure 3.6). In addition, several key
amino acid residues were conserved, including the Ser141 residue, which helps to form the
catalytic triad “Ser-Tyr-Lys” (Gani et al. 2008), and the Asp42 residue that plays a critical
role in determining the coenzyme (NAD" over NADP™) specificity of SDRs (Kallberg et al.
2002, Kallberg et al. 2010, Kavanagh et al. 2008, Ringer et al. 2003).

The recombinant LiBDH had an optimum pH of 8.5, an optimum temperature of 32
°C, a Ky, of 53.6 pM, a turnover number (kca) of 4.0x10-4 sec-1, and a specificity constant
(kea!Km) Of 7.5x10-6 uM™s™. Although most of these values are in the general range of those
reported for other SDRs, we noted that LiBDH is a rather slow enzyme as long incubation

times were required to obtain sufficient quantities of the product for GC-MS analysis. This
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could be a result of experimental conditions, and the fact that the substrate borneol is poorly
soluble in aqueous buffers.

Many plant monoterpene synthases are transcriptionally regulated. For example,
productions of menthofuran in peppermint leaves (Mahmoud and Croteau 2003), and linalool
in L. angustifolia flowers increased through development and directly correlated with the
transcriptional activities of the menthofuran synthase and linalool synthase genes,
respectively. This was not the case with LIBDH, in which case transcript levels remained
steady and relatively low during flower development (Figure 3.4b). The tissue camphor
content also remained unchanged, although the tissue concentration of borneol (the precursor
to camphor) increases with flower age (Figure 3.4d). The increases in the concentrations of
the substrate implies a lack of its turnover, which in turn suggests that catalytically active
LiBDH may be restricted to young tissue, where the bulk of camphor is produced, and not
available during the latter stages of flower development. Consistent with these results, the
activity of a number of monoterpenes synthases were very high during the early stages of leaf
development (when EO synthesis is very active) and dropped rapidly in maturing leaves in
peppermint (McConkey et al. 2000). Our data cannot explain whether the postulated
“unavailability” of active LiBDH in older flowers is due to a lack of protein synthesis (i.e.,
inhibition of LIBDH mRNA translation), protein inactivation by inhibition, sub-cellular
localization or another mechanism.

Like other plant terpene synthases (Demissie et al. 2012, lijima et al. 2004b, Ro et al.
2002) the LiBDH transcripts were highly concentrated in floral glandular trichomes of L.x
intermedia (Figure 3.4b). In this sense, the expression of LiBDH correlates with the

expression of other genes involved in monoterpenoid metabolism in lavenders (Demissie et
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al. 2012). A surprising finding of this study was that LiBDH transcripts were present at
higher levels in L. angustifolia, and L. x intermedia flowers, compared to those of L. latifolia
plants (Figure. 3.4c). Given that L. latifolia plants produce camphor as a major compound
(Munoz-Bertomeu et al. 2007) and thus are expected to express a borneol dehydrogenase
gene strongly, our data imply that L. latifolia plants may express a unique BDH, and that L. x
intermedia (which is a natural hybrid of L. angustifolia and L. latifolia) inherited the cloned
LiBDH from the L. angustifolia parent. This postulate is supported by the finding that both L.

angustifolia and L. x intermedia plants express the LiBDH gene but L. latifolia does not.

4.2 Cloning and functional characterization of LiCPS
Sesquiterpenes, the Cy5 terpenoid compounds, are one of the largest and most diverse groups
of natural products isolated from plant, fungi, bacteria, and marine invertebrates. They are
known for their defensive action against plant enemies, and attraction of pollinators. The
thousands of different sesquiterpene compounds found in plants are derived from the
precursor, farnesyl diphosphate (FPP) through the enzymatic action of sesquiterpene
synthase enzymes which can yield one or more sesquiterpene products from this single
substrate. Lavender EO, dominated by monoterpenes, also contains a few sesquiterpenes,
including B-caryophyllene, a-bergamotene, and cadinene among others. B-caryophyllene is
widely present in plants and known for its allelopathic potential and its role in plant defense.
For example, this volatile compound was found to be produced abundantly in response to
herbivor damage in maize. 3-caryophyllene is also pharmaceutically important as it exhibits
anti-inflammatory and anti-carcinogenic activities.

In this study, a B-caryophyllene synthase cDNA was cloned from the L. x intermedia

gland cDNA library and functionally characterized in vitro. The encoded protein (LiCPS)
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shares all conserve motifs with other known terpene synthases. These motifs include, the
arginine rich N-terminal RR(Xg)W motif, required for cyclization of GPP (Williams et al.
1998a), the aspartate rich divalent metal (usually Mg®*) binding motif, DDXXD, involved in
substrate binding and in positioning the substrate for catalysis (Cane et al. 1996a, Cane et al.
1996b, Lesburg et al. 1997, Tarshis et al. 1994). Any mutations in this region would
subsequently lead to altered products formation and decreased catalytic activities (Cane et al.
19964, Cane et al. 1996b, Seemann et al. 1999, Seemann et al. 2002a, Seemann et al. 2002b).
Phylogenetic studies showed that, LiCPS belongs to the TPS-b group along with LIBERS
and ZIS from sweet basil. Deduced amino acid sequence of LiCPS showed 77% conserved
identity with LaBERS when aligned against known protein sequences in the NCBI data base.
Amino acid sequence revealed that, like other known sesquiterpene synthases, LiCPS lacks a
transit peptide.

Transcript profiling suggested that LiCPS is developmentally regulated during flower
development in L. x intermedia. Further, our data indicated that this gene is more strongly
expressed in flower and glandular trichomes of L. x intermedia compared to those of L.
angustifolia. Standard PCR also revealed that LiCPS transcript is highly abundant in
glandular trichomes and is developmentally regulated in L. x intermedia flower tissues while
it is undetectable in the leaves. The purified recombinant LiCPS was able to use GPP, NPP,
and FPP as substrates in in vitro assays. With FPP as substrate LiCPS produced 3-
caryophyllene as a major product in addition to some minor products such as pentanoic acid
(Figure 3.7a). Like other sesquiterpenes; e.g. trans-a bergamotene synthase from L.
angustifolia, a-zingiberene synthase from O. basilicum, and p-caryophyllene synthase from

A. annua, LiCPS also produced monoterpenes (including 1,8-cineol, limonene, a-terpineol,
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myrcene, and B-pinene) when assayed with GPP and NPP as substrates (Figure 3.7b, 3.7¢)
(Cai et al. 2002, lijima et al. 20044, lijima et al. 2004b, Kollner et al. 2004, Landmann et al.

2007).

4.3 Cloning and functional characterization of LiLAT

Lavender EOs used in the perfume and cosmetic industry have a characteristically higher
concentration of linalool and linalool acetate to other EO volatile compounds, in particular
camphor. L. angustifolia plants produce the finest lavender EOs because of its higher linalool
and linalool acetate to camphor ratios; however the total oil yield is very low (40 kg per
hectare). On the other hand, ratios of linalool and linalool acetate to camphor are lower in L.
latifolia and L. x intermedia, and the oil yield is much greater, 70 kg and 120 kg per hectare,
respectively. Like other volatile esters, linalool acetate in lavender is normally generated
from linalool as a result of the action of linalool acetyltransferase (LAT) (Aharoni et al.
2000, Harada et al. 1985). Cloning of the LAT gene would enable metabolic engineering
experiments aimed at enhancing linalool acetate production in economically important
lavender varieties incluing L. x intermedia plants.

A total of 117 ESTs from the gland cDNA library exhibited significant homology to
known acetyltransferase genes. Based on their expression pattern (obtained from the
microarray analysis experiment), four candidates, LiLAT-1, LiLAT-2, LiLAT-3 and LiLAT-
4, were selected for further analysis. Although LiLAT-3 and LiLAT-4 were successfully
cloned into the pET41b(+) expression vector, the recombinant protein was not expressed in
bacterial cells. On the other hand, when LiLAT-3 and LiLAT-4 were cloned into pGEX4T-1
expression vector, the corresponding recombinant proteins were strongly expressed in

bacteria. However, | was not able to purify the recombinant enzyme as the expressed protein
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aggregated in insoluble inclusion bodies. It may be possible that the expression systems used
in these studies are not suitable for the production of recombinant LAT. Thus future
investigations aimed at the production of recombinant LAT should employ alternative

expression systems that rely on yeast or insect cells as a host.

4.4 Cloning and functional characterization of LaTPS-I

LaTPS-I was selected due to its unusual sequence characteristics compared to other
monoterpene synthases. This interesting candidate was missing a stretch of 73 amino acids in
the middle, which contains the most important conserved motif found in terpene synthases,
DDxxD. Further, unlike most other monoterpene synthases expressed differentially in plants,
LaTPS-I transcripts were found to be present in both leaf and flower tissues. The ORF of
LaTPS-I, 1482 base pairs encoding 494 amino acids, was cloned into a pET41b(+)
expression vector and expressed in E. coli cells, and the recombinant protein was purified
using Ni-NTA affinity column chromatography. The recombinant protein did not yield any
product when assayed with GPP, FPP and NPP as substrates. However, small amounts of
linalool and geraniol were detected. These products were also present in the negative control,
recombinant protein from empty pET41b(+) vector, indicating that the linalool and geraniol
were produced through solvolysis. Indeed, previous studies have confirmed that hydrolysis
of GPP can yield geraniol and linalool (Tholl et al. 2001). Our results, therefore, suggested
that LaTPS-I lacks in vitro catalytic activity. The most likely explanation for this could be the
lack of the highly conserved divalent metal binding motif DDXXD in LaTPS-I. This
suggestion is further supported by previous results, where substitution of any amino acid
residue in this motif either reduced or completely eliminated its enzymatic activity. For

example, the replacement of either the first or second aspartate (D) residue by glutamic acid
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(E) in pentalenene synthase (Seemann et al. 2002b) or in aristolochene synthase (Felicetti and
Cane 2004) was seen to significantly reduce the catalytic efficiency and specificity of the
mutated proteins. Additionally, a few residues, C-terminal to the DDXXD motif also played
a role in terpene synthase activity. Amino acid substitutions in this area, such as (N) to (A) or
(L) in pentalenene synthase (Seemann et al. 2002b) and (L) in aristolochene synthase
(Felicetti and Cane 2004) resulted in complete enzyme inactivation. It is therefore possible
that amino acid residues, other than those in the DDXXD motif within the ‘‘missing’’ region
(Figure 3.19), play a significant role in controlling the activity of LaTPS-I, and other related
terpene synthase enzymes.

Standard PCR depicts that LaTPS-I transcripts are strongly expressed in both flower
and leaf tissues compared to LaLINS and LafPHLS which were present only in flower or leaf
tissues, respectively (Figure 3.18a). To elucidate the tissue-specific expression of LaTPS-I,
we compared the transcriptional activity of LaTPS-I with LaLINS, which is strongly
expressed in floral oil glands. Linalool is a major component of L. angustifolia essential oil,
often comprising over 40% of extracts, and it was recently shown that LaLINS expression is
closely related to linalool accumulation in lavender spikes (Lane et al. 2010). Both LaTPS-I
and LaLINS were present at a similar level in flower tissue. Transcript abundance of LaTPS-I
in leaf is also comparable to its expression in flower tissue, while LaLINS is barely detectable
in the leaves, using quantitative real-time PCR. The natural occurrence of this variant was
ascertained by sequencing eight independent LaTPS-I clones amplified directly from the L.
angustifolia flower cDNA (data not shown). However, due to lack of detectable in vitro

activity for LaTPS-I, its biological significance in planta could not be confirmed.
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4.5 Conclusion

In conclusion, the studies presented in this thesis resulted in the cloning of four essential oil
related genes from L. angustifolia and L. intermedia plants. The heterologous expression of
two of these genes, including LiCPS and LiBDH, in E. coli yielded corresponding
biologically active recombinant proteins. LiCPS turned out to be a typical sesquiterpene
synthase that, like many other sesquiterpene synthases, can also produce monoterpenes when
assayed with the monoterpene precursors GPP and NPP as substrates in vitro. Although the
gene is strongly expressed in glandular trichomes, LiCPS does not make a major contribution
to the EO of lavender plants presumably due to the fact that it is localized to the cytosol (as it
lacks a plastidial targeting sequence) where its sesquiterpene substrate (FPP) is not produced
in high quantities.

LiBDH is a short chain alcohol dehydrogenase that converts borneol to camphor, and
as predicted by our hypothesis, is responsible for camphor production in Lavandin plants.
Based on its expression pattern, it was concluded that this gene, which is highly expressed in
glandular trichomes of L. x intermedia plants, was likely inherited from L. angustifolia.
Although the cloned LiBDH is highly specific, our data indicated that another Lavandula
BDH may exist that is expressed in L. latifolia plants. To clone this gene, future efforts must
focus on an EST database derived from oil glands of L. latifolia plants.

The work presented here also led to the cloning of two other genes that are strongly
expressed in the glandular trichomes of lavender and lavandin plants. The recombinant form
of the terpene synthase-like protein encoded by one of these genes, LaTPS-I, was not
functionally active in vitro, presumably because it lacked the signature TPS substrate binding

motif present in plant TPSs. My data does not explain why this seemingly inactive gene is
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strongly expressed in lavenders. My results cannot rule out an as of yet undiscovered activity
for this gene.

Based on homology to known acetyltransferases involved in plant secondary
metabolism, it is very likely that the cloned putative LILAT encodes the illusive linalool
acetyltransferase. However, this claim could not be verified since, despite strong expression
in E. coli, I was unable to purify the recombinant LiLAT protein and demonstrate its
acetyltrasferase activity.

LiBDH and LAT are two of the most important EO quality-determing genes
expressed in lavenders, and their cloning represents a major milestone in lavender research.
In principle, the expression of these genes may be modulated through metabolic engineering
to enhance the quality of the EO (i.e., increase the production of linalool acetate and/or
reduce the biosynthesis of camphor) in transgenic plants. Alternatively, the cloned genes may
be used as genetic markers in targeted plant breeding programs aimed at producing lavender

plants with an improved EO profile.
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