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Abstract

This thesis presents the characterization of Mepetairidoid biosynthetic pathway via gene
discovery and the development of fnctional genomics tool foin planta genetic
characterizationThe Lamiaceae plant family, colloquially known as the mint family, is well
known for its chemical diversity and econizal importance, especially amongst members

of the Nepetoideaesubfamily. Most members of this sufamily are well known for their
diverse terpenebased natural products; howeveme genusNepeta is unigueamongst the
Nepetoideae for its ability to mduce nepetalactonean iridoidscaffoldcompound known

for its psychoactive effect on cats and potential use as @bhg&®d pest control in agriculture

due to its influence on various insect speciéhemical profiling oNepeta sppand within
varieties of a single species have revealed the production of different nepetalactone
stereoisomers varies widely across plants. Previous work has identifigzbta spp
biosynthetic enzymes that can synthesize different sterecisomengpétalactonain vitro.

Work in this thesis also presents the gene discovery and biochemical characterization of the
early steps of this pathway (Chapter 2). The role these biosynthetic genempianta
leading to the synthesis of different stereochemical ratios of nepetalactmsenot been
addressed. This thesis presents ftievelopment of avirusinduced gene silencing (VIGS)
tool for N. cataria(Chapter 3) to explore tha vivofunction of the putative biosynthetic
genes (Chapter 48imultaneously targeting a visual markggne, magnesium chelatase
subunit H (hiH), and the genes involved in the production of the various nepetalactone
stereoisomers, allows the precise selection of the tissue under the knockdown phenotype of
VIGS andharacterisation ofhis pathwayin viva Furthermore, VIG8rovides the possibility

to untangle the mechanisms behind isomer regulation and gene expression in nepetalactone
production, as well as to understand the effect of this pathway on other physiological

processes.
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Chapterl

1.1 Introduction
1.1.1 Plants as chemical factories

Plants produce a vast array of chemicals essential for their survival. These chemical
compounds are typically classified into primangetabolites and secondannetabolites
based on their assigned function. The primary or centralipetiabolism is classed as the
reactions involved in creating and regulating essential chemicals for growth and basic
survival, such as creating the chemical building blocks for cellular structures, proteins or
energy storagef1], [2]. Primary metabolism is often coas/ed across and beyond the plant
kingdom. Variation is often maladaptive, as disruption of these essential metabolites can be
SEGNBYSte Ozadte F2NI Iy 2NHIFIYA&AYQa &dz2NIBA G
off from various primary metabolic pattays and produces compounds used to interact with
the external world; for example, defensive chemicals against herbivores or fragrances and
colours for signalling to pollinators and symbiotic partners. Variation in the secondary
metabolism is often advanggeous, and it is in the secondary metabolism that the variability
2F L FyidQa OKSY JEBINBumadity yhas @3Ploitedl 2ptimyt Recondary

metabolitesthroughout history, in art, textiles, religion and mediciitg.
1.1.2 Plant secondary metabolites

Plant secondary metabolites are broadly categorized into polyketides, phenylpraisanoi
terpenes, alkaloids and peptides based on their chemical structures and biosynthetic origins
[7], [8]. Plant polyketides and phenylpropanoids contain aromatic ring structures often
derived from aromatic amimacid biosynthetic pathways such as the shikimate patH&hy

[8]; terpenes are assembled via thec&rbon units isopentenyl diphosphate (IP&)d
dimethyl allyl pyrophosphate(DMAPP)(fig. 1.1) [7]¢[9]; alkaloids are a broad class of
nitrogencontaining compounds that arise from different primauyd secondarynetabolic

sources; and peptide secondary metabolites often arieenfthe ribosome[7], [8].

Amongst the terpenes (fid..1), subclasses based on the number e€arbon units used in

their assembly are applied, commonly monoterpenes (C10), sesquiterpenes (C15),

diterpenes (CQ) and triterpenes (C30), etf9]. IPP and DMAPP are produced by th& 2

methylD-erythritol-4-phosphate (MEP), and the mevalonate (MVA) pathways, operating in
1



the plastid and cytoplasm respectively. IPP and DMAPP are then condensed by trans
prenyltransferases, producing pyrophosphate chains of various lengths that are then used as
substiates by a wide family of enzymes, the terpene synthases, that remove the phosphate
group to produce the various types of terpene scaffdlg[10] (fig. 1.1). A sulbype of
monoterpenes (C10) are iridoid compoundkl], [12] Iridoids are cyclopentanpyran
monoterpenes that serve as lead compounds in the formation of more complex metabolites

and can be found throughout the plant kingddf ], [12]

The various sulypes of terpenes, as well as the broader range of secondary metabolites,
can often interconnect in their biosynthesis, creating complex biochemicals emerging from
a variety of secondary metabolic pathwaj®]. Carbohydrates and saccharides often
decorate these secondary metabolites, providing new functigh8]. The range of
possibilities within secondary metabolism creates a wide array of evolutionary opportunities

for diversification and specializatiorj&]¢[5].

Primary Metabolism

MVA |
pathway Acetyl-CoA
l l Pathwa
Cytoplasm

Plastid
MVAP

~

DMAPP + IPP

Peroxisome l l l
/

IPP + DMAPP

|

FPP

|

Sesquiterpenes
Sterols

Figure 1.1: Terpene biosynthesis

Terpene biosynthetic pathways and their subcellular compartmentalization in:pévits
and MEP pathway. The MVA pathway takes place mostly aytihasm, wittendoplasmic
reticulum (ERgnzymes building carbon chains waitetytcoenzyme AacetytCoA to form
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mevalonate (MVAphosphate (MVAP), which is transferred to the peroxisome and further
phosphorylated and converted into isopentenyl pyrogphate (IPP), which can exit the
peroxisome into the cytoplasm. IPP and dimethyl allyl pyrophosphate (DMAPP) are five carbon
building blocks for terpenes. In the MVA pathway, IPP and DMAPP condense to form the
prenyl pyrophosphate intermediate farnesyr@phosphate (FPP), which serves as the basis
for sesquiterpenes and sterols, or, via the formation of geranylgeranyl pyrophosphate (GGPP),
diterpenes. The MEP pathway largely occurs in the plastid, starting with the condensation of
pyruvate and glyceraltigde3-phosphate (G3P) and, via the intermediat&@ethytD-
erythritol-4-phosphate (MEP), produce DMAPP and IPP. Eres®mndense into geranyl
pyrophosphate (GPBYy GPP synthas&PP is modified into monoterpenes, which can then
become iridoid$14], [15]

1.1.3 The Lamiaceae plant familgpecialized terpene producers

The Lamiaceae plant family, colloquially known as the mint family, is the sixth largest family
within the Angiosperm¢11], [16], [17] This plant family consists of about 7000 species
arranged in 253 generd 1], [16], [17] This family includes many species ofremoic and
cultural value. Many are culinary herbs, including rosemRps(arinus sppbasil Ocimum

spp) and mint Mentha spp), others are valued for their fragrance and are often used in the
cosmetic industry; for example, the lavendéayandula sp oil industry is expected to be
worth 54 million USD by 20288]. Other Lamiaceae are valued as ornamentals for their

fragrance, appearance, and aipist activities in home gardefis9]¢[21].

A study of the chemotaxonomy of the Lamiacefaenily revealed the main types of
secondary metabolites found in the Lamiaceae and their distribution throughout the family
[11]. Of the 48 surveyed species across the family, the specialized metabetitetedwere
largely monoterpenrs, iridoids and sesquiterpendd1] (fig. 1.2). Monoterpenes and
sesquierpenes could be found in most clades of the family; however, iridoid distribution was
mostly absent in one of the main sukades of the family, the Nepetoideae. An exception
within the Nepetoideae sulslade that does produce iridoids in abwarnte is theNepeta
genus. Nepetalactone is the main iridoid that is found in Nepetagenus[11], [22)¢[24],

and is welknown for its psychoactive effect on house catsl{s catusand oher members

of the Felidae famil\{j24], and a burgeoning interest into its effect on insects such as

mosquitoes and aphid25], [26]
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Figure 1.2: Example Lamiaceae terpenoids

Structures from Wikimedia commons.
1.1.4 IridoidEcology

Recent research has been published on the effect of iridoids on mosquitoes and the potential
ecological role behind the characteristic effect of catnip on cats. In ehd. [25], the
authors found that nepetalactone was an effective repellent against several kinds of insects,
including mosquitos, drosophila, and ants. Furtlervitro research on Drosophila S2
cultures revaled that nepetalactone triggered the PRL receptor homologues of
Drosophilaspp and Aedes aegyptiln behavioural studie#\e.aegyptimosquitoes with an
inactive TRPAL1 were not repelled by a human arm rubbed with catnip, while the control

mosquitoes wee repelled.

Recently, Uenoyamat al. [27] reported theincreased protection against mosquitoes cats
have upon rubbing themselves dlepeta catarigcatnip) or Actinidia polygam4silver ving,

a common response from cats upon encountering these nepetalactol containing plants. They
found that nepetalactol actated the>-opioid system which promoted face rubbing on the
plant. Cats were also exposed to mosquitos, and the researchers found that the cats who
had carried out the rubbing behaviour had significantly less mosquito bites than the control

cats.



As in the research from Uenoyanet al.[27] it has been found that other plants containing
nepetalactol have a sinait effect on cats. These includ@nicera tartaricaand Valeriana
officinalis These plants all contain nepetalactone and other compounds such as actinidine
which are thought to have a similar effect on cats as catnip. In a study froet Bb[28],

the authors compared the effedf these nepetalactone containing plants on cat behaviour.
They found that cats respond strongest to catnip, and curiously, from the cats that did not
NEBALRYR (G2 OFGyALE I AAIYATFTAOLIYd FTNFXrOGAZY

behaviour tothe alternative plantgpresented

Iridoids in plants are often deployed as ahérbivory compounds, often in the form of
iridoid-glucosides, against invertebratg26]. Upon ingestion, the glucose moieties are
cleaved off resulting in iridoid aglycones which behave as an alkylating agent, capable of
denaturing amino acids, proteins, and nucleic adi@8]. Generalist insect herbivores
therefore tend to avoid eating iridoidlycoside containing plants. However, specialist insects
have evolved the ability to sequester iridoid aglycones for use aspegdiation agents

against predatry insects.

Curiously, iridoids are not only produced in the plant kingdom, but can also be endogenously
produced in insects, and serve specific roles in the ingeaducers life cycles. Several
species of aphids, utilize femgbeoduced iridoid bicyati monoterpenoid nepetalactol and
nepetalactone as seltormones, key to the specidie-cycleand reproduction[29]. This
information has been used in blmased agricultural pest management to create rrafdid

traps or lure aphid predators using these iridoids as chemied[29)].

Research ito iridoid ecology has revealed the complex roles volatile and glycoside iridoids
play as planproduced antherbivory compounds, as well as their role in insect defence and
reproduction. Furthermore, the recent research into the ecological roles thesgwoonds

can play between insects, mammals and plants are introducing novel and complex ecological

networks.
1.1.5Iridoid biosynthesis

Although iridoids and their derivatives can be found across the plant king@@jai35], key
enzymes fortheir biosynthesis hae been eported from Catharanthus roseus, and key
enzymes such as iridoid synthase and geraniol synthase have been found to conserved in

species such &cimumspp.andAntirrhinum majug12], [36], [37](fig. 1.3). As explored in
5
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section 1.1.2 and figure 1.1he early building blocks for monoterpenes come from two
pathways producing DMAPP and IPP, which are spatially separated in t[855dB8] In

the plastid, the MEP pathway produces IPP and DMAPP from pyruvate and glyceraldehyde
phosphateand are synthesized into the prerpenoid scaffolds GGPP or GPP for-pre
terpenoid biosynthesis. Terpenoid synthases are responsible for using these molecules as
substrates to produce various types of terpeng¢[10]. A sb-specialized terpene
synthase, geraniol synthase (GES), synthesizes geraniol from1@PHR39] Geraniol
becomes the entry point for iridoid biosynthesis, which can then be further modified into
the iridoid scaffold.

The following reaction step is carried out by gera@idlydroxylase (G8H), a class Il
cytochrome P450 enzynm@?2], [40] This isa super family of hemeproteins which usually
carry out oxidation reactions, requiring NADPH electron transfer to the heme cofactor
through the NADPdytochrome P450 reductase (CPRB]. In C. roseusthree CPR
homologues, under different regulation pattes, have been identified, with two of them
playing an active role in iridoid biosynthep®]. Specifically, G8H hydroxylates the carbon
C8 of geraniol to produce-®ydroxygeraniol. For iridoids to be cyclizeehy&Iroxygeraniol
oxidase (HGO) oxidizes both terminal hydroxyl groups and iridoid synthase (ISY) carries out
the cydization reaction using -8xogeranial to produce nepetalactol, which is further
oxidized into iridotrial by iridoid oxidase (IO)éoxyloganetic synthase, another
cytochrome P450 enzymd?2], [41k[43] (fig. 1.3A). Modifications unto the main iridoid
scaffold, such as the addition of glycosides, is carried out by a glucosyl transferasgd gliGT)

[43]. Iridoid biosynthesis is further expanded upon in Chapter 2 of this thesis.
1.1.6Iridoids inNepeta

Initial work into the Lamiaceae chemotaxonomy reportBidpeta as the only iridoid
producing Nepetoideae and related the gene expression levels of transcripts similar to genes
previously reported to be involved in iridoid biosynthesis, as described irordcti.5, with

the presence/absence of iridoidi$1] (fig. 1.3B). The athors also reported a stereochemical
difference in the iridoids produced iNepeta compared to those produced by nen
Nepeteoideae Lamiaceae plant specjg] (section 2.1.1, fig2.3). FurthermoreNepeta
spp.produced various isomers of nepetalactone, depending on the stereochemistry of the
nh FyR 1h O ND 2dg¢ndified the NepetafSly Nlieiled ihitlepétal3Y does

not cyclize &xogeranial into the iridoid scaffold, instead it produces an enol intermediate,
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8-oxocitronellyl enol[23] (fig. 1.3). This discovery sparked the search for an alternative
enzyme or enzymes that would be responsible for cyclizing this enol intermediate to make

the resulting nepetalactone isomers.

Isolating the proteome oNepetaglandular trichomes revealedithome enriched proteins

in the iridoid pathway44]. From this proteome, the enzymes responsible for producing an

array of nepetalactone isomers Mepetawere identified and characterized as a family of
short-chain reductase (SDR) enzymes named nepetalaetaied SDR (NEP@XY]. These

Syt evySa OFNNE 2dzi atdSNB2aSt SOGABS OOt Aal G
and further oxidization into nepetalactone (fig. 183. Tke crystal structure of NEPS3 bound

to nicotine adenine dinucleotidéNAD) showed a similar active site to known SDRs, although

NAD is not turned over, yet retained as a cofacthiepetalSY and NEPS reveal an example

of convergent evolution and neofunotialization[23], [44]

While thechemotaxonomical work previously repod¢l1] offered tentative candidates for

the early enzymes in thidepetairidoid biosynthesis pathway, in depth characterization into
their enzymatic activities and relation to the later step enzymes had not been explored.
Chapter 2 of this thesis desbes the identification and characterization of these missing

early steps.
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Images from Wikimedia commons; structures were drawn in ChemDraw.

1.1.7 VIGS Virusinduced gne silencing

Virus induced gene silencing (VIGS) is a transient and versatile post transcriptional genetic
1y201 R2¢6y GSOKYAIldzS GKIG dzasSa | LIXIFydQa AyylrasS
system[45], [46] Along with the viral sequences, inclusion of short homologous sequences
to endogenous host genes lead to the formatiorsbbrt interfering RNAsiRNAtranscripts

that guide the RNA induced silencing complex (RI&@chinery to mRNA from the
endogenous ges, which is then degraded, preventing translation, a process known as post
transcriptional gene silencing (PTE8)) (fig 1.4A). It has proven to be a versatile tool in

the study of specialized pathways, having been adapted to study the secondary itstabo

of plants such asSolanum lycopersicuntomato) [47]¢[49] and Catharanthus roseus
(Madagascar periwinklgb0]¢[53]. Amongst the Nepetoideae, VIGS has been previously
adapted for use iOcimum basilicunisweet basil]54] (fig. 1.4B).



The success of VIGS in a new plant system oft@ertis on the vector system used. A
commonly used viral vector is the TRV vector system, adapted from thestpiusl RNA
Tobacco Rattle virus with a bipartite genopa®]. This type of virus can be introduced into
Agrobacterium tumefaciensvhich is tren used to infect the plant, allowing the viral
aSdz2Sy0Sa (2 ( NRrahscBpNdnal Sedcing ghachin@rg. THe)Z R\ vector
system is comprised of two vectors which work in tandem: pTRV1, which contains viral
replication machinery, and movemeprotein sequences and pTRV2, which contains the
sequences for virion formation and a multiple cloning site to introduce the host sequence to
be targeted for silencing. The elements of these vectors are under the 35S promoter from
the cauliflower mosaicixus for constitutive expression and are well suited for systematic
transient silencing. This pTRV2 vector system has been adapted to a wide range Ffdjpsts
[50], [54], [56], [67] making it a good candidate for adapting to a hew system. Information

on VIGS mechanisnssfurther expanded upon in Chapter 3, section 3.1.



Introduced

into plant
Viral RNA pTRV2 P Processed
into S|RNA

Protein
_ .
translation

Plant genome
Post-transcriptional inhibited
silencing machinery

Transcrlbed
Ll into mRNA

B S. lycopersicum Anthocyanin rich variety developed

Elucidate complex *
cholesterol
pathways

Elucidating

missing

¥ biosynthetic

oleanoic acid from
old leaves

O. basilicum

ursolic acid +o

from young leaves P ;
YOUng Elucidating spatiotemporal roles enzymes

play in triterpene formation

Figure 1.4: VIG8echanism anéxamples

In A) a simplified schematic of the VIGS mechanism is shown. A more detailed mechanism
schematic can be found in figure 3.1. The pTRV2 vector containing viral RNA (blue) and a
fragment of a gene of interest (GOljg@gn) is introduced into the plant and processed into

the plant to produce smalhterfering RNA (siRNA). These are recognized by the post
OGN YAONRLIGAZ2YLFE AAfSYOAy3d YIFOKAYSNEI gKAOK ARSYyl
translation. B) shows exgle specieS. roseusS. lycopersicu& O. basilicumin which VIGS

has been used to study secondary metabolic pathways. Images and structures from

Wikimedia commons.
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1.1.8 Transforming Lamiaceae

As explored in sectiod.1.3, Lamiaceae are a large plant family of much economic and
scientific interest. Re=arch into the secondary metabolism of Lamiaceae has led to the
development of various transformation methods to induce the eeepression of molecules

of interest or for functional genomic characterization.

Increasing the production of desired metabe$t is often achieved via hairgot
transformation (usingAgrobacterium rhizogengsor transformation viaAgrobacterium
tumefaciensco-cultured with explant calluses to introduce owexpression vectors of key
metabolic genes. The useAfrhizogeness aransformation method is often used to create
super producing metabolic systenfs8]. This system infects the plant with. rhizogenes
which induces the ovetJNE RdzOG A 2y 2 F NP NP 2dNME 1S NNSR  Adyzi
transfer DNA into the plant host. This is a useful system for harvesting target molecules that
may be endogenous in the plafi8]. For example, ilNNepeta catariathis sysém has been

used to harvest rosmarinic acid from the ngwroduced roots[59]. Besides hairy root
transformation, glandular trichomes are of special interesttl® overproduction of
secondary metabolitef50]. Transformation methods targeting glandular trichomes in mints
(Mentha x piperitaand Mentha spicatd and Lavender_@vandula spp, either cocultured
explant calluses withA. tumefaciensto introduce overexpression vectors for certain
metabolic genes, or introduced RNAI targeting inhibitory transcription factors, or a
combination of botH60].

Other transformation methods in Lamiaceae have focused on knocking out genes to study
their function. VIGS was applied to sweet ba€ll Baslicun) to characterize thén vivo
function of two CYP716A proteins involved in triterpene biosynttédis CRISPR/Cas9 was
also adapted to sweet bagbl] to characterize the effediargeted mutagenesis dhe O.
basilicumhomologue of DowniMildew Resistant 1 gene, which conveys pathogen resistance
upon knockingput via the accumulation of homoserine. In sweet bdsikes with lossof-
function mutations had a dwarfed phenotype. CRISPR/Cas9 has also been used to
characterize then vivofunction of key genes in the phenolic pathwaySdlvia miltiorrhiza

[62], [63]
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1.1.91Invivo characterization of iridoid pathways

Many studies into iridoid metabolism in plants ugsevitro andin silicocharacterization, for

example by testing enzymatic activities of heterologougressed proteins. However, the

iridoid metabolism has also been studigdviva One of the main systems in which it has

been studied is in the monoterpene indole alkaloid (MIA) prodieoseus(fig. 1.5). This

plant, as well as other members of ther@ianaceadamily, produces a wide variety of MIAs,

which use iridoids as an initial scaffold for their biosynthg$®. MIAs are important

medicinal compounds, used in canegremotherapy treatments, and therefore has been a

metabolic pathway of greanterest (fig. 1.5).
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Figure 1.5: MIA biosynthesis from nepetalactol with example MIA medications

Iridoid oxidase (IO) oxidizes nepetalactol intle@xyloganetic acid, which is glycosylated and

further oxidized into loganin. Loganin is further modified into secologanin, which condenses

with tryptamine in a pictespengler condensation reactiorarried out by strictosidine

synthase (STRyith tryptamine into strictosidine. Strictosidine serves as the gyt

alkaloid for further MIA diversity. Vinblastine, vincristine and resperine are example MIA with

medical applications. Images from Wikimediagwns.
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As explored above, VIGS was develope@.imoseuso study the MIA metabolism. While
plenty of work has been done to study the downstream alkaloid part of the patti®idy

[53], VIGS irC. roseuhas also been implemented to study the early iridoid steps of the
pathway, including the discovery aimdvivocharacterization of Crig3$2], the cytochrome
P450 enzyme-deoxyloganetic acid synthap&?] and the identification and characterization

of three UGTSs responsible for the modification of several iridoid intermediate steps in MIA
biosynthesig43].
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1.2 Aims and Scopes of this Thesis
Identify the MissingNepetalridoid Pathway Genes

While work was done to identify the ISY and cyclase enzymes in the iridoid pathway in
Nepeta [11], [23], [64] the early enzymes leading up tco8ogeranial hd not been
discovered yet. Using homolodpased gene discovery, | identified candidates for the missing
early iridoid enzymes il. cataria and Nepeta mussinjiand the norridoid Nepetoideae
Hyssopus officinalid identified GES, G8H, HGO candidatefasd plants, analysed their
gene expression and carried out vitro characterization of the enzymatic activity of the
Nepetacandidates, confirming their proposed biochemical activity. This part of the thesis

was published in Lichmaat al.[65].
Develop a Transformation Technique fdlepetaspp.

Once the key enzymes fdlepetairidoid biosynhesis had been fully characterizadvitro

andin silicq | wanted to confirm the pathwain viva | developed a novel and reliable VIGS

system inN. cataria VIGS was an ideal functional genomics tool as it has a rapid turnover, it

has been adapted to vimus normodel organisms and the todit was readily available from

LINBGA2dza 62N] Ay GKS tNRTFTP® hQ/2yy2NDRa fFo2NFG2N
system within the VIGS method to reliably study metabolic pathway genédepeta

cuttings. Work fron this part of the thesis was published in Palratal. [66].

Characterize the Iridoid Metabolic Genés Planta

After developing this transformation technique, | set out to characterize GES, ISY, the NEPS
enzymes, a major latex protein like (MLPL) enzyme reported in Liceian[65], and a
regulatory candidate (RLK) found in tNepetagene cluster irN. cataria.l verified thein

vitro activity of GES, ISY and MLP, and revealed the complexity of NEPS enzymatic activity on
regulating the isomer production of the pathway. | explored the advantages and
disadvantages of VIGS as a functional genomics tod\l faatariasecondary metabolism

characterization.
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Chapter 2Early Steps of thBlepetalridoid Biosynthetic Pathway

2.1 Introduction
2.1.1Metabolic profiles of Lamiaceae

As introduced in section 1.1.3hé Lamiaceae family is a prolific producer of chemical
diversity. Amongst the rage of metabolites producedh this plant familyare iridoids,
monoterpenes and sesquiterpendfig. 2.1)[11]. Thislarge plantfamily is divided into
several subdamilies, eachharbouringa wide range of specialised metabolites. The most
economically important suflamily is the Nepetoideaewhich contains plants commonly
usedfor flavours and fragrances such as lavendewvandula spp, mint (Mentha spp) and
SagesS$alvia spp.[11], [16] However, while members of this family are prolific meand
sesquiterpene producers, notably they dot produce iridoid based compounds except for
the Nepetagenus. Data produced by Doudaremad ceworkers[11], [65]within the Mint
Genome Projectompared the metabolic profiles of various tissues fridepeta catariaN.
mussiniiand a nonriridoid Nepetoideae plantHyssopous officinali(fig. 2.2) Thesedata
indicate thatNepetaspp.overwhelmingly specializes in nepetalactone production in leaves
and floral tissues, whilel. officinalisproduces a variety of monoterperAgased metabolites

across its tissues, mostlygnanone(fig. 2.2.

15



Hyssopus officinalis

Nepeta cataria 0 H

N. cataria
N. mussinii

Nepetoideae —

B-Pinene

Lamioideae —

Teucrium marum

Other lamiaceae _ SR
TecR
Outgroups — 5119 “uny
ac zsous CH,
Iridoids Caryophyllene ¢,

Monoterpenes
Sesquiterpenes

Figure 2.1L amiaceaehemotaxonomy

Mint family abbreviated chemotaxonomy adapted friit]. A) is an abbreviate Lamiaceae
phylogeny as proposed Ipy6], B) is a heatmap of the diversity of iridoid, monoterpene or
sesquiterpene compounds found in those species. C) presents some species and structural
examplesNECA iBlepeta catariand NEMU iblepeta mussiniKey for the rest of the species

can be found irf11]. Thecolour of thecircular frame on the pictures correspond to their
subfamily. Font colour on chemical name correspond to their class of chemical. Plant images

and chemical structures from Wikimedia commons. Caryoptoside structure from SpectraBase.
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Figure 22: NepetaandHyssopusnetabolite tissue distribution

Mass spectrometefMS)traces from open flowers, immature leaves, and roofs.afataria,

N. mussiniandH. officinalisFigure adapted froii5]. Blue stars denote metabolites derived
FNR Y 3S NXciffdngldl, @ is mepetadactone, 3 is isonepetalactone and 4 is citral. Red

star indicates3-pinanone, a nowgeraniolderivedmonoterpene. GC/MS data generated by

the Doudareva latratoryfor the mint genome projed65].

Lamiaceae plants outside of tidepetedoidea subdamily are able to make iridoid based
compounds. Interestingly, iridoid based compounds produceNépetahave substantial
chemical differences compared those produced in noiNepetodeae [11], [12], [23], [44],
[65]. The majority of iridoids found iNepetaare nepetalactones, which are aglycones,
whereas iridoid glycosides are the major iridoid products fountide this subfamily (such
as caryoptoside fronhamiumalbum, fig. 2.1).The aglycon@epetalactonehas an oxidized
lactone rather than aglucosyoxygen bond. Notably, the nepetalactones are volatile
whereas the iridoid glycosides are nbtoreover, repetalactones present a different stereo
chemistry at carbon 479 compared to {R) found in the rest of the Lamiaceakg( 2.3A).
This difference istereochemistralludesto an alternative pathway iNepetacompared to
non-Nepetoideaespecies[11]. Furthermore,while iridoids in the rest of the Lamiaceae
Tl YAL @& trénbta®s a BSNBE20KSYAAGNE | Gh, dKNSepea NA RIS
produceciscis and trans-cisin addition tocistrans diastereomersof nepetalactonegfig.
2.3B). Curiously, within th Nepetagerus, the distribution of the production of these

isomers varies not only by species, but also by individagkty within a species. In our
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collection we findseveral of our samepecies cultivars producing different nepetalactone

isomer ratios (table 2.1)

A
7S Nepeta iridoid 7R non-nepetoideae
conformation iridoid conformation
B
1 o
cis-trans trans-cis cis-cis
nepetalactone nepetalactone nepetalactone

Figure 23: Iridoid isomers found in Lamiaceae
Basic iridoid structures found in Lamiaceae. In A), iridoid structures show the numbering and

main isomeric differences between Nepetoide@® @nd nonaNepetoideae {R iridoids. B)

fAada GKS @GFNRA2dza Aa2YSN) a0NHzOGdzNBaszs Ay NBEFGAZ2

carbon 7, found in thélepetagenus.
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Cultivar name Species Metabolic profile percent total nepetalactones

cis-trans |trans-cis |cis-cis trans-trans
20 Nepeta mussinii
21 Nepeta mussinii
B2E Nepeta cataria
B2C Nepeta cataria
HHO3 Nepeta cataria
HHO1 Nepeta cataria
MK 12 Nepeta faassenii
MK 14 Nepeta faassenii
B5A Nepeta sibirica
B5F Nepeta sibirica

Table 2.1: Nepetalactone isomer distributioiNipeta

Nepetaspecies and cultivar inventory. Cultivar names indicate the individuals within species.
The metabolic profile percent total nepetalactones is the percentage of the total
nepetalactone area by each isomer. Heatmap was applied in excel, with red as éoviggerc

and green as high percentage. Data was collected By 2 Yy 2 NJ f | 6 200ir( 2 NB

Kamileen.
2.1.2 Iridoidbiosynthesis

Iridoids and iridoiebased compounds are produced across the plant kingd@ [30], [31],

[33], [34] and serve a variety of ecological roles, as detailed in Chapter 1 section 1.1.4
Iridoids have been reported in Cornales, Gentianales, Olaceae and Lamiales, and often serve
as the building blocks to more complex secarydmetabolites, as introduced in section
1.1.9. In allcharacterizediridoid pathways,the early steps of aliridoid biosynthetic
pathways utilize thesamesequence of enzymatic reactiorfig( 2.6)[12]. In short, iridoids

are derived from GPP, prodedt by the primary metaboliMEP pathway11], [14] GPP is

the substrate for GES, a specialized terpene syntlffige2.5)[12], [39], [67] For iridoid
biosynthesis, graniol is further oxidized which enableghe subsequentyclizationstep.
Hydroxylation of carbon 08 carried out by G8H, a member of ttlass ItytochromeP450
enzyme family{40] and then both hydroxyl groups are oxidized to the aldehyde by the
medium chain alcohol dehydrogenalsgdroxygeraniol oxidoreductase (HG(@R]. Finally,
ISYreduces,and in some cases cyclizthese oxidized monoterpenes to produce iridoids. In

someiridoid producerssuch as nofiNepetoideae members of the Lamiaceae fanill],
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further derivatization ofnepetalactoloccurs, beginning with oxidation by anothelass |l

PA50 enzyme, 10 to producedéoxyloganetic acicfig. 2.4)[12], [40]

OPP OH OH
=~ GES S G8H =
—_— —_—
\ \ \ OH
geranyl
pyrophosphate geraniol 8-hydroxygeraniol
HGOl
OH By OH O
FRCI FLA |
S
= \O
COOH
7-deoxyloganetic acid nepetalactol 8-oxogeranial

Figure 2.4: Known iridoid pathway frgmeviously characterized plant iridoid pathways

Following up fronthe chemataxonomical results ifil1], variots members of thén Q/ 2 Yy 2 NJ
laboratory were able toelucidate more ofthe pathway[23], [64]. The iridoid pathway
characterized in other plant specifi], [30k[32] depends on ISY to produce redplactol,

an enzyme evolved fromrogesterone5-beta reductase (FR) BothP3 Rand ISY are part

of the P8 Rlike enzyme (PRISE) fam[l§1l]. However, phylogenetic analysis [hl]
uncovered that ISY was lost in the Nepetoideae, and thesrmierged independently in the
Nepetagenus fromP3 R Furthermore, extensive biochemical assays demonstrated that
NepetalSYwas onlyresponsible for the reduction of the substrateoogeranialinto 8
oxocitronellyl enol,and that cyclization into the % ring iridoid ring structureoccurred
spontaneoush23], [44] Proteomic analyses dfepetatrichomesled to the discovery o&
novel class of enzymes: tiNEP®nzymes[23], [44] The biochemical activity of this family
of enzymes was characieed in vitro and was found to be responsible for the
stereoselectivecyclization of the resultingnepetalactols and the oxidation to produce
nepetalactoneg64] (fig 2.6) Additionally, a novel actlity for a majorlatex proteirlike

(MLPL) enzyme was found, also key in carrying out the cyclization of iridoids, specifically

20



producing thecistransisomer(fig. 2.6)[65]. Thein vivoactivity of these late step enzymes

(NEPS and MLRAE)explored in Chapter 4 of this thesis.

T

—

8-oxogeranial
N

| s

8-oxocitronelly!
enol [ oH

cis-trans :
nepetalactol A trans-cis “-ol A
NEP55 NEPS5

[o] Lo}

cis-trans

nepetalactone cis-cis “-one H

&

trans-cis “-one

Titiarae

Figure 2.5: Late steps of the iridoid biosynthesis pathwidgreta spp.
As reported in Lichmaet al [65]

While the later steps in thdlepetairidoid pathway described in Figure 2.6 and23], [44]
had been elucidated, the earlier steps branching off from primary metabolism 4o 8
oxogeranial had not been found nor characterizedNigpeta.In this chapter, | detail the
methods through which I identified candidates for the biosynthesis of the early steps in t

pathway and characterized their biochemical activity.
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2.2 Resultsaand Discussion
2.2.1 Homologybased gene discovery

As mentioned in section 2.1.1, iridoids are found across the plant kingld@ [30], [31]

[33], [34] but the early steps of biosynthesis appear to be consef¥2 Wehypothesized

that iridoids found irNepetaare likely to be produced by the same pathway a€.iroseus

and other iridoid producing speciesitroduced in sections 1.1.5 and 1.112]. Usingthe
transcriptomic data fronN. catarig N. mussiniandH. officinaliggenerated if11], | carried

out a homology search withBLASTrusingthe reported C. roseusarly iridoid pathway
enzymes (GES, G8H, HEGAABOB and I9s a queryfig. 2.6 &table 2.2) ISYhad been
LINBGA2dzaft & OKLF NI Ol Sndthry[AR[23) B4laindids notitldiglyn2 NJ £ | 6
this homology searchlhe identity of HGOA i€. roseuss ambiguos; two enzymes that
appear to be responsible for this reaction have been identifigliettinen et al. [12]
characterizedan oxidoreductase HGO (referred to here as HGOA) which catalyses the
formation of 8oxogeranial in two reversible oxidation stepsa(the formation of the
possible two intermediates-Bydrogeranial or &xogeraniol) using NAD#also selected a
candidate from a similar family of enzymdwre referred to asHGOR characterized in
Krithika et al. [68], which is specific to -Bydroxygeraniol and the two diydroxy
intermediates, and usesicotinamide adenine dinucleotide phosphat®&lADPY as a

cofactor.

Candidatetranscriptomicsequencedsrom the tBLASTn searetere chosen based on their
percent sequace identity and percent query coveragelfle 2.2) Each sequence was
compared betweerN. cataria and N. mussin to check for orthologousranscripts Then,
each sequence candidate was also compared against the genomésmftissiii and N.
cataria. An aanotated proteome fromN. mussiri was also used to check for enrichment in

trichomes and to which orthogroup each enzyme is predicted to beloifigi®.7-A).

Three enzymesGES, G8H, HBChad at least oneN. catariaand N. mussiniitranslated
transciiptome sequence candidate with a sequence identity above 65% compageditm
acidsequences fron€ roseus Genomic and transcriptomic analysishbfcatariasuggests it
to be a tetraploid[65] and at least two candidates of high sequence identity and query

coverage were found for GES (A/B) and AGD2) (able 2.2). However, only one G8H
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candidate was foundt@ble 2.2). Several candidates for HGOB were foumNd tatara and

the top four candidates were selected for further biochemical analyses to understand the
conservation of activity amongshése highly similar sequences (further detailed in sections
2.2.4 and 2.2.5).

Notably, neither N. catarianor N. mussiniihad an iridoid oxidase candidate with a full
coverage sequencef above % identity.In this study, | did not further characteritee
resulting top 10 candidates (with ~48% identity). Howewgdycosylated iridoids have been
identified vialiquid chromatographymass spectrometnLCMS) analyses ilNepetatissues,
including 1,5,9epideoxyloganic acid, and the enzymes required foodoction of this
compound remain unknown[65]. Chapter 4 of this thesis reports on the relationship
between the known iridoid pathway with 1,5¢pi-deoxyloganic acid biosynthesi¥he
tBLASTn results froml. officinalisusing Nepetatranscripts as queries did not yield any
transcripts with high perag identity or query coverage. However, the transcripts with the
highest percent identity and query coverage were selected for further downstream analyses
(sections 2.2.3 and 2.2.4).
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Figure 2.6: Homology based candidate selectiethodology and alignment

A) is a schematic for the methodology of homolbgged candidate search. B) sh@awsno
acidalignments of the candidates with highest degree of percent identity as compa@zd to
roseusquery sequences. Nm . mussinj Cr isC. roseusNc isN. catariaand Ho isH.
officinalis GES is geraniol synthase, G8H is get@mgtiroxylase, HGO is hydreygraniol

oxidase. The candidatasefurther listed in table 2.2.
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GES

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria GESA C. roseus GES 0 68.40% 66.55%
N. cataria GESB C. roseus GES 1.19E-95 37.00% 82.17%
N. mussinii  |GES C. roseus GES 0 67.10% 82.34%
H. officinalis |GES N. cataria GES 7.48E-74 40.80% 46.97%
G8H

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria G8H C. roseus G8H 0 68.00% 95.54%
N. mussinii  |G8H C. roseus G8H 0 67.80% 95.54%
H. officinalis |G8H N. cataria G8H 0 78.50% 48.68%
HGOA

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria HGOA1 |C. roseus HGOA1 1.36E-113 63.30% 78.53%
N. cataria HGOA2 |C. roseus HGOA2 1.26E-79 45.00% 93.50%
N. mussinii  |[HGOA C. roseus HGOA 1.20E-152 63.80% 99.72%
H. officinalis |[HGOA N. mussinii HGOA 0 90.80% 52.42%
HGOB

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria HGOB1 |C. roseus HGOB 0 83.30% 99.72%
N. cataria HGOB2 |C. roseus HGOB 1.57E-179 78.60% 99.72%
N. cataria HGOB3 C. roseus HGOB 1.06E-162 75.80% 98.89%
N. cataria HGOB4 |C. roseus HGOB 1.78E-157 71.40% 100.00%
10

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria 10 C. roseus 10 1.95E-123 43.70% 89.90%
N. mussinii |10 C. roseus 10 8.00E-168 49.20% 95.73%

Table 2.2: List of candidates selected for this project

List of candidates selected after tBLASTE.abbseusequencego H. officinalis, N. cataria
and N. mussinitranscriptomes. Enzymes with multiple candidates are listed in order of
highest to lowest sequence identity similarity. BLAST seed is the ggeenses used for the
homology search.-#alue denotes the number of hits that could tound by chance. %
Identity denotes the percentage @mino acidshat are identical to the BLAST query. Query
coverage is the percentage the query length aligns WwaBLAST hit.

As reported in Lichmaaet al. [65], the later steps in theNepetairidoid pathway (ISY, NEPS
and MLPL) ardound in metabolic gene clustef®ne in diploidN. mussiniiand two in
tetraploid N. catarig. The early enzyme candidates found in this homology search revealed

that onlyN. mussiniGES was also in the mussinicluster.However, none of thé\. cataria
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early candidates were found in its clusters. A primordial syntenic cluster was also fddnd in
officinalis which contains NERRe pseudogenes (fig. 2.8further information on the

cluster can be found in Chapter 4 of this thesis.

MLPL1A

A N.catariaB 4 4 = 2
ISYA NEPS5A NEPS1 NEPS4
N. cataria A (<3 —)—# *—0) » & o oH>—0> NEPS/NEPSL
NEPS2 ISYB NEPS3A MLPL1B NEPS5B [*Y 2
N. mussinii  4um <> m—p a e 0 ———> ISY GES
GES MLPL1 NEPS5 ISY WMLPL " N
H. officinalis  =)-#-#—<2 <0 o> MLPL Other gene

NEPSL1 NEPSL2

Figure 2.7: Iridoid gene clusterNiepeta
Nepetairidoid gene cluster found iN. cataria N. mussiniand H. officinalisAdapted from

Lichmaret al [65].

2.2.2Gene o-expressionanalysis

| used transcriptomic data from root, stem, mature leaf, young leafppetilower buds and
open flowersof N. catarig N. mussiniand H. officinalis(previously generated by thi&lint
Genome Project[11]) to carry out ceexpression analyses on the candidate genes:
orthologues of GES, G8H, HGO andlI&¥%o include®3 Rfrom H. officinalis as there is no
ISYorthologuein that speciesAs discussed in section 2A3 Rand ISY belong to the PRISE
enzyme family{31], and theH. officinalisP3 Rselected was the closest relative epeta
ISY. Additionally, the ortholog of ActifACT1was used as a baseline for gene expression.
The log2 of FPKM. values were calculated and mappadboth a heatmap and individual

graphs for each gengig. 2.8)

TheNepetacandidates were found to be expressatthe highest levelm the same tissues
where iridoids are found (flower and leaf tissue) and less so in tissues where the metabolites
arefound inlower concentration (stemdr are not present (root)11], [65] This analyis also
showed that the GESB orthologueNncatariahad less overall expre®n than GESA, which
may indicatethe extra copies of thesearlygenes found ilN. catariamay already be in the
process of losing functigras may happen ilarge scale genomiduplication events within
specialized metabolisi§3], [69], [70]

| also found that the geneandidates for the upstream gen&sES, G8H and HG@¥VH.

officinalis althoughpresentin the genome, were not expressedr were expressed at
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negligible leveldn H. officinalistissues. This corresponds to the lack of gerabhaded

metabolites in the issues oH. officinalid11], [65]
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Figure 2.8Coexpression analysis of candidate gene FPKM values

FPKM values were generated by the Buebrkory for the Mint Genome Project. FPKM
values for the early steps in the iridoid biosynthesis pathway and the homologue for Actinl in
each plant were converted to the Log2 scale before analysis. CB=closed bud, IL=immature
leaf, ML=mature leaf, OF=open flower, PeriRet Ro=Root, St=Stem. Heatmaps were

generated using the Heatmap package in R and were subjected to no hierarchical clustering.

The presence gbotential GES, G8H and HG@esin H. officinalighat are expresseat

low or nondetectable levelsnay contribute to anexplanationof how the iridoid pathway
evolvedin N. catariaandN. mussiniilt was observedhat while non-Nepetoideaemembers

of the Lamiaceae have iridoidand the crucial iridoid biosynthetic ger@Ythe Nepetoideae
Lamiaceae do not, apart frolNepeta Careful phylogenetic reconstruction analysis strongly
suggests that ISY evolvadiependentlyin Nepeta[11], [65]. We hypothesiz¢hat the ISY
genewas lost in theNepetoideae ancestomnd while the other genes in the early steps of
the pathway remainegresent in the genome, changes in their transcriptional regulation
meant that the corresponding proteinsere not present Howeverthe presenceof these
similar upstream geneis the genomes may havacilitated the reevolution of IS¥Yand the

fixation of an iridoid producein Nepeta
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2.2.3Design ofheterologousprotein expression

After the homology and transcriptomic analysis, | set out to characterize the biochemistry of
these candidate enzymes. | selectdtl coliluBL21and S. cerevisiadbudding yeast)
pep4KO for heterologous recombinant expression. GES and HGO homologues were
expressed irE. coli while G8KH a membrane bound cytochrome P45%@as expressed in

yeast.

The first attempts at expression and purification of GES included the compbetieg
sequence CD$region, expressed using the inducible pOPIN vector system awittidine
tag at the @erminus of the recombinant proteifpOPINFE)However, expression of the
complete CDS region proved to be ineffectudhwever, theGESorthologue found inQ.
basilicumhas been reported to contaia hydrophobiglastidtransit peptide [39] on the N
terminus, which must be truncated for effectivieeterologous expressiomn alignment of
the Nepetacandidate genes with the reporte@. basiliscumGES39] sequencesuggested
the presence of a tragit peptide in theNepetaproteins.The candidate GES weredesigned
without this putative transit peptide which resulted inmproved expressiom E. coli These

GES proteins wergubsequenty purified using standard MNTA chromatographyfi@. 2.9).

Ob GES v ca y YR SAK HY A FSA ASAM D K K v £ K

Nm GES v cA FDRF B A F KLQAA A HNNDHM KKREY K K A

Nc GESA v A FFDRF HTRFCPASV F KLQAA A7 VVHNNDHM KKREY K K A
K

Ho GES ™ DRM” YANA FLK VCPAAA = e —

Figure 2.9: GES alignment

List of GES candidates wih basilicunsequence characterized iijirha et al.[39] showing
GNXzy OF GA2y RS&AIYy F2N 2 DibdsiichriDIR =S ELING. 3DEOA{ 28y ¢
mussinD9 { = &b . cBt&rigD9¢{ 'A & Yy R KybssBpudoHifaisGESAThe grey

bar indicates the Kerminal sequences that were truncated.

As G8H is a membraftkependentcytochromeP450 enzyme, this was cloned into the peSC

Leu vector for expression in yeast. While cloning, transformationvaimole cell feeding
assaygroved to be successful fdtepeta sppand H. officinalisG8H, isolation of enough

pure and active microsomes was not succesigl 2.100 | 2  S@SNE 3IABSYy (K
(geraniol) low cost and ease of availability, | caroetibiochemical assays usindnole cell

feeding assays-inally, HG@rthologueswere also cloned into the pOPIN systépOPINF
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and pOPINJ)expressed, and purified with relative ease in the caseNepeta spp.

homologues.

1 2 34

& -
cg "2* i 1: N. cataria G8H-1
kDa 2: N. cataria G8H-2
- . 3: H. officinalis G8H-1
i " i ' i 4: H. officinalis G8H-2
w B
-

R ——

5: Positive control p450
6: Negative control empty pESC-vector

Figure 2.10: G8H western blot

Western blot showing expression bdf. catariaand H. officinalisG8H heterologously
expressed 5. cerevisiageast microsomes. A previously characterRadwolfia serpentina
cytochrome P450 was used as a positive control, and an emptyvpBSCmicreome
preparation was used as a negative control.-BhAAG antibodies were used against the FLAG

tag found on the pES&ctor.

While theNepeta sppGES and HGOA/Bzymeswere purified in high yield frork. colithe

H. officinaliscandidateenzymeswere not. Several attempts at expression using the pOPIN
vectors weremade including expression into pOPINF, which carries a histidine tag for
purification, and pOPINJ, which has a GST protein tag to improve sojuhility all cases,
expression was low @hsubsequent purification of these enzymiadled to yield sufficient

quantities required foenzymatic assay$ig. 2.11)
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Figure 2.11: SESAGE gel of GES and HGOA

SDSPAGE K2 gAYy 3 GKS FAYIFf LHZNATFAOIGAZ2Y 2F DO9{ |
Nc GES N. catariaGES, Nm GENismussiniGES, Ho GESST isl. officinalisGES expressed

in pOPINJ, Nc HGOANiscatariaHGOAL, Nc HGOA2Ns catariaHGOA2, Nc H@&OisN.

cataria HGOB, Nm HGOANs mussiniis HGOA, and Ho HGGAT i#l. officinalisHGOA
expressed inn pOPINJ.

2.2.41nvitro characterization ofearly enzymepathway

After the successful expression and purification oflepeta sppGES and HGOAéBzymes

(fig. 2.11)) carried outin vitro assays to assess their predicted activitihile microsomal
preparations of G8H were not possible, as described in section 2.2.3, whole cell culture
assays revealed an active enzyaseevidenced bthe conversio of geraniol to geranieB-
hydroxylase upon feeding (fi.13). As all enzymatic products from these expected
reactions are detectable via gas chromatograpigss spectrometry (GES), | assessed

activity by presence or absence of the expected produietshis methodology.

Previous work has shown that GES is a specialized terpene syfitlB&sEs9], [67], [714
[73]. The reported mechanism indicates th@ES caiesout the cleaage of the phosphate
bond via the manganese ion aided formation of a carbocation to which a hydymup can
then be addedPrevious work on recombinaf. basilicunGES an€. roseu$SESisedthe
co-factor MnClinin vitroassaysl set up then vitroreaction as ijimaet al.[39]and Simkin

et al. [67]. Both N. catariaand N. mussiniiGES homologues were active under these

31



conditions,producing geraniol after 1 hour reaction incubatioraggesting a conservation

of activity in theNepetaspp GES.
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Figure 2.12GESn vitroactivity

Representative GMIS data fronin vitroreactions geraniol synthaseaXis is retention time

in minutes. Yaxis is total ion chromatogram (TIC) Individual graphs have been adjusted in the
Y-axis to clearly present the data in the same graph. All reactantain the elements listed

in the chemical reactiomnzyme,magnesium chloride (Mg{ilmanganese chloride (Mgl

dithiothreitol (DTT), MOPS buffer and 10% glycerol.

ForN. catarig N. mussiniand H. officinalisG8H assays, | induced gene expressiorihe

PESE& EU vector via the addition of 2% galactose and added 0.5 mM of geraniol directly to

0KS nop Y[ Odzt GdzNBa& a4 LI T F2NI I Hn K2dzNJ Ay Odzo

quenched with ethyl acetat¢éEtAc)to extract any organic hydrophobic c@ounds in the
culture. GEMS analysisevealed the production of-Bydroxygeranioin N. catariaand N.
mussiniiG8H (fig2.13) H. officinalisG8H cultures did not exhibit G8H activity. This may be
due to low expression as observed wih offignalis GES and HGOA, described in section

2.2.3, rather than the enzyme itself not being functional.
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Figure 2.8: GBHwhole cell culture assays

RepresentativeGCMS data fromin vitro reactions of geranieB-hydroxylase. éxis is
retention time inminutes. Yaxis is total ion chromatogram (TIC) Individual graphs have been
adjusted in the xis to clearly present the data in the same graph. Feeding assay carried out

with yeast grown in SIzucing SCLeu)media with 2% galactose.

As mentioned in sgion 2.2.1,HGOhomologueshave been previously characterized in
Mittenien et al.[12] and Krithikaet al. [68]. This enzyme carries out the oxidation of both
the 1- and 8hydroxyt groups on the molecule. While the mechanism of this tieachas not
been characterized, previous work showed the complexity of this reaction, leading to
formation of not only 8oxogeanial, but also &hydroxygeanial and 8oxogeraniol oxidation
intermediates (fig. 2.14)Replicatingthis reaction,after overright incubation,| found the
resulting products included the formation of both tltermediates8-oxogeraniol and 8
hydroxygeraniol and the final productd&ogeranialfor bothN. catariaandN. mussini (fig.
2.14).
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Figure 2.14HGOAN vitroassays

Representative GMIS data fromin vitroreactions of the early iridoid pathway genesaxié

is retention time in minutes.-&xis is total ion chromatogram (TIC) Individual graphs have
been adjusted in the-akxis to clearly present the data in ts&me graph. All reactions contain

the elements listed in the chemical reaction: Enzyme (HGOA/B), cofactor (INAdP)

buffer (HEPES), excepting standards. The poor peak shape is due to the elution properties of

the dialdehyde moiety on the G{S.

| also tested the activity of the top fold. catariaHGOB candidates found in section 2.2.1
(table 22, fig. 2.15A). While these candidates share high percent identity between their
amino acid sequences (between-88%) (fig2.15B), onlyN. catariaHG@1 was able to
convert 8hydroxygeraniol to &xogeranial, and the intermediatest§droxygeranial and-8

oxogeraniol.

34



Standards
2.0E+06

8-hydroxygeraniol
1.5E+06 y ve L

- oreos 8-hydroxygeranial A HO\)\V\/L\\/\OH

A . 8-oxogeraniol

5.0E+05 8-Hydroxygeraniol
IL 8-oxogeranial * *
0.0E+00 —=
NERgNTNRAdNT RN MN G QoM
mmmmmmmmmmmmmmmmm g S < 9 TN NN

aaaaaaaaaaaaaaaaaaaaaaa

2 Ha o
[ oo | e T
1‘;E+EE 8-Hydroxygeranial 8-Oxogeraniol

148406

1.2E+06 ’l =\ /k

1.0E406

8.0E405

6.05+05 OM * HGOA
4.0E405 0 NAD(P)+

2.0E+05 8-Oxogeranial HEPES
0.0E+00

H

B R B B R A e B e B B B B B e I I B B B

N. cataria HGOBA —— B Nc HGOB4 Nc HGOB3 Nc HGOBL
N. catariag HGOB3 Nc HGOB4
- cataria - Nc HGOB3 68
N. cataria HGOB2 Nc HGOB1 69 77
N. cataria HGOB1 Nc HGOB2 68 72 34

Figure 2.15HG@in vitroassays

A) is representative G®IS data fromin vitro reactionsof N. catariaHGOB homologue
candidates. s is retention time in minutes.-akis is total ion chromatogram (TIC)
Individual graphs have been adjusted in thaxi¢ to clearly present the data in the same
graph. All reactions contain the elements listed in the chemical reaction: Enzyme (HGOA/B),
cofactor (NAD(P), and buffer (HEPES), excepting standards. B) shows the percent identity
matrix between the\N. cataria(Nc) HGOB candidates.

2.2.5 HGGubstrate selectivity

I chosethe N. catariaHGOA and HGQRandidates to test their activity with alternative
substrates. The substrate profile of these enzymes could then be compared to that of HGOA
from C. roseu$l2]. | wanted to test if any of the HGO enzymes had a more promiscuous
activity. | also wantedd test for oxidation overlap as reported in other publicatid68],
[74]¢[76]. Furthermore, testing enzyme activity on alternative substrates coeldal the
potential effect on enzyme specialization from theamergence of the pathway iNepeta

after its loss in theNepetoideaesubfamily compared to the previously characteriz€d
roseusHGOJ[12]. The choseralternative substrates wereA) gerariol, differing from 8
hydroxygeraniol only in the missing hydroxy group at carbon (S¥)- -citronellol, which

differs from geraniol by the presence of a chiral methyl group at carbon 7, and C) menthol,

a cyclohexane which can be oxidized to menthoAd selected enzyme€rHGOA, NcHGOA
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and NcHGOB1yere able to oxidize geraniol into geranial. However, dtl\catariaHGOA
could turn over(S)(-)- -citronellol, producing trace amounts ofS)}(-)- -citronellal. No
enzyme oxidized the hydroxy group menthol. As écussedn Krithikaet al. [68], HGO
homologues fromC. roseusindR. serpentinanay not be very selective for-tliydroxylated
carbon chains (such ash§droxygeraniol), being able to oxidize geraniol, which may
contribute to the overlapping of oxidation reactions proposed Byeiret al.[74]. This seems

to be mnserved in theN. catariaHGO, as evidenced by NcHGOA and NcHGOB1 abilities to
oxidize geraniol (fig. 2.16 A).
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Figure 2.16: Alternative substrate in vitro reactionsNof catariaand C. roseusHGO
homologues

GCMS data showing the oxidationarioussubstrates. >axis is retention time in minutes.
Y-axis is total ion chromatogram (TIC) Individual graphs have been adjusted JaxieeoY
clearly present the data in the same graph. Asterisks indicate the peak corresponding to the
expected product. All reactions contain the elements listed in the claénaiaction diagram

in (A):enzyme (HGOA/B), cofactor (NADYRInd buffer (HEPES), excepting standards. (A),
(B), (C) show the @@S data for assays carried out with geraniol (&);)- -citronellol(B),

and menthol (C) as substrates usthgoseu$siGOA andN. catariaHGOA/B, along with the

structures of the substrates and expected products.

2.3 Future Directios

2.3.1Substrate promiscuity and gene syntemnalysis

In section2.2.5 | testedvarious substrateson NcCHGOA NcHGOBland CrHGOA to
understand the oxidation promiscuity of these enzymes, as well as the effect of their
evolutionary history. For the most part, thd. catariahomologues seemed to behave
similarly as theC. roseusomologues, with the only exception being the trace conversion o

(S)}(-)- -citronellolinto (S}(-)- -citronellal by NcHGOA.

37



GES is a specialized terpene synthase, which comprises a large family that acts upon isoprene
units to form the various classes of known terpenditid], [71k[73]. Plants contain several
terpene synthasesnot only active in secondary metabolism, but also active in essential
processes such as photosynthd3ig]. This class of family has also been reported to exhibit
evolutionary flexibility, with promiscuity often leading to new products or via new enzymatic
activities such as cyclisatigii2]. Tests on enzyme promiscuity, as those executed on the
HGO homologues, would aid in understanding how GES would be maintainediindoah
producingNepetoideaesuch adH. officinalis Common tepene synthase substrates, such as
those involved in the production of other monoterpenes and sesquiterpenes (SUERRS

could aid in revealing an alternative role for a GES uninvolved in iridoid production.

Furthermore, gene synteny analysis, as earout in Lichmaret al. [65] on the later steps
of the pathway, could provide evidence vither the candidates genes of GES, G8H, and HGO
from H. officinalisare the syntenic homologues to those foundNncataria This would shed

light on the evolutionary history of the pathway.

2.3.2Glycosylated iridoids ilNepetaand iridoid oxidase

Glymsylated iridoids are commonly found throughout the plant kingdom, including the
Lamiaceae family. Lichmagt al. [65] reported finding 1,5,9 epileoxyloganic acid, a
glycosylated iridoid that would normally be synthesized via a furtherstep oxidation of
nepetalactol into 7deoxyloganetic acid vitgO and glycosylated via BIGT(fig. 2.4)[12].
However, searchinthe Nepetatranscriptomic datasets did not yield a candidate with high
sequence identity taCrlQ While the resulting top candidates may have less identical sites,
this does not rule out their activity as iridoid oxidaskesvitrocharacterization of the topO
candidates, despite their lower percent identity, would be the first step to finding the

biosynthetic pathway.

2.3.3 Oxidationpromiscuity

Curiously, in Bfer et al. [74], it was reported that G8H is able to oxidize geraniol into 8
oxogeraniol, suggesting some overlap within dbeearly oxidation steps. Furthermore,
previously identified hydroxygeraniol oxidases were 4specific to di or mono-hydroxy
linear geraniol derivativeqd75], [76] As described briefly in section 2.2.5, NcHGO
homologues are also able to act on geraniol, suggesting that this oxidation promiscuity is

conserved across the large species gap between the Apocyn@ceasesandR. serpentina
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and the NepetoideaeNepeta spp. Furthermore, as an extension to the experiments
proposed in section 2.3.1, replicating the oxidation experiment outlineddiier-¢t al. [74]
would reveal if the previously reported oxidation overlap is conservelNdpetairidoid

biosynthesis, which may point to an inherent nature of this pathway.

2.4 Conclusion

In the work detailed in this chapter, we identified the early enzymes of the iridoid
biosynthetic pathway iN. catariaand N. mussiniiEnzymes were identified by sequee
similarity with previously discovered enzyniég] from unrelated iridoid producing plants.

| carried out genomic and transcriptomic analyses to narrow down the gene candidates, and
carried out heterologous gene expression, protein purification @nditro biochemical

characterization.

While iridoids are widespread across the plant kingdom, the enzymatic steps and chemical
reactions are tightly conserved amongst studied plant spefl®3. In this chapter, |
demonstrated that the same early stefmsmaking iridoids, fronGPRo 8-oxogeranial, were
conserved irNepeta despite the loss in the Nepetoideae siamily, and reemergence in
the Nepetagenus. Later steps in the pathway, as discussed in section 2.1 and reported in
[23], [44], [65]show enzymatic novelty and variation, but the lgasteps foundation upon

whichNepetalSY relies, are conserved.

While the homologue candidate search did not reveal highly identical sequences (to the
Nepetasequence queries) for GES, G8H and HG®Adfficinalis the most highly identical
candidates were selected for downstream-egpression andh vitro biochemical analysis.
Unfortunately, heterologous expression and therefore characterization of these candidates
could not be achievedwhile there are assays ttest for protein stability and several
expression techniques that can be optimized, we did not carry these out, as our main goal in

this chapter was to find and characterize the early steps in the iridoid pathwdgpeta

In this chapter we showed nonty thatN. mussiniandN. catariaGES, G8H and HGOA/B are
conserved to theiC. roseutiomologues, but they are active in carrying out their predicted
biochemicalreactions. The following two chapters focus on characterizing the activity of

these genesn planta
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2.5 Materials andMethods
2.5.1Enzymesequencediscovery

C roseusamino acid sequences were obtained from Uniprot accession numbers: Q8VWZzZ7
(G8H), W8JIS5 (10), JOPZR5 (GES), Q6V4H0 (8HGOB), W8JWV8 (HGOA). All BLAST was carried
out in Geneious,using available transcriptome databases fblepeta (reference:
Phytochemistry 145 (2018) 4), from the Mint Genomic  Project

http://mints.plantbiology.msu.edu/ and as described abowe section 2.2.1
2.5.20Dbtainingplasmidgeneinserts

Gene inserts were obtained both by. catarig N. mussiniiand H. officinalis cDNA

amplification (HGOB and G8H) and ordedndon optimized foE. coliexpressiorsynthetic

genes (GES and HGOA)mers for cDNA amplification included a nucleotide extension

which matched to the pOPINPOPINdr pESE eu vector(oligo list) Primers were designed

to fit within the coding region of the vector, and the start codon was removed for cloning in
pOPINFandpOPIN® pQ YR 0Q ! ¢w LINAYSN asbdijpBINOSa RAR y2
extension sequences. Primers were designed to be between 15 and 25 nucleotides long and

with an annealing temperature close to 55 °C. Synthetic genes were ordered from Eurofins

and were codon optimized foE. colgene expression.
2.5.3cDNAproduction andinsertamplification

RNA from young leaf tissue fraMicataria, N. mussinandH. officinaliswas retrotranscribed

dzaAy3d LYGAGNRASY { dzLISwpEGQOK BIGO L& 2dzii ym > 2F WEB!I D
{{L+t 0dzZFFSNE ™M >[ 2F {{ L+ NBOISNEDST. lachbatgct ONA LIG I &4 S
at 50°C for 10 minutes and then at8Cfomn YAy dziSa G2 Ayl OGAGFGSd® wb! I
added and incubated at 3T for 20 minutes. cONAwas storedtatn 6/ @ Ly aSNIia FNRY C
GSNB | YLXATASR 08 t/w Ay | up >[ NBIOGAZ2Y dzaAy3
Quperfi DNA polymerasenix m®Hp >[ 2F mn xa C2NBIFINR yR wS@SNI

of GC enhancer. Primers for each reaction can be foutiteiprimerslist.
2.5.4 Vectorconstruction
Vectors were linearized using restriction enzymes. Kpnl and Hindlll were used to linearize

pOPINFand pOPINJANd Spct(HF) was used for pEREU2d. All enzyme digestions were
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OF NNASR 2dzi ¢gAGK m >[ 2F SyilévySz wmnn >3 27
Reaction mixes were incubated at 37 °C for 1 hour. Linear vectors were pbsifiegining

a 1%agarose electrophoresis gel from which the DNA was purified using a Maklagel
NucleoSpin Gel and PCR Claarkit.

Ligations of the genes intpOPINF and pES®u vectors were performed by InFusion

NBI OGA2Y o/ f2yiEsDKE orlsyi HDPIBs, Zjhg dilBéalvector,

and 2050 ng of insert were added. This reaction mix was incubated at 50 °C for 15 minutes
YR 022t SR 2y A0S® nwop >[ 2F GKAA NBIFIOlGAzY

grown on séctive media.
2.5.5E. colitransformation

Stellar competent cells were used for pastusion and ligation reaction transformations.
SduBL21 cells were used to express vector genes and purify proteins. Transformation of both

cell lines followed the saeprotocol; cells are thawed onicthen, tp >[ 2F GNI ya¥
was addedto3®n >[ 2F OStt&a |yR 3ISyiteée YAESR o6& a
left to incubate on ice for 10 minutes, heat shocked at@2Xor 45 seconds, and cooled on
iceF2NJ H YAydziSaod mpn >[ 2F {h/ YSRAI 6l a |IRR
tip in mixture and left to incubate at 37 °C for 45 minutes.-0p n >[ 6+ a LJ I G§SR
containing the appropriate antibody (pESC and pOPINF useédnicilin) and was allowed

to grow overnight at 37 °C.
2.5.6Yeasttransformation

A knockout strain fopep4was used for vectors containii$50 genes. The competent cell

line was grown in 2nL of YPAD + 2 &tucose for 40 hours at 30 °C. 1 mlcolture was

added to 20 mL of YPAD + 2% glucose and incubated’@t f&0 6 hours. Cells were washed

YR GKS GNIya¥F2NX¥IFGA2Y YAE A& FRRSR® ¢NIyar¥
ofla [A! OZ FYR Hp >[ 27F O ®]NKpEBRAIdDDA was adtletl Y 2 y
to the cell mix, mixed gently, and incubated on ice for 1 minute. The mix was then incubated

at 42 °C for 3@&0 minutes, and then cooled on ice for 3 minutes. The cells were pelleted and
NBadzaLISYRSR AY HnAnn wasspréadon BRdlateslacking eBcinel Rlates > [

were incubated at 30 °C for 3 days.

2.5.7E. coliplasmidpurification
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E. colicells for plasmid purification were grown overnight in 10 mL of LB media with the
appropriate antibiotics at 37C and pelletedn the centrifuge at 2500 g for 5 minutes.

Plasmid purification was carried out using a Wizard Plus SV Minipreps DNA purification Kit.
2.5.8Geneexpression andprotein purification

E. coliexpression strain SoluBL21 carrying the plasmid of interes¢ wswn overnight in

20 mL of LB with the appropriate antibiotidsLof 2xYT medim was inoculated with the
overnight culture in a 1:100 ratio and incubated in a 37 °C shaker uniib @&s between

0.500 and 0.600 then transferred to 18 shaker for 1Ominutes. L a 2 LINdDHLJe € j
thiogalactopyranosidel(t ¢ D0 ¢l & F RRSR (2 | O2yOSyaN)IGAz2y 27F
left overnight at 18C shaking at 200 rpm. The culture wasoved,and the bacteria wre
pelleted at 3000 g for 5 minutes and resuspendefidmmL of 50nM TrisHQ buffer pH8, 50

mM of glycine, 5% glycerol, OM of NaCl, 20nM of imidazole (Buffer A), plus 10g of
lysozyme and M EDTAfree protease inhibitor tablet (cOmplet®oche), then incubated on

ice for 10 minutes. Cells were sonicated with a large tip for 2 minutes at 2 seconds on and 3
seconds off Ampl 40% pulses (Sonics Vibra cell) and were centrifuged at@aj00 for

30 minutes. The supernatant was mixedw#mL of NiNTA that was washed with buffer

and incubated on a rotator at 4C for 1 hour. The NNTA protein mix is centrifuged at 1000

g for 2 minutes at 4 °C, the supernatant was removed, and tHdT®i pellet was washed
twice with cold buffer A. 2.5 inof buffer B (containing Buffer A plus an additional 240

of imidazole) was added to the-NiTA slurry and incubated on ice for 5 minutesNNIA and
supernatant were separated by centrifugation at 109dor 5 minutes. Supernatant was
filtered and bufér exchanged through PD MiniTraplG columns into 3.5nL of buffer A4
(20mM of HEPESL50mM of NaCl at pH 7.5).

2.5.9SDSPAGE

Hp >[ 2F LIJdzNR T A S Rx LDBI@iphkoyffer dyle ¥nidiB0d &f DBrAwvar& n
boiled at 70 °C for 5 minutes and d¢ed on ice for 5 minutes. The samples were loaded into
a Sigma Aldritch TruPAGE gel which was run in TruPAGE buffer at 200 Volts, 400 mAmps for

60 minutes. 510 mL of Generon Quick Coomassie blue dye was used to develop the gel.
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2.5.10 Westernblotting and microsomepreparation

Knockoutpep4d (0 NI Ay & ¢ SNB IFMeBndegiumkofitaining 2% glugoe. Thé

culture was grown overnight at 30 °C and 250 rfine culture was subsequently diluted

100fold to an Olgy of 0.05 in S€eu supplemented with 2% glucose and cultured for
McoukBE @ |, Staid ¢l a GKSYy KIloN®is SA&Rcontaifing 2% N2 & Y
galactose to induce recombinant protein productioieast cells were harvested by
centrifugation and lysed in TES 6 ndc a a2NbAlG2f Ay ¢90 dzaA
RAANMHzZLIG2NJ 4 op (LAA | YR giFfd2oNd Suedz8WAnt e OSy i
supernatant was then transferredtoanewtubg & OSy G NRA F dgF2RNJ ldiies WHApY> 1
at 4 °C. Finally, the pellet containing microsomes was resuspended with TEG buffer (20%
3t @OSNREt Ay ¢90d wSO2Y06Aylyild Syl e&YSBLA® SNB F
M2 (Genscript) detected with SuperSagriwWest Pico Chemiluminescent Substrate from

Thermo Fisher Scientific.
2.5.11 Wholecell culture assays

Knockoutpep4yeastlines containing the appropriate vectors in glycerol stocks were used to
inoculate 2 ml of SCeucine with 2% glycerol duplicates. Cultures were incubated for 48

hours in 30 °C, pooled, then pelleted at 3500 g for 5 minutes. The cultures were washed
twice with 10 ml water, pelleting each time at 3500 g for 5 minutes. 2 ml dfeCine with

2% galactose was added to each culture, and aliquoted 0.5 ml into four 1.5 ml Eppendorf
tubes. To three of these aliquots, 0.5 mM of geraniol was added, and to onquahve®lume

of analytical grade ethanol was added. The aliquots were incubated in a Eppendorf tube
AKIF 1SN F2NJ Hn K2dzNB |4 on ¢/ @ tNRRdzOGa ¢S
acetate:acetone solution, vigorously vortexed, and centrifuged at togdman a table top
OSYUNRTFdAdAS F2NI mn YAydziSaoe mnn >[ 2F (GKS S
filtered for GGMS.
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2.5.12Catalyticactivity assays andjaschromatographyanalyses

Catalytic activity of purified GES was assayed by running00 NBI Ol A2y a O2y Gl AYyAy:
> aof protein, 1 mM of DTT, 20 mM MgC300> aMnC}, 10% glycerol, 0.1 mM of geranyl

pyrophosphate (GPP) and 10 mM of MOPS buffer efC3for 1 hourCatalytic activity of

purified HGOA/B were assayed by setting up ovetnigactions(16 hoursontaining7 > a

protein, 2mM NAD(P) 0.5mM substrate 12.5 mMMHEPES buffend 25mM NaGh 100> [

reactions incubated at 30 °@roductsg SNBE O2f f SOG SR obBAcaid EAYy 3 wmnn o
centrifuging at top speed for 10 minutes and collecting-9fpf the EtAclayer.

AAAAA

{IYLX S& 6SNB Ay2SOiGSR Ay aLXAd Y2RS ow >[3 aL} A
on a Hewlett Packard 6890 @4S equipped with a 5973 mass selective detector (MSD), and

an Agilent 7683B series injector and autosamplepasation was performed on a Zebron

ZB5SHFLb C9wbh O2f dzYy op: LIKSyeéft YSikKeéet aAratz2ElIFyST €8
guard column. Helium was used as mobile phase at a constant flow rate of 1.2 mL/min and

average velocity 37 cm/s. Two temperature sumere used for detectiorA. After 5 mirutes

at 60 °C, the column temperature was increased to 180 °C at a rate of 2.5 K/min, then to 280

°C at 120 K/min, and kept at 280 °C for another 4uteig) B. After 5 mirutesat 40 °C, the

column temperature was treased to 110 °C at a rate of 5 K/min, then to 280 °C at 120

K/min and kept at 280 °C for 4 noites. A solvent delay of 5 mites was allowed before

collecting MS spectra at a fragmentation energy of 70 eV. Chemically characterised

standards were used tientify compounds by retention time and electron impact spectra.
2.5.13 Heatmap ofyene expression

Tissue specific gene expression analysis heatmaps were generated usirggtipt Package
for heatmaps included in the gplot package, based on Log(FPKM+1) results. Heatmaps were

generated without hierarchal clustering.

2.5.14 Primer list

Code Gene Sense Sequence
AAGTTCTGTTTCAGGGCCCGG(
LPOO1 NECA_8HGOB1 F ATCAGCAGAAACAGAG
CTGGTCTAGAAAGCTTTAGTCG
LP002 NECA_8HGOB1 R TTCAGCGAAC
AAGTTCTGTTTCAGGGCCCGG(
LPOO03 NECA_8HGOB2 F AACCCCAGAAACAGA
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LPOO4

LPOO5

LPOO6

LPOO7

LPOO8

LPO0O9

LPO21

LP0O22

LPO23

LP024

LP025

LPO26

LPO27

LPO28

LP0O42

LP0O46

LPO47

LP0O48

LP0O49

LPO53

LPO54

LPO55

NECA_8HGOB2
NECA_8HGOB3 A,B,C
NECA_8HGOB3 A,B
NECA_8HGOB3 C

NECA_8HGOB4

NECA_8HGOB4

NECA_G8H1

NECA_G8H1

NEMU_G8H1

NEMU_G8H1

HYOF_G8H1

HYOF_G8H1

CARO_G8H
CARO_G8H
HYOF_GES
NECA_GESA
NECA_GESB
NEMU_GES
HYOF_GES
HYOF_HGOA_ Popind
HYOF_HGOA_ Popind

HOYF_GES

CTGGTCTAGAAAGCTTTAAGCC
AATGATTTCTCAACA
AAGTTCTGTTTCAGGGCCCGG(
ATCAGTGAACGCC
CTGGTCTAGAAAGCTTTAATCG
TTAGTCAGCGTATTC
CTGGTCTAGAAAGCTTTAGTCG
AATACGCTGACTAAATC
AAGTTCTGTTTCAGGGCCCGG(
ATCAGCGGAGGC
CTGGTCTAGAAAGCTTTA
AAGTAATAATGAATTTTTGATGC
TTGG
ACCCTCACTAAAGGGCGGECG!
ACCATGGATTTCCTCACAATCT
TG
GTCATCCTTGTAATCCATCGAT;:
GAGCGATAGGGACAGC
ACCCTCACTAAAGGGCGGECG!
ACC
ATGGATTTCCTGACAATCTCCA
GTCATCCTTGTAATCCATCGAT;:
GAGCGATAGGGACAGC
ACCCTCACTAAAGGGCGGECG!
ACCATGGATTCCATTACAACAG
TT
GTCATCCTTGTAATCCATCGAT:
AAGAGATGGGAACAGGTACA
ACCCTCACTAAAGGGCGGECG!
ACCATGGATTACCTTACCATAA
AACT
GTCATCCTTGTAATCCATCGAT:
GGGTGCTTGGTACAGC
AAGTTCTGTTTCAGGGCCCGAT
GATCCTCGATCGCATGCCT
AAGTTCTGTTTCAGGGCCCGAC
ATCACCCAATTTGGC
AAGTTCTGTTTCAGGGCCCGAC
ATCACCAACTTTGGC
AAGTTCTGTTTCAGGGCCCGAC
ATCACCCAATTTGGC
AAGTTCTGTTTCAGGGCCCGAT
ATCAACGAGCCC
AAGTTCTGTTTCAGGGCCCGG(
AGTCATAACATGCAAAGC
ATGGTCTAGAAAGCTTTAGAAT
ATAATAACCTTCACACAGTC
CTGGTCTAGAAAGCTTTAGTCC
GGCGTGAAG
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Chapter 3:Development of Virusnduced Gene Silencing (VIGSNIn

cataria

3.1Introduction

While theenzymes of theepetalactone pathway hea been characterizeth vitro[23], [44],
[65], the genes in this pathway had not been characterizediva Notably, as described in
Chapter 2nepetalactoneésomercontent varies widely acrosdepetaspeciesand cultivars,
and currentlythe mechanims behind this chemical variation are not understolmdplanta
techniques are required to understand the mechanism behind this varialioerefore, |
developed VIGS,gene knockdown techniguéor Nepeta.VIGSs a transient gene silencing
method that @n be suitable forapid functional genomics studi¢g7], [78] Additionally, it
has been adapted ta vaiety of plant familied45], [46] making it a more potentially reliable

approachfor a nonmodel plant with no precedence of genetic transformation
3.1.1Previoustransformationmethods inNepeta

Although research iNepetaphytochemistry has beennaactive topic since the eligation

of the iridoid compounds fromN. catariain McElvainet al. [22], little research into
transformation methods hs been reported for these specie$59], [79], [80] Three
publicationswere found onNepetatransformation, two inN. cataria[59], [80]and one for

N. pogonospermd79] and all three describe transformation via the hairy root method using
A. rhizogenes This is a plant specific bacterium that induces root growth while
simultaneously introducing transfer DNA into the host plant. The roots produced via this
infection are genetically and biochemically stalp8]. The reports onA. rhizogenes
transformation inNepetawere interested inthe production of specialized metabolites that
are produced in the root$:or examplel eeet al.[59] measuredhe production of rosrarinic

acid produced in hairy root transformantsloweverit is unlikely that hairy roots would be

a good method to study nepetalactone production. As in Chapasrdreported if11], [65]
characterizedNepeta speciesproduce very little to no nepetalactones in root$he
publishedhairy roots transformants do not report whether nepetalactones are presemt
since metabolite production in hairy root culture typically mimics the profile of natural roots

[59], [79], [80] it is unlikely that hairy root culture would produce nepetalactanes
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3.1.2Virusinducedgenesilencing

Early plant transformation methodserendipitousiyrevel f SR LX F yiaQ Ayyl &GS whb!
gene silencing defence systemsince transformed plants would sometimes silence

endogenous genes targeted for ovexpression[45], [46] Soon this posttranscriptional

gene silencingystem was exploited for functional genomics studis], [82] VIGSriggers

this system to silence endogenous genes transienisal sequences from known plant

infecting viruses such as potato viruand tobacco rattle virus (TRV) are used to trigger the

LJt | post@anscriptional gene silencingystem, which leads to the production of siRNA

transcripts Along with these viral particlehart (150350 bp) homologous sequences of the

targeted endogenous gene are used guide the posttranscriptional gene silencing

machinery to theargetmRNA whicltuts the mRNA inhibiting translatigi8] (fig. 3.ZA).

While VIGS has been successfully adapted to a wide range -ofiodel plants, succesdten
depends on the chosen viral vectors used on the host [t [46] Often, successful gene
expression knockdown depends on the whether the viral vector comes from a virus that
infects the target plant imature. For example, vectors designed friarley stripe mosaic

virus are often used on monocots and vectors coming fymotato virus Xare used in
Solanaceae plants or closely related fami[i#s]. Certain vectors have been shown to be
successful in inducing VIGS in a wide range of plant families. The vector system adapted from
tobacco rattle virusTRV, pTRV1 & Bas been used succesdfuin a wide range of dicot
plants and has been proven to lead to more systemic silenf30§ [54K[57], [83]
Considering the lack of vectadapted from viruses infectgthe Lamiaceae plant familg,
consistent and systemic VIGS vector used in related famiiibs the Lamiale$s7], [83] is

a good candidatéor usein Nepeta

The pTRWVector system is made up of pTRV1, containing viral replication machinery (RdRP)
and movement protein (MP) sequences, and pTRV2 containing virion formation (CP)
sequences, a multiple cloning site which will house the endogenous homology sequence of
the targeted gene for silencingl], [82] The 35S promoter induces constitutive expression

of the various elements on these vectors, usegdtandem during infection withA.
tumefaciensstrains. Other commonly used VIGS systems such asatiteage leaf curl virus

or potato virus xvectors contain similar structurg45], [46]
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VIGS isommonlyvalidatedin a new system by targeting genes that have a vigiiahotype

such as deaf bleachingTwo commonly targeted genesed to assess gene silencing in leaf
are magnesium chelatase subunit®h{H [50], [56] and phytoene desaturasd®D$ [55],

[81] (fig. 3.EB). ChiH is a key step in the chlorophyll biosynthesighveay, @talysing the
insertion of M@*into protoporphyrin IX, a precursor to chlorophj@h]. Upon silencinghlH
produces a yellow leaf phenotype, as chlorophyll is absent from the affected. &#B&s a

key step irthe carotenoid biosynthesis pathwd$5]. Silencing?DSalsoproduces a photo
bleached phenotype, as carotenoids are phptotecting agents. These visual markers help
to quicklyindicate whethergenesilencing has been successful, even before testing gene

expression levels.

GOl )
siRNA

. dsRNA
Viral RNA TRV2 RdRP s L1 TT1
p\/_, (AN EEEEREEN —_— [N I
(NN
(M|

photo-protection

DICER RISC
Plant genome I
@ i Transcnptn:m MRNA mMRNA Degradation
EERERRERE L —— -1 L —
Inhibited & No translation
vaz ChlH ——  chlorophyll A
production g
/ - I
- i * Bleached
Inhibited \ |
pTRV2 PDS | I phenotype

Figure 3.1: VIGS mechanism and bleaching phenotype

A) is a schematic representation of VIGS mechanismR¥2vector containing a fragment

of the gene of interest and viral RNA is replicated bydé&gandent RNA polymerases (RdR

into double stranded RNA (dsRNA). This dsRNA is recognized by DICER, an RNA cleaving
enzyme, which cleaves the dsRNA into fragsetich act as small interfering RNA (SiRNA).
These are recognized by the RiNduced silencing complex (RISC), an enzyme complex active

in posttranscriptional gene silencing. The mRNA from the plant genome is recognized by RISC
and degraded, resulting mo translation, and therefore no protein generated. B) is a simple
schematic of VIGS targeti@nlHand PDSesulting in a similar bleached phenotype in the

plant.

49



3.1.3 VIGS as a tool to study specialized metabolism

VIGS is a widely used tool to study secondary metabolism immoatel organism$d6]. For
example VIGS was adapted the medicinal planC roseusto study MIA productiorj40],
[50], [52], [53], [87]As described isection 1.1.9this class of alkaloids has several medical
applications such as in cancer treatment (vinblastine) and opioid addiction (ibog#iee).
biosynthetic pathways anith planta mechanisms involved in MIA production have been
intensely studied. kcombeet al. [50] used theVIGS system to test thaetabolicfunction

of 16-methoxy-2,3-dihydro-3-hydroxytabersonine MnethyltransferasgNMT) The authors
infected seedlings, and in parallel to the specialized metabolism gene targets, infected
seedlings with pTRW2hIHsilencing casette to use the bleaching phenotype as a marker for
when to harvest seedlings. Thejpow a decrease in the final product of the pathway,
vindoline, and an increase in intermediate metabolites such asméthoxy2,3-dihydro-3-

hydroxytabersonine upon sileing NMT.

VIGS has also been used extensively in functional genomics studidyaopersicum
(tomato), including publications focusing on the secondary metabdHsijg[49], [55], [81]

In Orzaezet al. [49], the authors developed a visual marker to study tomato metabolism to
overcome the incomplete VIGS effect in tomato. The authors used a transgenic tomato line
which overexpressed anthocyanins leading to purple fruits aravés. The authors created
in-tandem double knockout vectors targeting the ovepressed anthocyanin genes (Delila
and Roseal, abbreviated to ERbs) and a new gene of interest. The silenced tissue would
loseits purple phenotype, allowing for easy idéitation of affected tissue. As a proof of
concept, they used their tandem silencing method to targemloxCPDS andODO1 all
genes involved in the production of different volatiles in tomatoes. Upon silencing of
TomloxC they found that affected tis®s had a reduction of-& aldehydes derived from
lipid 13-hydroperoxidation; silencing?DSyielded a decrease in geranial andn@thyl5-
hepten-2-one volatiles; finally, silencing MYBtranscription factor involved in benzenoid
metabolism,0DO1 yielded & increase in benzaldehyde in the fruit. This VIGS method has
then been extensively applied in studying tomato metabolism, using the transgenic high

anthocyanin tomato line to achieve the visual marker silenced phendd/fie [48]

As introduced in Chapter 2, Lamiaceae is a-Wwewn plant familycontaining many
economically important plantsgspecially valuedor their specidked metabolites. While

there is plenty of work exploring the metabolism of members of this family, only one
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publicationof VIGS in Lamiaceae wpsblishedby the time tke work in this thesisvas
carried out. Misraet al. [54] adaptedVIGS tdO. basilicumusing the pTRV bipartite vector
system to characterize two cytbmome P450 enzymes involved in triterpene biosynthesis.
When targetingChlH, the authors found that vacuum infiltration at the cotyledon stage
would result in thebleaching phenotype in thrst leaf pair 73% of the time, allowing them
to confidently collect the first leaf pair of infected cotyledons for analyising this
infiltration and selection method, they identified vivotwo new CYP716A cytochrome P450

monooxygenases involved in triterpene metabolisn©obasilicum

Given VIGS adaptability to nomodel organisms and its relative speed as a functional
genomics toolthis system is a good candidate tool to characterize the iridoid metabolism in
Nepeta sppThus, this chapter describes the work carried out to adapt this system and test

its viability in studyingN. catariametabolism.

3.2 Resultsand Discussion

3.2.11dentifying ChlIHand PDSn N. caaria and N. mussinii

| used the same homologyasedsearch methodietailedin Chapter 2 to identifiN. cataria
ChiH and PDSgenes.Using tlese sequencs, | usedtBLASH on a N. catariatranscriptome
provided by the Mint Genom Projectto identify N. catariaChlH Two contigs with high
degree of similarity taC. roseus<ChlH[50] (77%) were identified and one contig frolsh
mussinii The previously listed sequence f@DSrom A. thaliana obtained from TAIR e
Arabidopsisnformation resource) was used to run BLAST intoNheatariatranscriptome
to identify N. catariaand N. mussiniPDS OneN. catariaPDSsequence with about 77%

sequencesimilarity was identified.

ChiH

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria ChiH1 C. roseus ChIH 0.00E+00 77.20% 99.81%
N. cataria ChlH2 C. roseus ChlH 0.00E+00 77.10% 99.81%
N. mussinii  |ChIH C. roseus ChlH 0.00E+00 76.90% 99.81%
PDS

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria PDS A. thaliana PDS 0 76.90% 87.01%
N. mussinii  |PDS A. thaliana PDS 0 77.20% 87.01%

51



Table 3.1: Visual marker gene homologtasdidates

List of candidates selected after tBLAST@.abseu€hiHand A. thalianaPDSequenceso

N. catariaand N. mussinitranscriptomes. Enzymes with multiple candidates are listed in
order of highest to lowest sequence identity similarity. BLs&8d is the query sequences
used for the homology searchvBluedenotes the number of hits that coula liound by
chance. %dentity denotes the percentage of amiagids that are identical to the BLAST

qguery. Query coverage is the percentage the qglesrgth aligns with the BLAST hit.
3.2.2Designing VIG&rgets

VIGS relies on the pest@nscriptional gene silencing machinery found in pldb&], [78],

[81], [82] Thus, he full gene is not needed to create the 21 nucleotide fragments used by
the posttranscriptional gene silencingachinery to identify and silence the targeted gene.

A region of150-350 bp fragments are selected frold& ISy SQ& / 5{ 2NJ dzy G NI yaft |
(UTR) for target design. This region must not have matching nucleotide sequences to other
transcriptionally active genekselected regions of arourg00-350bp in the CDS regicand

used this as a query for runnilBl. AS©nthe N. catariatranscriptome.If the selected egion
contaired sequence fragments of at least 19 matching bpags theywere not used for

VIGS to avoidff-target silencing of the matching ger(fig. 3.2) Unique target sequences
were then cloned into the pTRV2 vecttiris interesting to note thalN. catariais reported

to be an autotetraploid [65] and thereforethere is usually at least two copies of each gene

in the transcriptome. However, these genes tend to have highly conserved sequantes
functions,and targeting the CDS regions often resiit highly overlapping sequencdsy-

passing any redundancy that may lead to an incomplete silencing phen@$h¢89]
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ChIH gene target in N. cataria

Species Name BLAST seed E-value % ldentity |Query Coverage
N. cataria ChiH1 C. roseus ChIH 6.13E-180 99.10% 100.00%
N. cataria ChlH2 C. roseus ChlH 4.77E-176 98.60% 100.00%
1;. I‘
N. cataria target -_-]-——I‘_
N. cataria ChiH1 1 — ] I D

N. cataria ChIH2

Figure 3: BLAST results of candidate target sequenceCldH into the N. cataria
transcriptome

A 355 bp region of th#l. catariaChlH1 CDS was used as a query for BLAST agairidt the
catariatranscriptome. The two listed contigs correspond to@hdHhomologues imN. cataria

as found irtable 3.1 No other sequences containing more than 19 matching base paties w

found.

3.2.3N. catariapropagationmethods

Two main methods of plant progation were considered for VIGS infection: propagation via
cuttings and via seedlinghl. catariaand N. mussiniare common garden plants and many
protocols for propagating cuttings have been developg®@]. Most of these guides
recommend cutting the plant just belothie node from where leaf pairs emerge, removing

the leaves from the bottom two nodes, and propagating in water. | tested this method, as
well as rooting in coconut husk and in soil. Common garden rooting powder with i8€dole
butyric acid was also testedfdund that plants rooted in water were most efficient, with
most cuttingsproducingroots within 10 days, and that rooting hormone had no impact on
rooting. Seeds were obtained by harvesting seeds from our plant stocks. These were grown

in soil and allowd to grow until 2 leaf pairs had grown, abouti3veeks.

When considering which plants to use for infection, additional advantages and disadvantages
were considered: while seedlings provide a precise developmental stage that can be
targeted, which aidsni recognizing leaf pairs postfection and is often preferred in VIGS
research, cuttings are genetically identical to one anothes.discussed in sectidhl.],
nepetalactone content varies hy. catariacultivar and the causes behind that \ation are

not fully known, although they were somewhaiplored via transcriptome analysis in
Lichmanet al. [65]. Thus, working with genetically identical plants may insure against any
genetichased nepetalactonesomervariation between experimental replicatesHowever,

metabolic profiles of seedlings were not assessed in this thasd therefore it remains
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unknown how much metabolic variation occurs between generations. Furthermore, during
propagation | noticed thalN. catariaconsistently rooted faster and more reliably thah
mussiniiFor this reason, and reasons discusseaatisn 3.2.6, | focused dW. catariaVIGS

for downstream studies.

3.24 Optimizingnepetalactoneextraction

The nepetalactoneextraction protocolwas based on the extraction methods described in
Lichmaret al.[65] andwas optimized for small tissue amounts {20 mg) This protocolvas

also streamlined so that many replicates, which are negglifor robust genetic studies, could
be performed. Optimization of this extraction procedure included identifyindS@nd LE
MSinternal standards and their concentrations, testing the tissueximaand minima for
extraction and optimizing the sample wap using a solid phase extraction column.
Furthermore, to understand nepetalactone extraction efficiency and nepetalactone
concentrationin planta ciscis nepetalactone was spiked into the HHO1 cultivig. (3.4)

tissue sample extractions and then thexzovery of this standard was quantified.

From this data, | selected camphor and harpagoside as internal standards, for their retention
times relative to my compounds of interest, and in the case of harpagoside, its ridgid
base structure. Camphor 8goreviously used as an internal standardnirvitro assays in
Lichmaret al.[64]. After generating a standard curve, | selected a concentration obRD0
camphor and 1&:M harpagoside for WT (wildtype) tissuig( 3.3 AD). A 1:20 ratio of tissue

weightto-methanol volume was selected for exttéon, identifying 20 mg of tissue to 400

S 2F YSGKIy2f @2tdyS +a o0SAy3 (KS (2684

extraction for both GBS €ig. 3.3E) and L®IS analysis. For further experiments, 20 mg of
tissue was set as the minimum. Finablysecond wash step aided in extracting a higher

concentration of nepetalactonesig 3.3F).

While the addition of an internal standard oiscisnepetalactone to HHO1 tissue revealed
the extent of loss during extraction procedure inherent to the praloit also demonstrated

the variability amongst extraction replicates. While, as shown in figures 3,Xi&cis
nepetalactone content is expected to vary depending on when it was added to the extraction
protocol as well as its concentrationistrans nepetalactone inherent to HHO1 should be
present in the same relative amount per extraction replicate; however, some variability was

present(+/- 46.3%) This suggested that while this spiking experiment can aid in determining
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the extracted concentration fonepetalactones in any given tissue sample, nepetalactone
concentration variability amongst biological replicates may obscure the extraction efficiency

per sample. | decided to rely on camphor as a measure of extraction efficiency rather than
the extractad concentration of nepetalactone.
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Figure 3.3: Optimization akpetalactone extraction frorN. catariatissue

Series of extraction optimization graphs. Peak area in graphs was calculated by obtaining the
area under the curve of a particular metdtmbf interest. AU denotes arbitrary units. TIC
denotes total ion antent. Averages of 3 replicates were plotted and error bars were plotted

using the standard deviation. A) and B) show the standard curves for the internal standards
camphor (for GBS andysis) andharpagoside (for L&AS analysis). Standards were added to

the initial extraction buffer and processed withr8@ of WTN. catariaB2C tissue. C) and D)

show example GWMS spectra of the respective standards at the chosen working
concentrationsE) shows various tissue weights tested to find a minimum weight for reliable
analysis. Flescribeghe effect of an additional final EtAC:Hex a K @2 f dzYS 2F n o
2NJ ME o6cnn>[0 2y ySLISGlIfLFOGzysS O02yiSyid SEGN
effect of spikingiscisnepetalactone to HHO1 WT tissussistrans nepetalactone exclusive

producer. In Gliscisnepetalactone waspiked to the sample after extraction. Indicis
nepetalactone was spiked to the extraction solventgxteaction. 1) is an example S

spectra of a sample from H).
3.2.5 Nepetalactoneontent by cultivar and leaf age

As described in 2.1.1,uo cultivar collection of N. cataria contains individual plants
presenting different nepetalactone isomer profiles. For the initial VIGS testing, | ttirese
varieties (B2E, B2C and HHO1) presenting different metabolic prdige8.4). Given that
nepetalactone content is mostly found in leaves, which have high trichome density and the
bleaching phenotype of botithlHand PDSsilencing will yield most tissue from leaves (as
opposed to other tissues), | focused on characterizing the nepetalactone a¢dydeaf age

and section.
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Nepetalactone distribution by cultivar

0.9
0.8
0.7 = I
0.6
0.5
0.4
0.3

Olz .
0.1
0 - - - ——
E

B2C B2

Ratio

cis-trans trans-cis cis-cis
nepetalactone nepetalactone nepetalactone

Figure3.4: Isomer profile of. catariacultivars used in this chapter

N. cataria cultivars used in this chapter and further analysis. Cultivar name denotes our in
house naming system. Metabolic profile percent total nepetahes represent the isomer
profile breakdown in ratios of total TIC area of nepetalactone peaks present. Error bars denote

standard deviation.

| measured the nepetalactone content of ourhinuse cultivars B2C, B2E and HHO1. As
confirmed in our recordsB2C and B2E both produagscis nepetalactone,trans-cis
nepetalactone and cistrans nepetalactone, while HHO1 only producesistrans
nepetalactonefig. 3.4. B2C, B2E were then chosen to carry out downstream studies on the

iridoid pathway, while HHO1 was used for standardizaégperimentdistedin 3.2.4.

Leaf age was determined by size and location on the cuttings since the cuttings themselves
were of irdeterminate age. Leaf age was divided into very young leaf, young leaf, old leaf
and very old leaf. Very young leaves were those found at the tips or nodes of the cuttings
and were less than 1 cm long. Young leaves were between 1 cm and 1.5 cm long and wer
found at tips or nodes. Old leaves were those between 1.5 cm and 3 cm long, found at nodes
with branches and were not at the tip of branches. Very old leaves were those larger than 3
cm long. For B2E, younger leaves tended to yield more nepetalactomentowith higher
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nepetalactone content variability in younger leaves, even though replicates were from the
same pooled tissue sampldgy( 35-A). Finally, a pooled sample incorporating equal weights
of the different ages were also extracted, to understahe average nepetalactone content
for each variety regardless of leaf a@gfferences between age groups were not statistically

significant in either cultivar.

Leaf sections were obtained from all leaf ages and leaves were cut into three equal parts:
base, middle and tip. For both B2C and B2E, thesmation revealed a higher nepetalactone
content than either the base or the tip of the leaves. There was no significance between B2C
leaf sections. In B2E, the middle section was found to be signifiddiffdyent as compared

to the base and tips.

A Leaf age panel B Leaf section panel
16 6
14 5
12 B2C B2E *
w g4 J —
210 5 |~~~ --*
o [ g3 } ————— L I -
s 8 t 2 ¥ ¥
o« T *
IS R |
. : B2C B2E

0
0
m e .
Very Very Al Very Very All o . —

Yyoung old young old

Figure 3.5Nepetalactone content variation by leaf age and section

Relative area was calculated by dividing the nepetalactone area under the curve by the 200
>a OFYLK2NI AYGSNY It adlhA)Barksid lightsilies afzyiu SnJ G K S
orange denote younger to older leaf tissue. Leaf tissue was collected, flash frozen and ground
into a fine powder. 3@ng of ground tissue in 3 replicates for each age group was used to
extract nepetalactones. InlAdesignated by the black circle and the dotted line, equal weights

of age group tissue powder were added, thoroughly homogenized, and 3 replicataagf 30
tissue was processed. In B) the leaf diagram indicates the section of the leaf (base, middle or
tip) processed. Leaves were cut fresh and each section flash frozen separately, and finally
pulverized. Average of all sections is the right most dot from each cultivar with a dotted line.
Error bars denote standard error in both A) and B). Asterisks dketwandicate statistically

significant differencét-test pvalue < 0.05)
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Although there is variation amongst leaf ages and sections in both B2C and B2E leaves, and
in some cases that difference is significant, no section or age is particularly d#void

nepetalactones.

3.2.6Testinginfection methodologies

VIGS infection methods vary widely depending on the plant being infected and success
depends on factors such as plant hardiness, stem tissue typeasndentioned before,
vector systen45], [46] Common methodsnclude vacuum infiltration, crown drenching

and wounding the plant stem or nodes and soaking wWithA. tumefaciengontaining the

vector system (fig. 8).

| tested several methoddo establish VIGS IiN. cataria pinching the stem and allowing a
droplet to be absorbed into the resulting wound on the stem6{Broplet, [50]) crown
drenching(3.6-Drenching[50]), vacuum infiltration(3.6-Vacuum[54]), wounding the nodes
and submerging the planB.6-Submersion[66]), and wounding the stem and wetting the
nodes withA. tumefacieng3.6-Wetting, modified from81], [82), as well as attempting to
infiltrate the stem via applying pressuneith a syringe (3.6-Syringe) A. tumefaciens
containing pTRV\ZhIHwas used to estaldh infiltration efficiency and thehlh bleaching
phenotype was used as a visual marker for successful gene sileRoingach of these
methods, Iroughlyassessed the time taken to infiltratesat of 28 plantsand theinfection
efficiency. Amongst these methods, crown drenching and drop pinchingpasted in [50]
yielded noplants withbleaching. Using a syringe to infiltrate tumefaciensnto the nodes

of the plant resulted irtlose t0100% plant death.

Vacuum infiltration did lead to bleaching in ali®0% of plants, however, the entire process
was laborious and lengthtgking about 2 hours for 28 planégd washerefore unsuited for
largescale analysesNVounding the plant and fully submerging info tumefaciensas in
Palmeret al. [66] was successfutpok about 40 minutes per setjielding about 250%
bleaching amongst the plaset However, the method that proved to be the fast¢20-30
minutes per set)best for scaling up and yielded consistent bleaching in about ~40% of plants
was a modification of the methodeportedin Liuet al. [81], where a sterile toothpick was
dipped into concentrated. tumefacien infiltration solution and used to wound the stem

of the plant, and finally el to coat the wounds with the infiltration solution.

60



For all these methods, plant survival was vastly improved when using cuttings as opposed to
seedlings. Given the speed of propagation and the genetic consistency of cuttings, these
were chosen for futier analysis described in Chapter 4. Methods to infeanussiniivere

also tested. However\. mussinitended to have a poorer survival and bleaching rate as
compared toN. cataria For this reason, subsequent work characterizing the pathweivq

as explored in Chapter 4, was carried ouNircataria.

-3 A

Droplet Drenching
’ ~ @&
t_]

Submersion Wound and Wet Syringe

Vacuum

Figure 3.6Infection methods

The diagrams of infection methods are listed. lllustrations generated in Biorender.
3.2.7 SilecingChlHand PDSn N. cataria

Initially, ChlHwas chosen as the visual marker on which to test for VIGS efficianown
section 3.2.6TargetingChlHrevealedthat althoughN. catariawassusceptible td/IGS, gene
knockdown was not systemic. After@illing new leaves to grow post infection, the same
individual plant would grow both green and bleached leavéth the vast majority ofeaves

havingboth green and bleached tissiiigg. 37).
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Figure 3.7: Leaves collected from a VIGS infected plant tar@dtiHg

VIGS efficiency M. catariaA) are leaves taken from the same individual plant 6 weeks post
infection. The top 3 rows show all the leaves with some bleached tissue, the bottoras4 leav
have no bleached tissue. B) shows a different plant withCtmlélbleaching phenotype 4

weeks post infection.

The metabolite profile of these bleactheegions vascomparedto uninfected WTeaves and
were found to have an overall reduction of nepetdtanes produced in those leaf tissyes
but this decrease was not significant (fig8-3,B).GivenChIlRad A YL NI Fyi NS Ay OKi|
biosynthesis, as well as thespurbance on the primary metabolisraf ChlHmutants
reported in the literature[84], this slight decrease in secondary metabolismay be a
downstream effect of a compromised photosynthesaso wanted to understand the effect
of the infection itself on nepetalactoneontent | compared nepetalactoneontentin plants
having been infected withFRV2ChIH empty pTRV2 (EMdhduninfected leaves (fig. 8:A).
After 4 weeks, two leavesf approximately the same size and dagem each plant were
taken for analysis.For the ChlH plants, only bleachedtissue was analysed From this
experiment, nepetalactone content was significantly reduced irB¥pTRV2\. tumefaciens
infectedplants as compared toon-infectedWT, indicating tke infection itself may influence
the planQa | 0oAf AdGe G2 LINGBerplSts iifSdds with p TRBZNHY S

containingA. tumefacienswhile they had a reduced level of nepetalactozuntent, the
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decrease was not statistically significaRtirther experiments, as described in figur8-g,

also reveal that the nepetalactone contenttime bleached tissue of pTRXZhIHinfected

plants is not significantly different compared to the nepetalactone content in plants infected

with an empty pTRV2 vector. Given the decrease in nepetalactone content in {CHRY2

infected plants, | decidedt@1g SNJ 6§ KS O2y OSYyidGNY GA2Yy 2F /| YLK
the height of nepetalactone peaks @hlHsilenced tissue in further experiments (including

fig. 3.8-0.

Furthermore, | tested the efficiency 8DSas a visual markeas compared taChlH as well
as the effectupon silencingon nepetalactonescontent To test this, | comparethe
nepetalactone content from plants infected with. tumefacienscontainingp TRV2ChIH
pTRVZPDSand pTRVZEV. From this experiment, onl$/36 of pTRV2PDSinfected plants
showed the bleached phenotype, as well as only an averag@rofjof bleached tissueere
recovered per plant. In conts in this experiment15/36 of pTRV2ChIHinfected plants
displayed the bleached phenotype, with an average of #igdof bleached tissue per plant.
Furthermore, bothChIHandPDSsilenced bleachetissue showed a nesignificant decrease
in nepetalactone conterds compared to EV (fig.83C,D). The potential mechanism behind
these difference is further discussed iecton 3.2.13Based on these resultfurther work

was carried out witlChlHas a visual marker.
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Figure 3.8Nepetalactone content in VIGS infected tissues

Nepetalactone content dfl. catariaB2C cultivar leaf tissue under various VIGS conditions. A)

and C) are box plots indicating the average relative nepetalactone area. Relative area was

calculated by dividing the total area under nepetalactone peaks by the area under the

camphor peak. Each dot represents a replicate. Error bar indicates standardreA) EV

and WT replicates were two individual leaves from each surviving plant in an experimental

replicate in Bleachedhlheach replicate was the pooled bleached tissue per affected plant.
B) are a representative MS spectrum of WT Bledichedchlh samples. GC method is
expanded upon in method 3.5.7.A.C,T is cistrans nepetalactone, T,C is transcis
nepetalactone an,ds ciscisnepetalactoneFor A) and B) a final concentration of 208
camphor was used as an internal standard. In C) fiaies were an individual leaf from
each surviving plant in an experimentaplicate chlh and pdsreplicates were the pooled
bleached tissue per affected plant. D) are a representative MS spectrum oe8lezbland
Bleacled pds GC method igxpande uponin method 3.5.7.B. For C) and D) a lower
concentration of 50>a ¢l & | RRSR (2 | Redzad F2N GKS

infection.

3.28 Design of dual knockdown targets to include a visual marker for metabolic studies

In Yamamotcet al. [52], the authors designed a dutdrgeting VIGS system to study the

secondary metabolism of. roseusin this system, the VR2 vector includes both the

fragment of a gene that will produce a visual phenotype such as bleaching, and a fragment

of their gene of interesffig. 3.9) Tissue affected by the bleaching phenotype also exhibited

a down regulation irexpression of their gene of interestaged on the VIGS target design
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method reported inYamamotoet al. [52], | designel a dual knockdowmpTRV2 vectofor
ChiHand GESo be targeted in tandem (referred to as pTREUBIHGE$ The GESarget
sequence was selected using the identified CDS sequence in Chapter 2 and verified against
the transcriptome as in section 3.21al designed a single target pTRGES/ectoronly
targeting GESand not ChlH to test for significant differences between metabolite
concentration in tissue from plants infected with tumefaciengsontaining pTRVEZhIHGES

and pTRVZLESGESs an ideal cagidatein which to test the effectiveness of this approach

as it is thebiosynthetic stephat branches out from the MEPathwayinto the specialized

iridoid metabolism, apublishedbefore [11], [65]and characterized in Chapter Silencing

this gene should yield significantly decreased levels of nepetalactone content in the tested

tissue.
A I—» EcoRlI Ncol
35S CP GOl Rz | NOS

LB < |J_I : > RB
MCS

pTRV2-GOI

BamHlI
B EcoRl Ncol Xhol
355 [ cp Rz | NOS,
LB «— »RB

pPTRV2-CHLH-GOI

Figure 3.9: Schematic of pTRV2 system for VIGS and cloning strategy

A fragment of the gene to be silenced (gene of interest, GOI) is diangde MCS (multiple

cloning site) of pTRV2 between BamHI and Xhol. To target two or more genes, one sequence
is cloned into the MCS of pTRV2 between the EcoRI or the Xmal restriction target sites and
the second (e.€hlH between BamHI and Xhol. 353yl€gpromoter; CP, coat protein; MCS,

multiple cloning site; Rgelfcleaving ribzyme Figure adapted froff65].
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3.29 Metabolite and expressiondata from ChIHGESand GES

Tissue collected from plants infected with pTRMEHGESwas limited to bleached leaf

tissue from all affected plants, while tissue from plants infected with pT&R&Zontaining

A. tumefaciengame from new leaves near the infection sites, collecting two leaves from

randomly selected 10 plants from28plant set SilencingChlHand GESn-tandem(chlhges
in figure 3.10)and collecting the bleached part of the plant led to a statistically signific
decreaseof nepetalactone contenffig. 3.10A), compared to the contrdh which onlyChIH

(chlhin figure 3.10wassilenced For the samples in which onBESs targeted for silencing

ant

(gesin figure 3.10) while there is a small reduction in nepetalactone content, it is not

statistically significant compared tlh, presumably because the silemtéssue could not
be selectively harvestedsiven these results, targeting a visual marker gene sudbhés
Ff2y3 gAGK +y aAy@rairoftsS G2 GKS SesS¢

strategy for utilizing VIGS bk catariafor furtherin vivo metabolic characterization studies
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Figure 3.10: Comparisongéschih double knockdown angessingle knockdown

YSilro2tAO0

Nepetalactone content dfl. catariaB2C cultivar leaf tissue under various VIGS conditions. A)

box plots indicating the average relative nepetalactone area. Relative area was calculated by

dividing the total area under nepetalactone peaks by the area under the camphor peak
dot represats a replicate. Error bar indicates standard error. binlh)chlh-gesandgeseach
replicate was the pooled bleached tissue per affected plant. B) are a represeG@ims
spectrum ofchlh, chih-gesandgessamples. GC methodégpanded upotin method 3.5.7.B.

C,Tiscistransnepetalactone[T,Cis trans-cisnepetalactone andC,Gs ciscisnepetalactone.
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For A) and B) a final concentration of 5& O YLIK2NJ ¢l & dzaASR |

Bracketwith asteriskn A) denotes statisticalgnificancgt-test pvalue < 0.05)
3.2.10 qPCR Analysis @hlHknockdown

N. catariahousekeeping genes for gene expression analysis were identified via homology
guided search as described in sections 2.2.1 and 3.2.1 of this thesis. Commonly used
housekeeping genes include actin (ACT1) and ubiquitin (J&LP)These genes are required

for basic molecular functions and are constitutively expressed at congtesislin different

plant tissues. This provides a baseline to compare changes in gene expression of our target
genes within experimental conditions. Sequences for these housekeeping genes were
downloaded from TAIR and were used as queries to run BLASheoNl.t cataria
transcriptome. Homologues identified were then compared against our FRKbhtaria
dataset (used in section 2.2.1). Homologues with-raitge (Log2(FPKM+1) between 1 and

2) consistent expression across all tissues were selected for ACUB#{ig. 311).

Color Key

« and Hist
o =

2 4 6
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NcGESA
NcGESB
| NeChiHA
NcChiHB
NcPDS
NCACT1
NcUBI9

Figure 3L1: Housekeeping gene candidates expression data

Log(FPKM+1) values on candidate housekeeping genedfroatariaidentified via BLAST

from A. thalianahomologues compared to the gendsaracterizedn this chapterChIHPDS

and GES Nc indicatedNepeta catariaCB=closed bud, IL=immature leaf, ML=mature leaf,
OF=open flower, Pe=Petiole, Ro=Root, St=Stem. Heatmaps were generated using the

Heatmap package in R and were subjected to no hierarchical clustering.
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As a confirmation of gene expression knockdown, | carried gRERon cDNA from
experimental plants listed in section 3.2.7. A comparison betweenimf@cted wildtype
plants, plants infected withA. tumefaciengontaining an empty pTRV2 vector and plants
infected withA. tumefaciensontaining pTRV\EZhlHrevealed that the infection itself has a
non-significant effect on gene expression, as evidenced by the broad standard error (fig.
3.12) but upon silencing a@hlH gene expression is significantly reducedluding the gene
expression of the selected reference hodsgeping gene ubiquitin (fig. 34A), parallel to

the effect on metabolism revealed in section 3.2.7. A relative gene expression analysis (fig.
3.12-B) revealed thaChlHis significantly downmegulated in tissue showing the bleached
phenotype, consistent with the VIGS machinery effect. Due to the lower efficierep&f
silencing, which produced fewer biological replicates and bleached tissue, | was unable to

extract RNA from this tissue foP€R analysis.

A Raw gene expression B Normalized ChIH expression
* *
30 1 25
o % . 2.0
=
T 20 E: *
- =~ 15 BWT
3
Eﬂ 15 mWT 3 —l i
w0 mch ™10
E EV
s Ev 05
Ref (UBI) CHLH Condition
Target Gene

Figure 3.2: Effect of VIGS on gene expression

Quantitative PCR to assess gene expression. A) shows the average Ct values of the reference
gene ubiquitin (Ref (UBI)), aBRIHCHLH The legend lists the VIGS infection conditions: WT

is noninfected wildtype plantsChiHis plants infected with pTRMZhIH containing A.
tumefaciensEV is plants infected with the empty pTRV2 vector contafitigmefaciens

Error bars are standard error. B) shows the normaligitigene expressior2("") in WT,

ChiHand EV plants. Gene expression@btHwas normalized to ubiquitin gene expression.

Error bars denote standard err@racketwith asteriskn A) denotes statistical significar(te

test pvalue < 0.05)
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3.2.11 VIGS strategies to study secondary metabolism

While VIGS iN. catariaproved to be successful, affected plants did not display full systemic
knockdown(fig. 3.6)and not all infected plantexhibited silencingThe lack of a visual assay
that validates he successful silencing of a given biosynthetic gene in a specific location
greatly complicates the interpretation of silencing dafaevious publications of VIGS being
used to study secondary metabolism often used indirect markers for harvesting (sisun ti

In Misraet al. [54], O. basilicumcotyledons were initially infected witih. tumefaciens
containing the pTRV2 targetir@dplH. The authors assessed the average probability (73%) of
the first leaf pair postinfection being affecd by the gene silencing. They also determined
silencing via the relative transcript level of their gene of interest and the chlorophyl content
of the leaf pair. Once the pTRV2 VIGS system and its limitations were established, the authors
carried out VIGSn their secondary metabolism candidate genes and measured the
metabolite content of their tissue, identifying thea vivoactivities of two new enzymes in

the O. basilicumtriterpene metabolism. In Liscombet al. [50], the authors carried out
concurrent experiments of VIGS target@ulH on C. roseuseedlings to determine when to
harvest tissue posinfection. Each experimental replicate had a portion of plants infected
with A. tumefaciengontaining the pTRV2hIH vector to indicate successful experimental
transformation, and the first two leaf pairs post infection were harvested for metabolic
study, usually at about 100@hIHsilencing efficiency. However, for VIG®Nincatarig the

low silencing rate (< 50 %) @dmon-systemic nature of the silencing, as well as the use of
cuttings rather than seedlings, meant that a more robust indicator for silenced tissue

collection is required.

As an alternative to indirectly using a visual marker to assess silencing efficeme
studies have used direct visual markers to indicate which tissue to harvest for metabolic
study. As reported in Orzaez al. [49], the authors developed an-tandem gene silencing
technique in a transgeni§ lycopesicum cultivar overproducing anthocyanin. The authors
designed pTRV2 vector constructs targeting the genes responsible for the overproduction of
anthocyanin and their target genes of interest (pTRD&E/RosTomloxC, for example). This
method allowed the authors precisxcision of affected tissues but relied on the existence

of an already transforme8. lycopersicuiine. The DeRos VIGS system has been employed

in further S. lycopersicurstudies[47], [48] In the absence of a stable transgenic cultivar for

C. roseusYamamoteet al. [52] developed an inrandem gene silencing technique using the

pPTRV2 vector system targetiiPSand their gene of interest serpentine synthase (pTRV2
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PDSSS. In this method, the authors could select tRDSsilenced tissue exhibiting the

bleached phenotype and assess the metabolic profile of this tissue.
3.2.12 ChlHand PDSas visual markers

As discussed in section 3.1.3 and B.ZhlHand PDSsilencingvia VIG$roduces a similar
obleaching phenotypein leaf tissue However, their mechanism of actida produce this
bleached phenotypés different ChlHsilencing inhibits chlorophyfiormation by preventing

the insertion of Mg@" into protoporphyrin 1X84], leading to white, instead of green, tissue.
Silencng PDSdisrupts the formation of carotenoid biosynthedqi®5] which is a phote
protector. Bleached tissue IRDSsilenced tissue is due to phettamage of the leaf tissue.

[ 2y3 GSNXY SELRadiNB Ay 020K OleraiStheceseyN. f SI R (G2 60
cataria, PDSsilenced tissue exhibited damaged tissue faster ti@hiHsilenced tissue.
Section 3.27 describedhelesS§ Y SR a6 f S| OK Spadtissuek\RyRissuee (fi§. A Y
3.13). his may not be a true representation of trslencedPDSeffect, but rather the
phenotype only beoming apparent after photedamage, leading to a slower pheto
bleaching phenotype to appearhis tissue also preseritse riskof harvestingournt tissue,

which may have an unknown effect eacondary metabolic accumulatian degradation as
compared to relative healthy leavegth not burnt tissue damagd-or the purposes of this
study,ChlHproved to be the best visual marker due to relatively healthier leaves which can

be identified from tkeir early growth, rather than having to wait until tissue damage occurs.

chlh
pds

Figure 3.13PDS/sChlHsilencing
All photobleached leaves harvested after 4 weeks of infection Avittumefacienger

experimenal replicate Red circle indicates burnt tissue.
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3.3 Future directions

3.3.1 Astable system forNepetatransformation

As detailed in sectio3.1.1 Nepetahas been transformed previously via the use/of
rhizogenedo produce stable transformants with hairy roots producing metabolites such as
rosmarhic acid[59]. To study the iridoid metabolism dfepetg a transformation method
must affect the aerial parts of the plant where these iridoids preduced. While VIGS has
provided this functional genomics tool, gPCR analysis in sectionO3t2vkaled an
incomplete knockdown of the targetedhlHgene (0.335 relative to 1.05 in uninfected wild
type tissue), which may lead to somemaininggene actiity whichcomplicates functional

genomics analyses (further explored in Chapter 4).

During the work for this project, | began establishing a stable transformant protodal in
catariaand N. mussinivia the generation of callus tissue that could then be transformed
with A.tumefaciens This method is widely used in a wide variety of bighlants[92]¢[95]

and typically involves the production of a stem cell callus, whether from germ cells or shoot
apical meristem cells, which are amenable to genetic transformation. Transformed callus
tissue is then regenerated into plantlets and transfiation is verified via the presence of a
marker protein (ie. GFP) or the amplification of the new gene via PCR from genomic DNA. In
N. catariaandN. mussinijil successfully generated callus from sterilized stems and leaves by
dissecting these tissues ®&AS media containing various concentrations of the hormones 6
benzylaminopurine, -haphthaleneacetic acid and 2¢ichlorophenoxycetic acid. However,

the callus line was not stable, and became wable after 23 subcultures. Furthermore, |

was not ableto re-generate a plantlet from these calluses. Transformation methods were

therefore not tested, as the calluggeneration protocol was not fully established.

3.3.2 Testing VIGS in oth&lepetaspecies

As briefly mentioned in thi€hapter, initial work in adapting the VIGS system iiepeta
includedN. catariaand N. mussiniiHowever, due to the higher propagation and infection
efficiency exhibited byN. catarig work inN. mussiniivas not continued. Adapting VIGS to
other Nepetaspecies is likely to require optimization into the infection approach to improve
silencing efficiency, as in section 3.2.6, and some species may be more amenable to VIGS
than others. Nevertheless, establisj VIGS irN. catariais a good prognostic to the

possibility of expanding this tool to other species with some optimization.
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Expanding VIGS into othiepetaspecies would provide a tool to study the natural variation
in secondary metabolism this genlias[24]. Work inN. catariaandN. mussinihas revealed
novel enzymes such as theepetalactolrelated shortchain reductase/dehydrogenases
(NEPS) enzymes and a novel function for migjmx like protein (MLPL)64], [65]
responsible for the nepetalactone isomers found in these spetiesvever, as research
across theNepeta genus expands to explore more novel biochemistry, establishing a
functional genomics tool such as VIGS in otiepetaspecies may become a necessity to

study thein vivofunction of these novel genes.

3.4 Conclusion

In this Chapter,developed a VIGS method fleinctional genomics studien N. cataria This
method washased orthose publishedn theliterature and the tools available in our research
group. | optimized the nepetalactone extraction protocol for downstream characterization
studies to handle a high volume of replicates at lower tissue mass. | tested several
methodologies of infection to optimize affected plants and tissues, as well as tested tw
commonly reported VIGS visual markers for best performance. Finally, | used an efficient
dual knockdown system to use a visual marker to accurately select for affected tissue, which

performs better than single knockouts targeting metabolic pathway genes.

This VIGS systemhh catariaprovides a functional genomics tool with which | characterized

the iridoid biosynthesis pathway in Chapter 4.
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3.5Materials andMethods
3.5.1VIGSnsertdesign

Sequences of 350 bp in length were obtained fréiMHand GEShat did mot contain any
exact matches longer than 20 bp to other parts of the genome. Sequences were reviewed to
be free from BamHI and Xhol restriction sites. Primers were designed containing the
palindromic sites for BamHI (Forward primer) and Xhol (Reverse frinte ligate to
linearized pTRV2 vector, and the first and last 15 to 25 nucleotides with an annealing

temperate close to 55 °C.

To construct the dual silencing vector, 2880 bp fragments of genes of interest were
selected and checked to not contain aeyact 20bp matches with other parts of the
genome. Primers were designed to amplify these regions and add an overhang to the pTRV2

vector.
3.5.20btainingplasmidgeneinserts

Gene fragments for VIGS were obtained both by amplification of our stogitasmids
containing our genes of interest and cDNA in case if no stock being present. Primers for
amplification included a nucleotide extension which matched to the pTRV2 vector. Primers
were designed to be between 15 and 25 nucleotides long and with ia@cding temperature

close to 55 °C.
3.5.3cDNAproduction andinsertamplification

RNA from young leaf tissue frdfacatariawas retrotranscribed using Invitrogen Superscript

L+ LYy | wMmpli2[pNBYDIARYZdzi M >[ Om2F[ wbT ={ fnl
NEOSNES (NI yaONR LI I &rBM BTH. noubated at 50GC for fRminutes> [ 2
FYR GKSY G yn ¢/ F2NImn YAydziSa (2 Ayl OGAg
37 °C for 20 minutes. cDNA was storedran ¢ / ® L gDAISWEEe &mplfisdby PCR

AY I Hp >[ NBFOGAZ2Y dz2AR¥9 GcC¢hkbdt 2FHOS bmH @NI
PlatinumSdzLISNF A 5b! LIt &8YSNI &S YAEZ moup >[ 2F
I Y R pGCehnhargeF. Primers for each reaction can be found in Supplemental Table 1.

3.5.4Vectorconstruction
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BamHI, Xhol were used to linearize pTRV2, EcoRI was used to linearizeCOhlHRAZ

Syl e&ysS RA3IS&adAz2ya 6SNBE OF NholSdetoraNEB CutshmaitKk m > 2 F
0dzZFFSNI Ay pn > NBIFIOGA2yad C2NJ LMwxH |y |RRAGAZ
phosphatase was added. Reaction mixes were incubated at 37 °C for 1 hour. Linear vectors

were purified by running a 1% Agarose electrophoredigrgs which the DNA was purified

using a MacherNagel NucleoSpin Gel and PCR Cigzkit.

Insertion for plasmids pTRMZhIHH, pTRVZChIHGE Sy InFusion reaction (ClonTech). Ina 5

>[ NBI O A-Fusign HD Plus| ZDAdFof lihedr vector, an80-50 ng of insert were

| RRSR® ¢KAa NBIOGAZ2Y YAE 61 & AyOdsol GSR G pn clf
this reaction were used to transform Stellar competent cells and grown on selective media

containing 50mg/L of kanamycin.

Base pTRChIVS Ol 2 NE 6 SNB 02y aidNHzOGSR GAlF | tA3IFGA2Y NB
NEB T4 DNA ligase buffer-20ng of linear vector, 6450 ng of insert (3:1 insert:vector)
YR m >[ 2F ¢n fA3IFrasSed wSIOUGA2Yy A& &STaG +d wmc

competent cells and grown overnight on selection media containing&@ of kanamycin.
3.5.5E. colitransformation

Stellar competent cells were used for pégfation transformations. Transformation

followed the protocol: cells are thawed on ice. €h, p > [the IRation reactiorwere

addedto3pn >[ 2F OStfta |yR 3ASyidte YAESR o6& adANNRAYyS3
to incubate on ice for 10 minutes, heat shocked at 42 °C for 45 seconds, and cooled on ice

F2NJ H YAy ® wmipwas added ® Eellslahd/genty3niked by stirring pipette tip in

mixture and left to incubate at 37 °C for 45 min. @ n >[ ¢l a LIX I GSR 2y [.

containing the kanamycin and grown overnight at 37 °C.
3.5.6 A. tumefaciengransformation

Electrocompegnt A. tumefaciensstrain GV3101 cells were thawed on ice. 100 ng of plasmid

5b! ¢615& FRRSR (2 pn >[ 2F O0Stfta IyR YAESR 3Syiite
SOC medim was added and mixed gently. Cells were incubated at 28 °C for 3 hours and

plated on LB agar containing B@y/L of kanamycin, 5thg/L of gentamycin and S@g/L of

rifampicin. Plates were incubated at 28 °C for 2 days.
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3.5.7Gaschromatographyanalyses

A 2 4 A x

SrLX S&a $6SNB Aye2SOiSR Alg:l) athadf iMlefitemperdud of 280 °G [ = &
on a Thermofisher Tracel318QTGCMS equipped with a 5973 mass selective detector
(MSD), and a CTL Analytics GC PAL injector and autosampler. Separatiorfomaegem

a Zebron ZBHTINFERNO column (5% phenyl methyl siloxane; length: 35 m; diameter: 250
>YO0O $AGK 3TdzZr NR O2fdzYyad | St Adzy 61 & dzaSR | &
mL/min and average velocity 37 cm/s. Two temperature runs were usedefection: A.

After an initial temperature at 60 °C, the column temperature was increased to 100 °C at a
rate of 20 K/min, then to 160 °C at 2 K/min, then another increase to 280 °C at 120 K/min,
and maintained for 4 mues. A solvent delay of 5 mies was allowed before collecting

MS spectra at a fragmentation energy of 70 BVAfter an initial temperature as0 °C, the

column temperature was increased t@@ °C at a rate df0 K/min, then another increase to

280 °C ab0K/min, and maintained for 4 mirtes. A solvent delay of 5 mineswas allowed

before collecting MS spectra at a fragmentation energy of 70 eV. Chemically characterised

standards were used to identify compounds by retention time and electron impact spectra.
3.5.8 GaVISpeakintegration and statistical analysis

RawMS files were converted tosv filesusingLablicateOpenChrom. Using R programming
language (R Core Team 2021), areas were obtained byhanuse built script (developed by
Carlos E. Rodriguéopez). The script obtained peaieas from the .csv files by addition of

the intensities at each time point and integrating the peak area according to a user input
timeframe based on the file TIC. Nepetalactone peak areas were divided by the camphor
peak area to obtain the normalized gearea. Each data set was statistically analysed using

R programming language. Variances in each data set were checked for difference, and a
pairwise ttest with a Bonferroni adjustment (for equal or unequal variances) was applied to

obtain pvalues. The fRackage ggplot2 was used to generate the Normalized nepetalactone
3.5.9 Plantgrowth conditions andpropagationmethod

In coordination with the greenhouse team of the Max Planck Institute of Chemical Ecology,
N. catariacuttings were taken from plants growing in a growth chamber with 15&$of
full light (23°C), 30 mintes of dusk and 30 mimes of dawn conditions, ath 7.5 hours of
night (21°C). Humidity was kept at 50%. Cuttings were taken to inclu8en@des. The

bottom node was removed from leaves and inserted into water until rooted, abe2it 1
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weeks. Rooted cuttings were transplanted to a soil mix of 250 L efridlan TS1, 70 L of
Kalsmann Tonnubstrat and 34.5 L of Raiffeisen Baustoffe sand.@rim). Plants were
fertilized once a week with 0.1% Ferty 3 (Plantangemittel GmbH) and watered as

necessary.
3.5.10Virusinducedgenesilencing

A. tumefaciengultures for pTRV1, pTRV2, pTRMEH pTRVPDSpTRV2ChIHGESvere
grown in 50 ml LB cultures containis®mg/L of kanamycin, 50mg/L of gentamycin and
50mg/L of rifampiin, 10 mM MES buffer (pH 5.8) and 200 uM of acetosyrinfmm24 hours

at 28 °C shaking at 200 rpm. Cultures were centrifuged for 15 minutes at 3500 rpm, the
supernatant discarded and resuspended in 10 mL of fresh infiltration buffer (consisting of 10
mM of MES at pH 5.8, 10 mM of MgEIY R Hnn >a ané). TheDSR) Bagd & NA y 3
measured in a 1:10 dilution, and the volume of the infiltration buffer and cultures were
adjusted to obtain 10 ml of a @& of 1. Cultures pTRVA. tumefacienavere mixed with

each individual pTRVAR. tumefaciengultures in a 1:1 rati (10 mL: 10 mL). Cultures were
then incubated in the dark for-8 hours at room temperature with gentle rocking. Cultures
were then centrifuged at 3500 rpm for 15 minutes, the supernataasdiscarded and the
pellet resuspended in 1 mL of fresh infili@t buffer. Plants for VIGS infection were cut
down to 2 to 3 aerial nodes encourage new leaf growth. A sterilized toothpick was dipped
into the 1 mL cultures and used to wound the stem near the nodesi2es, and finally the

wounds were rubbed with théoothpick with more culture.
3.5.11VIGSissueharvesting formetabolite analyses

Nepetalactones were extracted as detailed in Lichreaal. [65], with a few changes. In
general, extraction procedure was as follows: catariatissue was flash frozen and
pulverized, either with a pestle and mortar or withCaagen TissueLyser Il at 25Hz 36r
semonds twice, depending on tissue volume. loeld methanol containing the internal
a0l yRINRaA ouHnn 2Nl pn >a0 OF YLIK2NJ I YR NKFNLIJI 323ARS
catariatissue, vortexed then sonicated at room temperature for 15 minutes. Thewas

centrifuged on a tabldéop centrifuge at room temperature and at top speed (14,600 rpm)

for 10 minutes. The methanol extract was transferred to a new 1.5 ml tube. An aliquot was
takenforL@a { Fylfearaz fSIFI@AyYy3 nnn volune & AexadleKS aShl

(s}
m/

was added, and the mix was vortexed for 2 minutes, centrifuged at top speed for 30 seconds
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and the hexane layer was transferred to a solid phase extraction (SPE) column. The hexane
layer was passed through the column and collected. Thexgaal volume of 20:80 EtAc:Hex
(ethyl acetate : hexane) mix was added to the SPE column to collect the nepetalactones. The
EtAc:Hex extract is then analysed on the-Ns& For VIGS experimentsaf tissue from
pTRV2 empty vector was collected by cuttinfglaleaf from three individual plants. Tissues

from plants infected witfChlH PDSand ChIHGESonly individuals with affected leaf tissue

were harvested. Affected tissues was collected by cutting out the bleached area from the

green tissue angooling together all affected leaf tissue from one individual

3.5.12 RN/Aextraction and cDNAgeneration

For wildtype samples, leaves of all ages were collected from a B2C cultivar plant into a falcon
tube. The falcon tube was flash frozen and all leafuiswas ground with a mortar and
pestle, while cooled with liquid nitrogen to keep the tissue frozen. The ground tissue was
then returned to the falcon tube and stored &0 °C. Ground tissue powder was weight out
between 2535 mg of tissue into cooled 8.ml tubes. For individual experimental samples,
leftover sample tissue not used for metabolic analyses, was weighed out to be between 20
and 35 mg of tissue. If tissue mass was too low to be transferred to a new tube for weighing,
the tissue was not weighd. RNA was extracted using either the Qiagen® RNeasy Plant Mini
Kit, or the Qiagen® RNeasy PowerPlant Kit, depending on availability. Tissue was extracted

according to kit instruction, with a final incubation of 10 minutes for more extraction.

RNA concenation and A280/A260 and A280/A230 ratios were assessed using a
Nanophotometer N60A 2% Agarose electrophoresis gel was ran abM &4 1 hour to verify

any genomic DNA contamination and RNA degradation. RNA samples were subjected to a
DNAse treatmentd remove any contaminant genomic DNA. Treatment was carried out with
Sigma Amplification grade DNase Ibgitadding 1000 ng of RNA>IL ofSigma Amplification
Grade DNase 1uffer and 1>L of the DNAse enzyme into a 20 reaction and left to
incubatefor 20 minutes at room temperature. Then>L ofstop solutionwas added and

the sample was incubated at 7C for 10 minutes. After incubation, the sample was cooled
on ice for 2 minutes. The Thermo Fisher Scientific Applied BiosysteghsapacitycDNA
reverse transcription kit was used to make a=10mixture containing 4.2L of water, 2>L

of buffer, 2>L of random hexamer primers, 0x& of dNTPs and 4L of enzyme and was

added to the RNA sample. The RT reaction was there incubated°@t 5 10 minutes, 37
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°C for 2 hours, then at 8% for 5 minutes and then stored at@. Samples were stored-in
20°C.

3.5.13 gPCR primer design and analysis

Primers for gPCR analysis were designed using the CDS of the target gene in the NCBI primer
desgn tool. The primers were restricted to replicate a product from 70 bp to 200 bp and to
have a melting temperature of 6 ® ¢ KS (22f Qad o0Sad LINAYSNAZ

targeted VIGS region, were selected to be tested.

A dilution standard curvevas carried out for each primer pair. Wildtype cDNA was initially
diluted to a ratio of 1:5, then a series of four half dilutions were carried out. Reaction
triplicates were carried out at each dilution point. The average Cq value was then calculated
and gotted against the log of the sample concentration. A trendline was plotted for these
values, and the equation for the trendline calculated (y=mx+b). The slope (m) of the equation
was then used to calculate the efficiency (E) in the following formula: (B#2Y). The
percent efficiency was then calculated by the following %E=100[Erimers resulting in the

E closest to 2, and the %E closest to 100% were selected to use for qPCR amplification.

Primer standard curves are in Appen8ix
3.5.14 qPCR redmn

The cDNA generated from the RT reaction was diluted by half with diwWater. The reaction
mixture for the gPCR contained the following: 13L50fAgilent Brilliant | SYBR® green QPCR
Master Mix,1.5>L of forward primer and 1.5L of reverse primer (@@nmol each), and 7.5

>L oh diWater and 2L of the diluted cDNA sample. A master mix of the gPCR reaction mix
was pipetted into each well of a 96 wellate first, and the diluted cDNA sample was then
added to each experimental well. Each gene targeted Batechnical replicates and 3
biological replicates. To measure gene expression, each target gene was paired to the
housekeeping gene ubiquitin (UBI). Each plate also contained a well with the reaction

mixture containing diWater instead of sample as amgncontrol.

This reaction was then placed in a #ad CFX96 Optical Reaction Module. The gPCR
reaction protocol was as follows: 3 minutes at“@; then 44 cycles of 30 seconds at’@5

30 seconds at 66C, and 30 seconds at 72, and an individual @ubation at 95°C for 10
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seconds before a final melt curve. A melt curve step with an increas&ébery cycle from

a minimum of 65C to a maximum of 9% finalized the qPCR reaction.
3.5.15gPCR analysis

The resulting cross point (Ct) values frtime qPCR reaction were averaged across technical
replicates. Delta CnCt) was calculated by substracting the average UBI Ct value from the
average target gene Ct value. The DeltaDeltaQE() was calculated by subtracting a control
calibratorn / G @INE &S S| OK p/ Gt valie Wadzhen use®is thefpllowing
equation 2" €t to calculate the normalized expression of each biological replicate. The

average normalized expression was calculated for each experimental sample.
3.5.16 Heatmap ofgene expression

Tissue specific gene expression analysis heatmaps were generatechasiRegtipt package
for heatmaps included in the gplot package, based on Log(FPKM+1) results. Heatmaps were

generated without hierarchal clustering.

3.5.17 Primer list

Code Gene
LP029 NECA _CHLH_VIGS

e Sequence

F CGAGGATCCACCAATGACATGAAGGCCAC

LPO30 NECA_CHLH_VIGS R CGATCTCGAGACGCTGCTAACAACCCG

LPO31 NECA GES1 VIGS F CGAGGATCCCCTCGCTACAAAGGCGA

LP032 NECA_GES1 VIGS R CGATCTCGAGAATCCAACGGCTGGGAAT

LP0O33 NECA_GES2 VIGS F CGAGGATCCGCACCCGAcCcCcTCCT

LP034 NECA_GES2 VIGS R CGATCTCGAGCTGAATCCAAGAGCTGTGG,
R

LP037 NEMU_CHLH_VIGS CGATCTCGAGGAGCTCACAATTTGAGGGC
TTAGCAGCGTCTCGAGAATCCAACGGCTG(
LP044 NECA_CHEEES VIG F GG

LP0O45 NECA_CHEEES_VIG R TCGGGACATGCCCGGGCCTCGCTACAAAG
LPOSO NECA_GES_VIGS F ACGACAGCTGAAGAGCTAGGTTTGGTGGA
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Chapter 4:In Vivo Validaton of the N. cataria Iridoid Biosynthetic
Pathway

4.1. Introduction

In this Chapter, | dribe the use of the VIGS methodology established in Chapter 3 to
characterize and confirm key steps of the catariairidoid biosynthesis pathway. | also
explore the range of possibilities VIGS offers in the broader stutl; ohtariasecondary

metabolism.

4.1.1 Iridoid metabolism irN. cataria

o]
| 8-oxocitronellyl

“--.___. _
8-oxogeranial @ enol
N N >
HGOI
OH
QMLPL) NEPS3
‘-"‘-.. L _J
8-hydroxygeraniol
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CH cis-trans : :
- nepetalactol trans-cis “-ol cis-cis “-ol H
eraniol
& NEPSSl NEPS5/1
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GPP nepetalactone A trans-cis “-one A cis-cis ”-one H

Figure 4.1Nepetairidoid pathway with VIGS targets

A schematic of thél. catariairidoid pathway as described in Lichn&ral.[65] based onin
vitro andin silicostudies. Enzymes in a red or blue outline were targetenh farosilencing.
Enzymes in the red circles were tasgkindividually. Enzymes in the blue rectangle were

targeted simultaneously for silencing.

Nepetalactone biosynthesis Nepetabegins withGPPproduced from the MEP pathway

being converted to the monoterpene geraniol by the specialized terpene synaSd 2],
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[39], [65](fig. 4.1) Geraniol is further oxidized by the CYP76 class Il cytochrome P450 G8H
[12], [40], [65], [74]and the oxidoreductase HGD2], [68]to produce 8oxogeranial. ISY

then produces a reactive intermediate;a&ocitronellyl enol[23], [64] which inNepetais
cyclized into nepetalactol by MLPL, NEBE NEPS364], [65] This nepetalactol is then
oxidized into neetalactone via the action of NEPS5 or NEJB8], [65] As addressed in
Chapters 2 and 3\. catariahas been reported to make three isomers of nepetalactais:

trans nepetalactone trans-cis nepetalactone anciscis nepetalactone fijg. 4.1) [63]. The

enzyme responsible for cyclizatidetermines the nepetalactol isomer producgg#l], [65]

While the activity of GES, G8H, HGO, ISY, NEPS1, 3, 4, 5 and MLPL have been characterized
in vitro [23], [64], [65] thein vivoroles of these genes and their protein products have not
beenexplored inNepeta Of particular interest is understanding the interplay between the
various cyclization and oxidation enzymes in the regulation of the nepetalactone isomers
produced byN. cataria.Therefore, using a functional genomics tool such as Y&aelp

understand the role of these enzymesviva

4.1.2 Iridoid pathway regulation and th&lepetagene clusters

Iridoids have been identified across several plant famiiég [33] The pathways leading to
their production seem to be conserved across these spdtigls [14] Previous work into
the regulatory elements of these iridoid pathways has revealed two main-basicloop-
helix (bHLH) transcription factors, bHlrldoid synthesis (BIS) 1 & 2 to be responsible for
transactivating the iridoid portion of the larger MIA pathwg8r], [96] Other regulatory

elements in iridoid production in otheridoid-producingplants have not been identified.

The physical location of metabolic pathway genes in plants is an activefstady[97]¢

[101]. In bacteria, norfhomologous genes involved in the same metabolic pathways can
often be found clutered close to each othgf02], [103] Geneclustering is not as common

in plants, yet notable examples have been found. Examples in plants include the avenacin
cluster inAvena sativgoat) [97], and noscapinelusterin Papaver somniferurfpoppy)[98],

both examples of gene clusters which include the genes for the enzymatic fetes
secondary metabolite. I€. roseusPaulet al. [99] reported a gene cluster of the regulatory
elements controlling the production dlA. More plant clusters are being identified as

genome sequencing technologies become faster and more efficient, and specialized tools to
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identify clusters in plant genomese being developed, such as plantiSMASH, based on the

bacterial antiSMASH.00].

Analysis of theNepetagenomes revealed that key genes in the iridoid synthase pathway
have clustered together in botN. catariaand N. mussini[65]. The compositions of the
cluster includdSYthe NEP®iomologues an#LPLn both species, anGE3n theN. mussini
cluster(fig. 4.2) These genes within the cluster exhibited the same tiseific expression
patterns[65]. Along with the iridoid pathway genes, there are other open reading frames
within the region of the cluster. In thH. catariacluster A, annotations have been assigned

to these open reading frames using sequence homology against the National Center for
Biotechnology Information (NCBI) database. However, these genes have not been
characterized nor reported. Thesassigned genesnclude a rosmarinate synthase, a
homeobox leucinaipper protein, a receptelike kinase, a polygalacturonase, and a
hypersensitie-induced response proteitike protein (unreported). From these genes, only
the receptorlike kinase RLK can be found in botiN. catariaclustersA and Band theN.
mussiniicluster €ig. 4.2). Receptelike kinases are a family of transmembrane extthdar
cytoplasmic plant proteingl04]¢[107]. This large membrane protein family is divided into
several subgroups, which include the Leusiich repeat RLK family, the. roseuRLK1like
family, the LysM RLK family ethectin RLK family and the prolinieh extensiodike family

[105], [106] Many of the RLK proteins identified in plants have an unknown function and the
ligands foitheir extracellular domains also remain unidentified. Of the RLK proteins that have
been characterized, many are involved in stress responses for biotic and abiotic stresses and

often play a key role idetecting microbe associated molecular pattefh®4]¢[107].
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Figure 4.2Iridoid gene cluster

Iridoid pathway gene cluster M. catariaas reported in Lichmaet al. [63]. The location of
the RLKgenes have been added to this diagram, along with the homology assereslig

N. catariacluster A. 1 is rosmarinate synthase; 2 is a homeobox lezigiper protein; 3 is a
polygalacturonase; 4 is a hypersensiiivduced response proteilike protein. Scale bar

indicates 10,000 baggairs.

While theNepetairidoid pathwayhas been characterized via vitro biochemical analysis
[23], [64], [65] the iridoid pahway has not yet been confirmed viva Using the VIGS
method adapted taN. catariadescribed in Chapter 3, | carried dntvivosilencing of select
genes in the pathway. Furthermore, | targeted a potential regulatory gene found in the
iridoid cluster inN. cataria,RLK to test for its potential involvement in regulation of the

iridoid pathway.

4.2 Results & Discussion

4.2.1 Target selection and design

The work in Chapter 3 describes the development of a functional genomics tool to study
secondary metholism inN. catariavia VIGS. | targeted key genes in the pathway to confirm

the pathwayin vivoand to understand isomer production regulation within the plant.

In this chapter, | report the results of silenciBg&S, ISY, MLIe NEP®iomologues andhe
cluster geneRLKusing the visuainarker VIGS system developed in Chapter 3. | targeted
as a main entry point into the pathway to confirm th@ESwvas responsible for all three
nepetalactone isomers producgdig. 4.1¢ red circles) As opposed tdhe results onGES
silencing presented in Chapter 3, as a met@ss$ for VIGSlouble knockdown efficiency,
here | report on théen vivofunction of GES | then targetedSYMLPL(fig. 4.1 ¢ red circles)
and theNEPS, 3, 4& 5 homologues (fig. 4.¢ blue rounded rectangles) to understand their

roles in the production of the three nepetalactone isomers found\incataria ciscis
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nepetalactonecistransnepetalactone andrans-cisnepetalactone. Furthermore, | targeted
a predicted receptor like kinagRLK found on theNepetairidoid gene cluster. We theorized
that thisRLKmay be playing a role in the iridoid biosynthesis pathway due to its location in

the cluster.

As described in section 3.2.2, | selected short 350 bp) regions of the CDS@ESA/B, ISY,
MLPLand RLKo clone into the double knockdown pTRZRAIHvector. The selected target
regions of each gene were used as BLAST queries inkh ttaariatranscriptome to control
for off-target matching sequences. If a region had a matching site of 19 or morephase

| selected another region within the gerie prevent offtarget silencing As theNEPS
homologuesNEPS 1, 3, 4 & &re very similar to each othg4], [65] it was not possible to
selectively target individual genassing the CDS regiplas described in section 4.2.6. In
short, highly conserved regions amongstEPShomologues were drgeted for the

simultaneous knockdown of these homologues (further expanded in section 4.2.6).

Gene expression analysis from transcriptomic data fidntatariatissues on the genes of

interest compared to the housekeeping gene, UBI9, revealed consestpression patterns

amongst the iridoid pathway gen&ESA, ISY, MLPL, NEPS1, NEPS2, NEPS3A, NEPS3B, NEPS4,
NEPS&nd the visual marker gen&shlHAand ChIHB with more expression in leaf (IL and

ML in figure 4.3) and flower (CB, OF and Pe) tissuesesméexpression in stem (St) and roots

(Ro). In contrast, the housekeeping gene UBI9 is consistently highly expressed in all tissues,

andGESBndRLKare very lowly expressed in all tissues (fig. 4.3).
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Figure 4.3: Housekeeping gene candidates expredatan

Log(FPKM+1) values on the genes characterized, genes used as a visualChittkand

genes used in gene expression analy#q in this Chapter from\. cataria Nc indicate$.

cataria CB=closed bud, IL=immature leaf, ML=mature leaf, OF=tipeer,f Pe=Petiole,
Ro=Root, St=Stem. Heatmaps were generated using the Heatmap package in R and were

subjected to no hierarchical clustering.

4.2.2 VIGS experimental setup

Since the VIGS methodology described in Chapter 3 was not 100% efficient nor fully systemic,
| needed to produce enough replicates to ensure the availability of enough samples per
experiment for robust statistical analysis. | arranged for the propagatiohraoting of 120
cuttings of B2C or B2E plants per experiment. These two cultivars produce all three
nepetalactone isomersgistrans, trans-cis and ciscis found in Nepeta (fig. 3.4). Each
experiment of the rooted and surviving plants consisted of the following: 28 plants infected
with A. tumefacienscontaining pTRV\EhIHas control, 28 plants were infected with.
tumefacienscontaining pTRVAEZhIHgene of interest 1GOI), 28 plants were infected with

A. tumefacienscontaining pTRVEZhIHGOIZ and 28 plants were infected withA.
tumefacienscontaining pTRVAEZhIHGOI3 Some rooted plants were discarded if they could
not be used for VIGS infection. For example, some rootadtplremained in a stunted

flowering phase that produced no new leaves. Others died after transfer to soil. Of the
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remaining healthy plants, these were infected with an empty pTRV2 vector as an infection

control.

Each gene was tested in at letfstee experiments. On average, experiments were harvested
four to six weeks post infection, although a bleaching phenotype was observed on newly
emerged leaves two to three weeks post infection. The extended harvesting time was to
allow for more plant material torgw and was possible because of the double knockdown

system which allowed for the precise harvesting of silenced tissue (fig. 4.3).

5ctm

5cm

Figure 4.3Tissue collection
Using the visual marker technique described in Chapter 3, affected experimental tissue wa
identified as bleach tissue. All tissue from an individual plant was carefully collected, pooled

together, weighed and flash frozen.

4.2 .3GE%nockdown

As described in sections 2.2.1 and 3.2.10, GES is the entry point from the MEP pathway to
the spedalized iridoid metabolism dfl. cataria[11]. GES, a specialized terpesynthase,
generates geraniol through a standard terpene synthase mechanism: loss of the phosphate
group followed by quenching of the resulting carbocation with wgtei, [39], [65](fig. 4.4

A). Geraniol is further oxidized and cyclized to foomstrans, ciscis and trans-cis
nepetalactone present irN. cataria. Knocking downGESexpression is expected to

downregulate the entire iridoid pathway.

87



As expected, tissue from plants infected with tumefaciensontaining pTRVWZhIHGES
(gesin figure 4.4) displayed a significant decrease in all nepetalactone isomers as compared
to tisaue from the control plants infected witA. tumefaciengontaining pTRMZEZhIH(chlh

in figure 4.4), confirmingsESas thein vivoentry point into nepetalactone biosynthetic
pathway.
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Figure 4.4Effect of VIGS dBES

A) Terpene synthase reactiorechanism ofSESRed circle denotes the VIGS targeted gene

in this reaction. B) is a summary of the changes on nepetalactone isomer production. A
downward facing red arrow with a white asterisk indicates a statistically significant decrease

in agiven isomer. Ghows the total nepetalactone content in tissues from pFRMEA.
tumefaciensnfected plants¢hlh) and pTRVEhIHGESA. tumefacieninfected plantsdes.
Normalized nepetalactone content for each isomer is calculated by dividirgpther peak

I NBF o6& (4KS AyuSNylrt adryRFNR opn >a OF YLK?2
sum of each normalized isomer content. The bars indicate the average content of the sum.
Each point is an individual sample. Error bars are the stamdeod An asterisk above a

bracket indicates &test p-value <0.05. AU indicates arbitrary units. D) indicates each relative
nepetalactone content (nepetalactone peak areal/internal standard peak area). The bars
indicate the average content e&ch isomerEach point is an individual sample. Error bars are

the standard error. An asterisk above a bracket indicatesvalue <0.05. AU indicates
arbitrary units. E) are representative-SIS traces ofhlh(top) andges(bottom). TIC is total

ioncount. Retenfily GAYS A& Ay YAydziSao L{ QTascia y i SNy
transneptalactoneT,Cistrans-cisnepetalactone an,ds ciscisnepetalactone. F) Relative

gene expression GES3elative toUBI9in chihandgestissue as measured byyRCReaction.

X-axis is relative gene expression calculatedby/Zrror bars are the standard error. An

asterisk above a bracket indicatetstast p-value <0.05.
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4.2.41SYknockdown

As described in Lichmaet al. [63], N. catarialSYcatalyses the formtion of the 8
oxocitronellyl enol intermediate (fig. 4.A8) upon which MLPL and the NEPS enzymes cyclize
and/or oxidize to form the downstream nepetalactols and nepetalactones. Upon silencing
isy, | expected to see a decrease in all isomer content and the presence I&\thgbstrate,

8-oxogeranial.

Tissue from plants infected with pTREZRIHISYA. tumefaciengisyin figure 4.5) displayed

a significant decrease tistrans nepetalactone andiscisnepetalactone concentration as
compared to tissue from plants infected with pTRM2HA. tumefaciengchlhin figure 4.5).
Whiletrans-cisnepetalactone concentration was decreasedsiyas compared tehlh it was
not significantly different (§. 4.5 BE). The total concentration of nepetalactones was
significantly reduced irsycompared tochlh(fig. 4.5C). The isomer ratios (the ratio of each
normalized isomer content of the total normalized isomer content) betwekihn and isy
were not sigificantly different. However, the ratio dafistrans nepetalactone was slightly
decreased insy, whereas the ratio ofrans-cis nepetalactone was slightly increasedisy
knockdown tissue (fig. 4.5 F). The-ME data did not reveal any new peaks that Icolbe
potential geraniolderived intermediates or side products. However, as addressed in section

4.2.10, a putative glycosylated hydroxygeraniol derivative was upregulated upon silencing of

iSy.

While the decrease irtrans-cis nepetalactone concentrationn isy was not statistically
significant, this does not necessarily suggest ttrahs-cis nepetalactone production is
independent oflSYactivity. Gene expression gPCR data in figureGiréveals thatSYhas
much lower expression iisy tissues, as copared tolSYin chlhtissues, but some relative
gene expression could be detected (0.165) (figzg@)4Further discussion on the known limits
of VIGS are explored in sectior241. However, this result, along with the change in isomer
ratios in figure %&-F, suggests that it is possible tha&ns-cis nepetalactone production

could be produced by anothé®Ylike enzyme, though such an enzyme is not known.
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Figure 4.5Effect of VIGS dSY

A) ISYcatalysed reduction of-8xogeranial to ®xocitronellyl enol intermediate. Red circle
denotes the VIGS targeted gene in this reaction. B) is a summary of the changes on
nepetalactone isomer production. A downward facing red arrow with a white asterisk
indicates a significant decrease in a given isomer. A smaller arrow with no asterisk indicates
non-significant changes. &)ows the total nepetalactone content in tissues from pFRM2

A. tumefaciengfected plantsghlh) and pTRVAEZhIHISYA. tumefacieainfected plantsiéy).
Normalized nepetalactone content for each isomer is calculated by dividing the isomer peak
I NBI o6& GKS AYyuSNyrt adgryRFENR opn >a OF YLK2NDL LIS
sum of each relative isomer content. The badsciate the average content of the sum. Each
point is an individual sample. Error bars are the standard error. An asterisk above a bracket
indicates a-test p-value <0.05. AU indicates arbitrary units. D) indicates each normalized
nepetalactone content (metalactone peak arealinternal standard peak area). The bars
indicate the average content eich isomerEach point is an individual sample. Error bars are
the standard error. An asterisk above a bracket indicatasst p-value <0.05. AU indicates
arbitrary units. E) is a representative 8IS trace ofchlh and isy. TIC is totaion count.
wSGSyiAz2y GAYS A& Ay YAydziSao CHiscistansA y G SNy I € a
neptalactone[,Cistranscisnepetalactone an@,CisciscisnepetalactoneF) shows the ratio

of each isomer relative to the total nepetalactone content (100%). The bars indicate the
average ratio. Each point is an individual sample. Error bars are the standard error. AU
indicates arbitrary unit35) Relative gene expression I&Yrelative toUBI9in chlh and isy

tissue as measured by a qPCR reacti@xisis relative gene expression calculated by’

Error bars are the standard error. An asterisk above a bracket indidatest p-value <0.05.
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4.2 5MLPLknockdown

As peviously showedin vitro [63], MLPL is needed for the production ofstrans
nepetalactone as it carries out the cyclization ofox@citronellyl enol to cistrans
nepetalactol (fig. 4.8\). | expected/LPLknockdown to decrease the production@étrans
nepetalactone. Moreover, levels thns-cisor ciscisnepetalactones could increase and we

might observe geranialerived intermediates.

Bleached tissue from plants infected with tumefaciengontaining pTRVAZhIHMLPL(mIpl

in figure 4.6) showed a significant decrease cigtrans nepetalactone produced, as
compared to plants infected withA. tumefaciengontaining pTRVZhIH(chlhin figure 4.6)
knockdown (fig. 4.6 ). The total nepetalactone content did not significarthange
between chlh and mipl (fig. 4.6 C), althougmlpl tissue shows a slight decrease in total
nepetalactone content, consistent with the lower production @$trans nepetalactone.
Contrary to expectations, there was not an increaséréms-cis or cis-Cis nepetalactones
produced(as evidenced by the sum of these isomers in figureD&B) As revealed in the
gPCR results in figure 4&, whilemlpl gene expression is significantly downregulated as

compared tochlh there is still residual gene expression (0.131).
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Figure 4.6Effect of VIGS aviLPL

A) MLPLcatalysis of &xocitronellyl enol intaistrans nepetalactol. Red circle denoteseth

VIGS targeted gene in this reaction. B) is a summary of the changes on nepetalactone isomer
production. A downward facing red arrow with a white asterisk indicates a significant decrease

in a given isomer. Ghows the total normalized nepetalactone cent for each condition.
Normalized nepetalactone content for each isomer is calculated by dividing the isomer peak

I NBF o0& GKS AyaSNylrt adlyRFENR opn >a Ol YLK;
content is the sum of each normalized isomer conté€hé bars indicate the average content

of the sum. Each point is an individual sample. Error bars are the standard error. An asterisk
above a bracket indicates-test p-value <0.05. AU indicates arbitrary units. D) indicates each
normalized nepetalactoneontent (nepetalactone peak area/internal standard peak area).

The bars indicate the average content. Each point is an individual sample. Error bars are the
standard error. An asterisk above a bracket indicateseat p-value <0.05. AU indicates
arbitrary units. E) are two representative -GIS traces ofhlh(top) andmlpl (bottom). TIC is

totalkA 2y O2dzyid wSiGSyildAzy GAYS Aa Ay YGQGTwdziSao
cistransneptalactone,Cistrans-cisnepetalactone an@,Cisciscisnepetalactone. Fshows

the sum of the normalized peak areat@ins-cisnepetalactone andistransnepetalactone

in chlhandmlipl. G)Relative gene expressionMt PLrelative toUBI9in chihandmipltissue

as measuredby a qPCR reaction-aXis is relative gene expression calculated’by’ Zrror

bars are the standard error. An asterisk above a bracket indicatestg-value <0.05.
4.2.6NEPSarget design

NEPS enzymes were discovered to be necessary for thizatipm and/or oxidation in the
production of the various nepetalactone isomers (fig-A)$64], [65] These enzymes share
a 7087% nucleotide identity, which provides both the opportunity to target NEEPS
simultaneously tounderstand their collective role in the pathway, and the challenge in

silencing each gene individually.

| aligned the nucleotide sequencesNiEPS 1, 3,and5 to look for regions of high and low
shared nucleotide identity. To design the vector that Webtarget alINEPSNEPS1, 3, dnd

5) genessimultaneously, | looked for regions with the most overlapping identical nucleotide
sequences. However, there was no singular region that contained many overlapping
sequences from aNlIEPSThus, | designed ae®@r that would contain a region overlapping

NEPS5/&nd another region containing overlappibftEPS4/10 ultimately create a vector
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pPpTRV2ChIHNEPS5/3NEPS4/10 increase the possibility of silencingiEP Simultaneously
(fig. 4.7).

For single targes, | looked for CDS regions of at least 150bp that contained unigue nucleotide
sequences, or at least not overlapping with other transcripts by more than 21bp. However,

due to the high nucleotide identity among tINEP $enes, this proved this to be impadsie

(70-87% similarity at the nucleotide level). Early attempts at single targets yielded to a
downregulation in more than one isomer, and it was impossible to confirm if this knockdown
effect was due to a true single knockdown, or, more likely, the doagulation of several

NEPSLA Ydzt G yS2dzated ¢2 O2dzy iSNJ GKAa LINRoftSYZ
region of these genes, which proved to have much lower similarity. Work on cloning these

sequences is ongoing and this strategy is reported itised.3.2.

NCNEPST sl s Anstosttoius st
NN I R T T ——
NcNEPS4 IR T BT T T T

NCNEPSS b tammmm 1miniiom 1 iSSRIIN |10 SHUT8 1 SEDMIN I 8RS SO IR i TR I SRR T TR TR O I BT T R ]

Figure 4.7NEP@lignment

Nucleotide alignment oNEP$®/3/4/5. Green indicates 100% identical sites, and yellow
indicates conserved sites in some but not all sequences. White spaces are unique nucleotides.
In orange is a region of especidligh conservation, and primers were designed to target this

region.

4.2.7 Tandem knockdown dfEP$omologues

Using the multiple target construct designed in section 4.2.6, | targeted all OfERSNEPS
1, 3, 4,and5) for simultaneous downregulatiorf.his led to a nomsignificant decrease of
trans-cis nepetalactone andistrans nepetalactone production in bleached tissues from
plants infected withA. tumefaciensontaining pTRV\ZhIHNEPS5/2/3INEPS4/Xneps*in
figure 4.8) as compared to bleachedsiuies from plants infected witlA. tumefaciens
containing pTRVZhIH(chlhin figure 4.8)Ciscisnepetalactone was significantly reduced in
neps (fig. 4.8C). Total nepetalactone content was nsignificantly decreased meps*as

compared to the totahepetalactone content ichlh(fig. 4.8B).

Examining the change in isomer ratios (the ratio of each normalized isomer concentration of

the total normalized isomer concentration)Jf#.8-F) revealed a decrease in the isomer ratio

96

LINR Y



of ciscis nepetalactone from 0.088 ighlhto 0.059 inneps* o n f M2194)lof the total

isomer content (the sum of all normalized isomer ratios, 1.00). Examining the charige in

trans and trans-cis nepetakctone isomer ratios, | wanted to verify if both isomers would
AYONBFAS GKSANI NBaLISOGABS NI G kigtrans&Sjtdaist f & o |
cisnepetalactone isomer ratios) to compensate for the decreasasdisnepetalactone in

the totalisomer content. However, | found thaistrans nepetalactone accounted for most

of the increased ratio imeps* O nfF mannl brudcT0 & O2 VialistiBR i 2
YySLISGEE I OlG2yS NI dGA2a onfF mn n Cigran® repedatctodeK A & O
syrthesis being dependent oMLPL which is not affected by the pTRZhIHNEPS5/3

Neps4/lin tandem VIGS knockdown, whitans-cisnepetalactone would be more affected,

as it depends oNEPS4nd 1 homologues for its synthesis.

Unfortunately, the samessues regarding targeting singiEP3n the coding region also
impairs examining gene downregulation via gPCR analysis. Further analysis via RNAseq will
be used to study the downregulation of this particular experimental tissue. This is further

addressedn section 4.3.1.
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Figure 4.8Effect of VIGS ddEFShomologues

A)is cyclization and oxidation reactions of NEPS and MLPL. Blue rounded rectangles indicate
the VIGS genes simultaneously targeted. B) Total nepetalactone contemthtand neps*

plants. Normalized nepetalactone content for each isomer is calcukatigliing the isomer

LIS FNBIF o6& GKS AyuSNyrt adagryRIFENR o6pn >
nepetalactone content is the sum of each normalized isomer content. The bars indicate the
average content of the sum. Each point is an individual sampbe.béars are the standard

error. An asterisk above a bracket indicatesest p-value <0.05. AU indicates arbitrary units.

C) Normalized nepetalactone isomer content (nepetalactone peak arealinternal standard
peak area). The bars indicate the averaeg&ent. Each point is an individual sample. Error

bars are the standard error. An asterisk above a bracket indicatesagp<0.05. AU indicates

arbitrary units. D) Two representative-GIS traces ofthlhandneps* TIC is totalon count.

Retention timeA & Ay YAydziSaod L{ A& Ay CCFibdfstrdns a1 yF
neptalactoneT,dstrans-cisnepetalactone an@€,dsciscisnepetalactone. E) shows the ratio

of each isomer relative to the total nepetalactone content (1.00). The differemiviidual

isomer ratios betweeghlhandneps*o Ydzf G ALX ASR o6& wmnn0 Aa &adzyy
The bars indicate the average ratio. Each point is an individual sample. Error bars are the

standard error. AU indicates arbitrary units.
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4.2.8 Iridoid pahway regulation and the iridoid gene cluster

Previously characterized bHLH transcription factors CrBIS1/2 were identified as trans
regulators for the iridoidsectionof the MIA biosynthesis in the medicinal plant C. roseus
[87], [96] However, orthologues of these transcription factors were not found inNhe
catariatranscriptomeupon using BLASTig. 4.9). While some orthologues with a short but
highly conserved region were found, these are potentially other bHLH transcriptitonsac

a large and highly conserved family across the plant kingdogi.

EValue o4 Grade Sequence Length Name % Pairwise Identity % Identical Sites Query coverage  Hitend Hit start
1.87e-15 22.2% 184 Gene.42707::NE...25.0% 25.0% 44.31% 1,425 886
9.36e-14 19.0% 159 Gene.45190::NE...32.1% 32.1% 38.01% 1,887 1,444
1.38e-12 7.7% 64 Gene.41968::NE...50.0% 50.0% 15.50% 1,212 1,033
1.40e-12 8.2% 68 Gene.44172::NE...48.5% 48.5% 16.46% 1,197 1,006
1.89%e-12 16.8% 153 Gene.629::NECA..29.4% 29.4% 33.66% 882 424
2.59%e-12 10.1% 50 Gene.6810::NEC...58.0% 58.0% 12.11% 150 1
7.51e-12 8.4% 54 Gene.41853::NE...53.7% 53.7% 13.08% 1,461 1,300
Consensus ; ' ' ' "o i . TRTR HEIRUEE B
Identity I .. 4. s sannnsiiiiimsllatlibuisia, 4
CrBISg : ; = ; = I i B e .

2. Gene.42707:NECA _c3... | wg (RTTIT N
3. Gene.45190:NECA c3... 1 € n

4, Gene.41968::NECA c... T PR T

5. Gene.44172::NECA c3... 11

6. Gene.629::NECA_c203... 1000 1010 R € €1

7. Gene.6810:NECA _c19... (LRI T

8. Gene.41853:NECA c3... |

Figure 4.9: BLAST results of CrBIS1/2 homologesatariatranscriptome

No candidates with a high nucleotide identity to CrBIS1/2, a cldsidLddtranscription
factors that regulate the iridoid pathway i@. roseuswere found in theN. cataria
transcriptome. Some conserved regions may belong to the large numbédHIiof

transcription factorsnvolved in other transegulatory processes.

Many genes of théN. cataria and N. mussiriiidoid pathway are found in a biosynthetic

cluster, as evidenced lyy a LISOG A2y 2 F [BR WithidtheN/ catar@and\Sy 2 Y S a
mussiniicluster, there is also &LKgene of unknown function (fig. 4.48). This class of
enzymes are membrane bound kinases and are often involved in signalling cascades in
response toabiotic and biotic stressors. Gene expression analysisRibi€in N. cataria

revealed a relatively low expression (fig. 4.3) “in plants grown under normal conditions
(described in section 48). The VIGS experiments described in this Chapter was
implemerted in plants grown in normal growth conditiormd without abiotic or biotic

stressors.
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TargetingRLKor knockdown produced no change in nepetalactone content, suggesting that
this kinase does not play a role in the nepetalactone pathway under nornaaitly
conditions (fig. 4.9 #). However, it is important to note that this gene is very lowly
expressed in these normal growth conditions (fig. 4.3), and that VIGS had a negligible effect
on gene expression (fig. 4-H). Further proposed work on tha vivo characterization in
relation to the nepetalactone pathway of thi_kcan be found in section 4.3.4, and further
discussion on regulation candidates for the iridoid pathwalircatariaare discussed in

section. 4.36.
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Figure 4.10Effect of VIGS dRLK

A) Location oRLKon the Nepetairidoid gene cluster. B) is a summary of the changes on
nepetalactone isomer production. Equal signs signify no changsho@ys the total
normalized nepetalactone content for each coiit Normalized nepetalactone content for
SIFOK Aa2YSNJ Aa OFfOdg FiSR 08 RAQGARAY3I (KS
camphor) peak area. Total nepetalactone content is the sum of each relative isomer content.
The bars indicate the averagentent of the sum. Each point is an individual sample. Error
bars are the standard error. An asterisk above a bracket indicatiestgp-value <0.05. AU
indicates arbitrary units. D) indicates each relative nepetalactone content (nepetalactone
peak areahternal standard peak area). The bars indicate the average content of the sum.
Each point is an individual sample. Error bars are the standard error. An asterisk above a
bracket indicates a-palue <0.05. AU indicates arbitrary units. E) Two represem@®S

traces ofchlhandrlk. TIC is totallbn count. Retention time is in minutes. IS is internal standard
Opn >a QOO,TtidrandldeFalactone T,Cis trans-cisnepetalactone and€,ds cis
cisnepetalactoneF) Relative gene expressiorRifi¢elative toUBI9in chihandrlk tissue as
measured by a gPCR reactiomaxié is relative gene expression calculated™y. Zrror bars

are the standard error. An asterisk above a bracket indicatéssap-value <0.05.
4.2.9Semiuntargeted metabolomics

While GEMS analysis on the extracted tissue samples were instrumental in measuring the
decrease in nepetalactone content as a result of VIGS, these traces revealed no new peaks
of the expected substrates, precurspms intermediate molecules that would accumulate

upon knockdown of a metabolic pathway genes. We hypothesized that these missing
intermediates or precursors may be modified in the plant, as has been reported previously
[109]¢[112]. Dudleyet al. [109] and Donget al. [111], [112]reported the poduction of
derivatised geraniebased metabolites upon the expression of iridoid pathway genes in

Nicotiana benthamiangtheorized to becatalysedy endogenous enzymes in the host plant.

In metabolomic analyses, targeted analysis is carried out to teted quantify specific
target molecules, such as the &S analysis of nepetalactones in this Chapter; untargeted
analysis is used to explore the unknown metabolic landscape in a sample and is hypothesis

generating[113]. Semiargeted metabolic analysis to detect unspecified geraderived
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adjuncts was carried out on the methanol extracts from the collected VIGS samples listed in
sections 4.2.4, 8, 9 on a nowolatile liquid chromatographyguadrupole time of flight mass
spectrometer (LEQTORMS). These methanol extracts were run on negative ion mode as
previous work[109], [111], [112]has reported higher resolution on geranimhsed
glycosylate or oxidized compounds with negatively charged ions. | set out to identify
geraniotbased monoterpenes that may be modified precursors as a consequence of
disrupting the iridoid pathway via VIGS. All runs were then processed through the Bruker
Metaboscapesoftware (2021B) for analysis in metabolite peak changes above the arbitrary
cut off of 100,000 (1G% counts.

This metabolomic analyses revealed the upregulation of a compound with a retention time

of 4.22 minutes and a mass to charge ratinZ) of 34.1561, found only imsytissue {ig.

4.11-A, B). We tentatively assigned this compound to be a formic acid adduct of a pentose
conjugated hydroxygeranial (C15H2406 h1 0 ¢ KA OK Kl & Iy SEIF Ol YI aa
of 3.48) {ig. 4.11B). Inneps*knockdowntissue, an increase in two compounds, one with

retention time 3.99 anan/z of 359.1353, and one with retention time 4.03 amdz 719.2777

were significantly increasg(fig. 4.10-C, D). We suspect these to be the monomer and dimer

forms of the same metabink. We tentatively assigned this compound to be either a formic

acid adduct of a pentosyl hydroxijoxogeranial (C15H22A@ZO0H) with an exact mass of

27

opdpd®monH O6nplLII) 2F HdTyyd 2NE fSaa tAa18Steées I KSEef

mass of 360.14 1 0 n LAZYE.3)2Rkgorous characterization is impaired due to the lack
of standards available for some of these compounds, and the amount produced in each plant

is too low for collection, isolatigrand characterization.
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Figure 4.11Semiuntargeted analysis of VIGS samples

Intensity distribution by VIGS sample and boxplots of bucket statistics from Metaboscape
(2021B). Two high intensity (>10»molecules with a significantly different intensity change
are shown. Left plots in A ashow the distribution of intensitieg#xis) by gene targeted
(legend) in each VIGS conditiofakis) and right plots are boxplots of these intensities.
Boxplots show median (line) and average (dot) values, and 25% and 75% quatrtiles. Grey
whiskers indiate the lower and upper extremities. Coloured circles outside boxes are outliers.
Asterisk over a bracket indicatestatisticallysignificantly differece (-test pvalue <0.05)
Information in upper right corner indicates the retention time and theeples] masgo-

charge ratio for the metabolite studied. #pws a metabolite significantly upregulatedsy
samples. B) shows a possible structure for the tentative pentosyl hydroxygdaamial &cid

adduct is not shown). Exact mass (345.1549) waslat#d using the proposed molecular

formula (GHxOs/ hh1 0 ® S5AFFSNBYOS Ay LI NIa LISN YAfEAZY

F2ff206AYy 3 T 2 NMosehedC MineopidaM¥eorelca). ) Bhows the monomer (top)
andtentativedimer (bottom) moleale that is significantly upregulatedrieps*samples. D)

shows a possible structure for the tentative pentosyl hyddisyogeranial formic acid

adduct is not shown) (left) and hexosyl carboxygeranic acid (right). Exact masses (359.1342 &
360.1420) werecalculated using the proposed molecular formulagHGOs-COOH &

GeHsO0 @ S5AFFSNBYOS Ay LI NGA LISNI YATEA2Y opnlLIIYO
N LILIY S((MobdvhvatiC Mineoretica)/Mineoretica). T€Ntative identification was carried out witie

aid of lorenzoCaputi.
4.2.10 The glycosylated iridoid 1,5,9 eg¢oxyloganic acid

One aspect of this pathway that has not been fully explored is the presence of glycosylated
iridoids inNepetg as reported in Lichmaet al. [63], and reported in other Lamiaceae plants
[11], [114K[116]. Previously studied iridoid pathways in other plafig], [41], [42]report

that an iridoid oxidase/fleoxyloganetic acid synthase is required to oxidize nepetalactol
into 7-deoxyloganetic acid which is then glycosylated by a glucosyl transferase (UGT). As
described in Chapter 2, sectiéh2.1, no iridoid oxidase candidate was found\iepeta
However, @ar Kamileen in our group has identified several UGTs that may be involved in
the production of glycosylated iridoids such as 1,5,9dsgixyloganic acifunreported, and

which may add thesugar moiety to the hydroxyl group of nepetalactol, or onto a further

oxidized form of the molecule.
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Methanol extracts from the above described (8)2VIGS samples were visualized on the LC
QTORMS to probe for changes in the production of 1,5,9-d@bxyloganic acidf{g. 4.12).
LCQTORMS analysis ofjes knockdown samples revealed a significant decrease in the
production of thetentative dimer (m/z 719.27776) of the glycosylated iridoid 1,5,9 -epi
deoxyloganic acid (fig. 4.42). While the monoment{/z 359.13522) showed a decrease, this
was nonsignificant (fig. 4.1D). Upon knockdown of the other genes in the iridoid pathway

(ISY, MLP& allNEP§ no downregulation of 1,5,9 epleoxyloganic acid was found.

This does not necessarily suggest the neetaine iridoid pathway is not involved, or
involved to a lesser extent, in the production of glycosylated iridoids. The volatile
nepetalactones are produced in trichomes, as reported in Lichebah [64]. Research into
trichomes and secondary metabolites report that these plant specialized organs will often
sequester secondary metabolites, especially volatile metabolites. Release fednictiome

is often towards the exterior of the plant, rather thanto transportation within the plant
[117], [118] As such, there is not much pretdid transfer of these nepetalactones between
tissues or within the plant. Hence, using the bleaching visual m&kiito collect specific
affected trichome rich leafissue can result in clear downregulation of the downstream
products of these pathwaysynthesized or stored in the trichomg#3]. However,
glycosylated metabolites are soluble and often glycosylation is used to mediate
transportation of secondary metabolites throughout the pldb8], [119], [120] Therefore,

it is possible that nomffected tissue may be contributing to the levels of 1,5,9-epi
deoxyloganetic acid seen in bleached tissue WRES, ISY, MLBL NEPS 1, 3, & 5
knockdown. Stable transformants knocking @ESr ISY for example, would provide better
evidence of whether the nepetalactone pathway is responsible for the formation of

glycosylated iridoids found iNepetatissue, or if another pathway may be responsible.
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Figure 4.12Nepetalactonéiosynthetic geneand1,5,9 epideoxyloganic acidoncentration

A) shows the L-QTOFMS trace andm/z distribution of 1,5,9 epileoxyloganetic acid

standard. Standard was isolated bhy& Kamileen fronNepeta catariand reported ir{63].

B) shows a quality control (&@mple of the VIGS methanol extract. QC was made by taking

I mn >[ FEtAld24G 2F S

Mmn >a KIFNLJI 32aARSO

/0

FOK YSUGUKIFIy2f alFyYLXS Ay
déeoRybganidaéidas epome@d]i dzNBS

D) is thantensities Y-axis) by gene targeted (legend) in each VIGS conditexis). Boxplots

show median (line) and average (dot) values, and 25% and 75% quartiles. Grey whiskers

indicate the lower and upper extremities. Coloured circles outside boxes aessoutbterisk

over a bracket indicates atatistically significantly differece (t-test pvalue <0.05)
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Information in upper right corner indicates the retention time and the observed-tmass

charge ratio for the metabolite studied.

4.2.11Drawbacks of VIGS as a functional genomics tool to study the iridoid pathway

As revealed in some of the above results, namely the-gignificant reduction on
nepetalactone content upon knocking dowsivor allNEP$oupled with gPCR data revealing

a knocklown and not complete silencing of the targeted genes suggest that although VIGS
is a useful tool to study nepetalactone metabolism, its silencing is incomplete, which may
lead to results that are difficult to interpret as compared to a fully stable geonekout. This
incomplete silencing leads to certain ambiguities that lay open further questions, such as
whether there are alternative contributors to a certain metabolite (in section 4.8r4)
transport of metabolites between neaffected and affected tsue (in section 4.2.10As
described in Chapter 8. catariaandN. pogonospermhave been showed to be susceptible

to the use ofA. rhizogenefb9], [79], [80]as a transformation method on excised stems and
leaves, as well as anlltured seedlings. Preliminary work intstablishing protocols to
generate Nepeta calluses amenable to gene editing transformation techniques, and
regeneration of said calluses into plants, is being carried out in the group, as addressed in
Chapter 3.

4.3 Future work

4.3.1Transcriptomics

While gPCR is a useful tool for measuring the gene expression for indiy@heshnd serves

to corroborate the VIGS knockdown effect on nepetalactone concentration in bleached
tissues, it is not practical to use for measuring gene exgiwesof genes with a high degree

of nucleotide identity, as is the case with thNEEP$iomologues Transcriptomic analysis on
neps*samples would yield gene expression data on indivilEP Sidentifying the extent

of which eactNEPSjene is downregulated.

A further advantage to transcriptomic analysis on these experimental tissues is to aid in
identifying other genes that may be involved in the pathway, for example, those that may be
involved in regulating the pathway expression, and to understand how degutating one
gene may affect the rest in the pathway. For example, upon the knockdowh.Bf. there

wasnot an increasén trans-cisand ciscisproductionas initially expectedWe want to test
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if this is a resulof a loss of the unstableubstrate awilable for the other enzymes, or if there
is a compensation idownregulatingthe genes involved in producirtgans-cis and ciscis

nepetalactones.

As described in Sections 42nd 4.2.1D, downregulation of certain genes suchl&¥and

the NEPSed to the formation of putative glycosylated geranlmsed monoterpenes. As
reported before[109]¢[112], plants may deploy glucoslybhnsferases and other modifying
enzymes to deal with unexpected metabolites géyerating the transcriptome agysample
MRNA, for example, we can begin to understaadhs of the mechanisms in which plants
deal with unexpected metabolites by a targeted search into upregulated glucose

transferases.
4.3.2Silencingndividual NEP$1omologuesvia VIGS

Knocking dowrNEPS1, 3, 4nd 5 in-tandem yielded some understanding of their role in
nepetalactone isomer production. Nepetalactone isomers were differentially affected by the
downregulation of the NEPSgenes, such agiscis nepetalactone being significantly
decreased, and while botinans-cisandcistranswere nonsignificantly downregulated, the
ratio between these isomers did differ from the contotilh, suggesting that the roles NEPS
enzymes have collectively behind each isomer are unequal. Knocking down indN&R@l
genes would larify the individual roles each enzyme has in the pathway. As of the most
recent publication on this pathway63], the roles of NEPS5 and 1, dehydrogenases
responsible for producing nepetalactone from nepetalactol, have not been clearly
established. Whilewe know fromin vitro data that both NEPS1 and NEPS5 oxidize
nepetalactol to nepetalactone for theiscisisomer,cistrans isomer andtrans-cisisomer,
gene expression data fromMd. mussinifavoured NEPS5 as the dehydrogenasecistrans
nepetalactoland NEPS1 as the dehydrogenaserfamns-cisnepetalactol[63]. We therefore

do not know if these enzymes specifically act on certain isomers over the others, or if they

are more promiscuous planta This is further discussed in sectisi2.1.

ManyVIG® 2 Yy A NHzOG & GIF NBSG GKS 0Q dzy Nl yaflidSR NBIA2)
the CDS regiofd7], [52], [53] This region plays a key role in gemgression and is usually

non-homologous to other CDS regions, even when the coding sequences are nearly identica

Predicted UTR regions of tidEPSgeneswere identified usingthe N. catariagenome

generated by the Mint Genome Projecligned against each other to exclude any regions
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similar to each other. Target sequences were verified against the genome asdripgome

to ensure nooff-target silencing would incur, as described in Chapter 3. Primers were
designed to amplify these regions. However, amplification under various permissive PCR
conditions proved difficult, and only one out of the fAMEP $enes waamplified. This may

be due to differences between the reported genome and our cultivars. Work is sgthiog

to obtain verified UTR target sequences for tNEPSgenes in order to silence them

individually.
A
NCNEPST it omsommein tasen s s seamamnse 1 S i Smamess s S niiss o o s i e N R B v R GURL. SN 1
i s |
NCNEPS3 st summmm tasmimimimm: nmmmmmmens oo amis 1o smvmmsiom s smyms stmmms. s o omem o s v s Y R B SR8 U ORI 1 A 00—
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Figure: 4.13NEP$omologues single VIGS silencing strategies

A) shows the nucleotide alignment NEPS1/3/4/3with an earlyunsuccessfuattempt at

identifying relatively low areas of conserved nucleotide identity. Green indicates 100%
identical sites, and yellow indicateonserved sites in some but not all sequences. White
spaces are unique nucleotides. In grey are the regions selected for single targeting. B) shows
the cloning strategy to amplify thglzii | G A @S 0 Q! ¢w NBIA2Yy F2NJ &aAy
PCR usedFrimer CDS paired withFRimer UTR. A second PCR was then performed using F
Primer UTR andRrimer UTR as primer pairs. Only amplificatidhedNEPSWTR regiowas

possible with his technique. Further UTR regions will be synthetically produced
4.3.3 Iridoid synthase anghrogesterone5-beta reductase

As reported iff11] and in section 2.1.1SYevolutionary history involved the duplication and
ALISOALEATLFGARZY 2F | tpiw FyOSaidz2NE 6AGK &2y
iridoid synthase. Further predicted ancestral enzyme activitief63h revealed tle steps

GFr1Sy 2 FdAte aLISOAFEATS Ayiliz2 oSONegetg3a |y
ISYo SO YS FdzZ t & &aLISOALI f AITNS mrianétiied dompe indoidk 2 Y 2 f
adYyUKI &S OUAGAGE O6FAID NicHaiato tost foryteddctioy’ 3 2 dzil
nepetalactone content would reveal the influence, albeit small, this enzyme may have on
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nepetalactone production. Furthermore, while silencin§Y resulted in a general

downregulation of nepetalactone end product, its knoolwh effect was not as severe as

knocking dowrGESactivity. One potential hypothesis would be a redundancy on behalf of

tpiw SylTevySao /2YLI NAy3 (KS-CRHSYS gicongrlict 1| y201 R26Y
against the effect of knockdown of the pTRERIHISYand pTRVZhIHt p | censtrucs

would aid in this understanding.
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Figure: 4.14: The evolution i¥Yandt p iaetivity in Nepeta
Figure adapted from Lichmaat al [63]. Ancestrally predied and extantiSYandt pi w

homologues were tested for their relative respective activities.

4.3.4 RLK activity under stress conditions related to nepetalactone biosynthesis

Reported in section 4.8, targetingN. catariaRLKia VIGS did not lead &ther a significant
downregulation of the gene, which is already lowly expressed, nor to any changes in the
nepetalactone metabolism. Many reported RLKs play a role in plant immunity, often
becoming active in situations of abiotic or biotic str¢$84]c[107]. It may be that this
Nepetacluster RLKis only activated in stress conditions. To test the function of this gene,
gene expression should be measured under stress conditions, for example, upon infection
with acommon Lamiaceae pathog@t?1]. If upregulated in stressful conditions, VIGS could

then be used to silence the activatd&®l.Kgene, and the nepetalactone content of these
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stressed plants could be then analysiedtest for the involvement of the iridoid pathway

under biotic stress conditions

It is also possible that thRLKis uninvolved in the iridoid pathway. THRLKfound in the
Nepetacluster is a Leucingch repeat RLK, according to its homoldimsed assignent.
From the NCBI database, it has an 88% identity Walvia splendansRRRLK FEI 1. FEI
proteins (named after the Chinese word for fat) were found to play a role inwedl

biosynthesig122].

4.3.5 Trichome morphology and VIGS impact

As nepetalactones are specifically produced in Nepeta trichofdék we wondered if
downregulating the pathway would influence trichomes morphology or number. Using light
microscopy, | examined trichome structure and relative density on leaves of several ages
from aneps*knockdownand a WT leafNepetatrichomes seem to be glandular multicellular

trichomes.

Neither trichome morphology nor trichome density seemed to change on the preliminary
data set of microscopy photos that were acquired from WT meds* leaves(fig. 4.15)
However, further work into defining leaf quadrants, acquiring replicates and robustly testing

for morphology and density change in different knockdown samples is still needed.
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WT 4cm neps* 3cm

Bottom segment
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Figure 4.15N. catariatrichome morphology
Microscopy images of WT and bleachesps* tissue. Leaves were taken 6 weeks post

infection. Images taken in stereomicroscopy (M205FA, Leica).

4.3.6 Candidates for iridoid pathway regulation M. cataria

As addressed in section 482.a homology searchof the previously characterized iridoid
pathway transcription factors BIS1J27], [96]in the N. catariatranscriptome did not yield

any candidates with high query coverage nor high percent sequence identity. However,
regulation of other monoterpene pathways have been reported, including MYB transcription
factors responsible for monoterpene regulation iklentha spicata (spearmint) and
Lavandula spp(lavender) and the WRKY transcription factolitis vinifera(grape vine)
(fig.4.16)[123]¢[125]. It is possible thafN. catariahas ceopted another monoterpene
regulation machinery for iridoid production. These mentioned transcription factors have
been shown to work as trarggulators. A homologpased search using the Lamiaceae
transcription factors as a query to fid. catariahomologueshat would be ceexpressed

with the iridoid pathway genes would be good candidates.
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Catharanthus roseus

Mentha spicata Vitis vinifera
WRKY1 ——DXS ]
‘ MYB — GPPS Monoterpenes
G8H 1 1
— BIs1
] Monoterpenes — yABBY5 GT14 — WRKY40
LAMT |<— BIS2
l Glycosylated
SLS | monoterpenes

Figure 4.16: Monoterpene regulation systems in example plants

Basic schematic of some known regulatory systems for monotetpesgnthesisin A),C.

roseus WRKY1 regates the MEP pathway (deoxyxylulosphBsphate synthase DKS)
leading up to iridoid biosynthesis, and BIS1/2 regulate the iridoid part of the MIA pathway
(G8H, loganic acid-@ethyltransferase (LAMT) and secologanin synthase (SLS)). B) shows
what is kown about the regulation of monoterpene productioMentha spicataln C), the
relationship between the transcription factor WRKY40 and the production of glycosylated

monoterpenes found iVitis viniferaPlant images are from Wikimedia commons.

As desribed in Chapter 3, VIGS has been previously used to study the secondary metabolism
in various noAmodel plant systems (10, 381, 49)47], [52K[54], [87] While many of these
reports focus on the enzymes involved in the biochemical steps of the patliiaerg are

also reports which target the regulatory elements of these pathways, using VIGS as a
functional genomics tool to characterize theim.Patraet al. [126] and Van Moerkercket

al. [87], the authors identified several key regulatory genes, including the transcription factor
BIS1]85] and the upstream regulator coronatine insensitive 1 (COIpX¥-protein[124],
controlling the MIA pathway inC. roseusand used VIGS to partialvalidate their gene
functionsin viva Other examples of VIGS as a functional genomics tool to study regulatory
St SYSytia AyOfdRS (GKS ARSYGATFAOFGA2yW)rAF §KS
in pathogen resistance iManihot esculentgcassavaj127], the role of the transcription
factor Teosinte Branched 1, Cycloidea, and Proliferating4 Cell Factors (Fganma vesca
(woodland strawberry) in fruit ripeninid.28] and the characterization of the RLKs Receptor

like protein REO2 fronNicotiana benthamiangd104] and the cysteine rich receptor like

kinase 2 (CRK2) fromiticumaestivum(wheat)[129] and their roles in pathogen triggered
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immune responses. Based on these reports, and the validation of VIGS as a tool to study the
nepetalactone metabolism in Chapter 3 and 4 of thissis,VIGS could be usedi cataria

to quickly screen for iridoid pathway regulator candidates.

4.4 Conclusion

VIGS has proven to be a useful and quick tool to study iridoid metaboliSircietaria.GES,
ISY MLPLand theNEPSiomologues knockedaivn using VIGS proved to be a part of the
iridoid metabolism as expected from their vitro roles by the effect their silencing had on

the iridoid content in the infected plan{§4], [65]

Silencing of5SESy VIGS led to a significant decrease in the production of all nepetalactone
isomas and the 1,5,9 egileoxyloganic acid dimer consistent with an early shut down of the
pathway. SilencindgSYled to a significant decrease @iscis nepetalactone anctistrans
nepetalactone, and a nesignificant decrease ofrans-cis nepetalactone, themost
abundant isomer in thé\. catariacultivars used in this work. This effect is consistent with
ISYbeing further down the pathway, whemesidual activity could still produce sufficient 8
oxogeraniol to supply the final pathway stepBurthermore, silencindSY produced a
tentatively assigned glycosylated hydroxygeranial, possibly derived from excess 8
oxogeranial in the affected tissue. SilencMygPLead to the expected decrease aftrans
nepetalactone content. Finally, silenginall NEPS(NEPS1, 3, 4nd 5) homologues
simultaneously led to a significant decreasecigcis nepetalactone, the least abundant
isomer in the cultivars used, and to a statistically +sggnificant decrease igistrans
nepetalactone andrans-cisnepetalactone.Levels of trangis were reduced more than eis
trans nepetalactone. This is consistent with the fact thati@ss is also produced by MLPL
and therefore the depletion of NEPS enzymes may have less of an impact on its
accumulation Silencing thanember of the iridoid gene clustRLKled to na-significant
alteration of the nepetalactone content produced under normal growth conditions.
However, the roleRLKmay play in abiotic or biotic stress conditions and its effect on

nepetalactone content wanot a part of this thesis.

This system provides an example of how plants neutralize unexpected metabolites, such as
the pathway intermediates formed upon silencitfg§yand the NEPSnzymes, an area of

interest in plant metabolic engineerirf$09]¢[112].

116



The results from these VIGS experimerdaso raisethe question why is trans-cis
nepetalactone seemingly less affected by iridoid pathway géise&gnd NEP$iomologues)
knockdown as compared to the other isomers foundNincataritk DA @Sy (KA &
abundance in the plant, it could be th®IGS may not be a powerful enough-giffitch to

have a significant effect on the downregulationti@ns-cisnepetalactone production. Gene
expression analysis ages, isyand mipl plants revealed an incomplete silencing@ESISY

and MLPLrespectively This is further addressed in sectiol2 41 Furthermore, given the
similarity between theNEPS$equences making it difficult to initially target individiMEP S
homologues, | was not able to directly test the effect downregulahiiPS4the enzyme
shown to be responsible for cyclizingogocitronellyl enol intotrans-cis nepetalactol.

Approaches to target individublEP$enes for silencingg further detailedm section 4.3.2.

117



4.5 Materials andMethods
4.5.1 VIGS insert design

Sequences of 350 bp in length were obtained filohiH GES, ISY, MLPL and fRRaKdid not
contain any exact matches longer than 20 bp to other parts of the genome. Sequences for
the NEP$®omologues wee designed as described in section 4.2.7. Sequences were reviewed
to be free from BamHI and Xhol restriction sites. Primers were designed containing the
palindromic sites for BamHFofward primer) and Xholréverse primer), to ligate to
linearized pTRVXector, and the first and last 15 to 25 nucleotides with an annealing

temperate close to 55 °C.

To construct the dual silencing vector, 2B80 bp fragments of genes of interest were
selected and checked to not contain any exact 20 bp matches with othw#s p# the
genome. Primers were designed to amplify these regions and add an overhang to the pTRV2

vector.
4.5.2 Obtaining plasmid gene inserts

Gene fragments for VIGS were obtained both by amplification of our stock of plasmids
containing our genes ohierest and cDNA in case if no stock being present. Primers for

amplification included a nucleotide extension which matched to the pTRV2 vector. Primers
were designed to be between 15 and 25 nucleotides long and with an annealing temperature

close to 55 °C
4.5.3 cDNA productioffior insert amplification

RNA from young leaf tissue frdshcatariawas retrotranscribed using Invitrogen Superscript

L+®d LY F wmn >[ NBFEOGAZ2YS dzLJ 2 pnny3al o6+o2dzi m >
reversetranscriptasé Hnn ! k>[ 0 FYR ™M >[ 2F wmMnn Ya 5¢¢d LyOdz
YR GKSY G4 yn ¢/ F2NImn YAydziSa (42 AylFIOGAGIGSo
37 °C for 20 minutes. cDONAwas storedran 6/ ® LYy aSNIia FNRY O5b! gSNB
inaz >[ NBIOGA2Y daAAyd mS>[mi®p OS5b!2 2 NIl YBA GENRRSY t
5b! LRte&YSN}I&aS YAEZ mMoup > 2F mMn xa C2NBINR FYF

enhancer. Primers for each reaction can be foungrimer list

4.5.4 Vector castruction
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BamHI, Xhol were used to linearize pTRV2, EcoRI was used to linearizeCbhiLRMA
Syl eyS RA3ISadA2ya 6SNB OFNNASR 2dzi 6A0GK ™

0dzZFFSNI Ay pn >[ NBIFIOlGA2Z2yad C2 b rARDvatkalinel y |

phosphatase was added. Reaction mixes were incubated at 37 °C for 1 hour. Linear vectors
were purified by running a 1% Agarose electrophoresis gel from which the DNA was purified
using a MacherNagel NucleoSpin Gel and PCR Cilgakit.

Insertion for plasmids pTRVZHLHpTRVZCHLENEPS®HY InFusion reaction (ClonTech). In
I p >[ NBI ORugicd AD Plus, ZB hg oPliffearlvattor, and ZB0 ng of insert

were added. This reaction mix was incubated at 50 °C for 15 minutesocated on ice. 2.5

>[ 2F (GKAA NBIFIOGA2Y @oSNB dzaSR G2 GNI¥yaftz2Ny

media containing 50mg/L of kanamycin.

Base pTRCHLHIS O 2 NA 6 SNB O2yaidNHzOGSR GAlL | € A3l

NEB T4 DNA #ge buffer, 2660 ng of linear vector, 6050 ng of insert (3:1 insert:vector)
FYyR m >[ 2F ¢n fA3IFraSe wSIFOdGAzy Aa STl

competent cells and grown overnight on selection media containing 50 mg/L of kanamycin.
4.5.5E. colitransformation

Stellar competent cells were used for péigfation transformations. Transformation

followed the protocal cells are thawed on ice. Therypl bf[the ligation reaction were

addedto3epn >[ 2F OS8tta FyR 3ISyite YAESR o8& &0

to incubate on ice for 10 minutes, heat shocked at 42 °C for 45 seconds, and cooled on ice
F2NI H YAYy® mpn > [edt@cells &nd dgently Sixed by stigringFipdttertiR in
mixture and left to incubate at 37 °C for 45 min. @@ n >[ 6+ & LI I 4§SR

containing the kanamycin and grown overnight at 37 °C.
4.5.6 A. tumefaciengransformation

ElectrocompetenA. tumefacienstrain GV3101 cells were thawed on ice. 100 ng of plasmid
5b! ¢F& FRRSR (2 pn >[ 2F OStfta FyR YAESR
SOC medium was added and mixed gently. Cells were incubated at 283 Gdars and
plated on LB agar containing 50 mg/L of kanamycin, 50 mg/L of gentamycin and 50 mg/L of

rifampicin. Plates were incubated at 28 °C for 2 days.
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4.5.7 Gaghromatography analyses

A 2 s oA ~

{FYLX Sa 6SNBE Ay2SOGSR Ay aldetteinperda®rB&280% >[ = & LI A d
on a Thermofisher Tracel318QLT GMS equipped with a 5973 mass selective detector

(MSD), and a CTL Analytics GC PAL injector and autosampler. Separation was performed on

a Zebron ZBHTINFERNO column (5% phenyl methyksite; length: 35 m; diameter: 250

>Y0O GAGK 3TFdzk NR O2fdzYyd | St Adzy 61 & dzASR & Y20Af
mL/min and average velocity 37 cm/s. Two temperature runs were used for detegtion:

After an initial temperature at 60 °C, the colutemperature was increased to 100 °C at a

rate of 20 K/min, then to 160 °C at 2 K/min, then another increase to 280 °C at 120 K/min,

and maintained for 4 minutes. A solvent delay of 5 minutes was allowed before collecting

MS spectra at a fragmentation engrgf 70 eVB. After an initial temperature at 50 °C, the

column temperature was increased to 170 °C at a rate of 10 K/min, then another increase to

280 °C at 50 K/min, and maintained for 4 minutes. A solvent delay of 5 minutes was allowed

before collectig MS spectra at a fragmentation energy of 70 eV. Chemically characterised

standards were used to identify compounds by retention time and electron impact spectra.
4.5.8 GEMSpeakintegration andstatistical analysis

RawMsS files were converted to .csvdilasing Lablicate OpenChrom. Using R programming
language (R Core Team 2021), areas were obtained byhenuse built script (developed by
Carlos E. Rodriguéopez). The script obtained peak areas from the .csv files by addition of
the intensities at edt time point and integrating the peak area according to a user input
timeframe based on the file TIC. Nepetalactone peak areas were divided by the camphor
peak area to obtain the normalized peak area. Each data set was statistically analysed using
R progranming language. Variances in each data set were checked for difference, and a
pairwise ttest with a Bonferroni adjustment (for equal or unequal variances) was applied to
obtain pvalues. The fRackage ggplot2 was used to generate the Normalized nepetalact

graphs.
4.5.9 Plantgrowth conditions andpropagationmethod

In coordination with the greenhouse team of the Max Planck Institute of Chemical Ecology,
N. catariacuttings were taken from plants growing in a growth chamber with 15.5 hours of
full light (23 °C), 30 minutes of dusk and 30 minutes of dawn conditions, and 7.5 hours of

night (21 °C). Humidity was kept at 50%. Cuttings were taken to inchBded?les. The
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bottom node was removed from leaves and inserted into water until rooted, abe2t 1
weeks. Rooted cuttings were transplanted to a soil mix of 250 L of Klasmann TS1, 70 L of
Kalsmann Tonnubstrat and 34.5 L of Raiffeisen Baustoffe sand.f0mim). Plants were
fertilized once a week with 0.1% Ferty 3 (Plantan@emittel GmbH) and watered as

necessary.
4.5.10 Virusinducedgenesilencing

A. tumefaciengultures for pTRV1, pTRV2, pTR3HH pTRVZChIHGOIwere grown in 50

ml LB cultures containing0 mg/L of kanamycin, 5éhg/L of gentamycin and 5fg/L of
rifampicin, 10 mM MES buffer (pbi8) and 206-M of acetosyringondor 24 hours at 28C
shaking at 200 rpm. Cultures were centrifuged for 15 minutes at 3500 rpm, the supernatant
discarded and resuspended in 10 mL of fresh infiltration buffer (consisting of 10 mM of MES
atpH 5.8, 10 mMfMgCi YR Hnan >a 2F | OSdiveasaeddurgcdia/ S0 @
1:10 dilution, and the volume of the infiltration buffer and cultures were adjusted to obtain
10 ml of a OBy of 1. Culturesof pTRVI1A. tumefaciensvere mixed with each individual
PTRVA. tumefaciensultures in a 1:1 ratio (10 mL: 10 mL). Cultures were then incubated in
the dark for 34 hours at room temperature with gentle rocking. Cultures were then
centrifuged at 3500 rpm for 15 minutes, the supernatawas discarded and the pellet
resuspended in 1 mL of fresh infiltration buffer. Plants for VIGS infection were cut down to 2
to 3 aerial nodes encourage new leaf growth. A sterilized toothpick was dipped into the 1 mL
cultures and used to wound the stem near the nodestines, and fially the wounds were
rubbed with the toothpick with more culturélwo to three weeks post infectio@hlHonly
targeted plants were rénfected to ensure enough control replicates could be harvested

from each experiment.
4.5.11 VIGS$issueharvesting formetabolite analyses

Nepetalactones were extracted as detailed in Lichreaal. [63], with a few changes. In

general, extraction procedure was as follows: catariatissue was flash frozen and
pulverized, either with a pestle and mortar or with a QiagéssueLyser Il at 25Hz for 30
seconds twice, depending on tissue volume.-dol methanol containing the internal
A0FYyRINRA& O6uHnn 2Nl pn >a0 OF YLIK2NI I yR NKI NLJ 3
catariatissue, vortexed then sonicated at room tempgnae for 15 minutes. The mix was

centrifuged on a tabld¢op centrifuge at room temperature and at top speed (14,600 rpm)
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for 10 minutes. The methanol extract was transferred to a new 1.5 ml tube. An aliquot was
takenforL@a { Yyl f@aAaz heMe@heytact. Amegualvflume & hellane
was added, and the mix was vortexed for 2 minutes, centrifuged at top speed for 30 seconds
and the hexane layer was transferred to a solid phase extraction (SPE) column. The hexane
layer was passed through the aoin and collected. Then an equal volume of 20:80 EtAc:Hex
(ethyl acetate : hexane) mix was added to the SPE column to collect the nepetalactones. The
EtAc:Hex extract is then analysed on the-Nd& For VIGS experiments, Leaf tissue from
PTRV2 empty vectowas collected by cutting a full leaf from three individual plasly
individuals with affected leaf tissue were harvested. Affected tissues was collected by cutting
out the bleached area from the green tissue and pooling together all affected lead fissn

one individual.
4.5.12 RNAextraction and cDNAgeneration

For wildtype samples, leaves of all ages were collected from a B2C cultivar plant into a falcon
tube. The falcon tube was flash frozen and all leaf tissue was ground with a mortar and
pestle,while cooled with liquid nitrogen to keep the tissue frozen. The ground tissue was
then returned to the falcon tube and stored &0 °C. Ground tissue powder was weight out
between 2535 mg of tissue into cooled 1.5 ml tubes. For individual experimsatalples,
leftover sample tissue not used for metabolic analyses, was weighed out to be between 20
and 35 mg of tissue. If tissue mass was too low to be transferred to a new tube for weighing,

the tissue was not weighed. RNA was extracted using either idge

@® RNeasy Plant Mini
Kit, or the Qiagen®nigasy PowerPlarkit, depending on availability. Tissue was extracted

according to Kit instruction, with a final incubation of 10 minutes for more extraction.

RNA concentration and A280/A260 and A280/A230 ratios were assessed using a
Nanophotometer N60A 2% Agarose elgophoresis gel was ran at 120for 1 hour to verify

any genomic DNA contamination and RNA degradation. RNA samples were subjected to a

DNAse treatment to remove any contaminant genomic DNA. Treatment was carried out with

Sigma Amplification gradenBse kito @ +F RRAY 3 wmnnn y3a 2F wb! > m >[ 2F
GradeDl &S MnE o0dzZFFSNJ FyR m > 2F (KS 5b!asS Syievys
AyOdzol S F2NJ Hn YAydziSa +Fd NRB2Y GSYLISNI (dzNBd ¢ K¢
the sample was incubateat 70°C for 10 minutes. After incubation, the sample was cooled

on ice for 2 minutes. The Thermo Fisher Scientific Applied Biosystems High capacity cDNA
NEOSNES GNIYaONRLIIA2Yy 1AG 61& dzAaSR G2 YF{1S | wmn
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ofbuffeNE H >[ 2F NIYR2Y KSEIFYSNI LINAYSNES n oy
added to the RNA sample. The RT reaction was there incubated°®@t 25 10 minutes, 37

°C for 2 hours, then at 8% for 5 minutes and then stored a@. Samples were storéal -

20°C.

4.5.13 qPCR primer design and analysis

Primers for gPCR analysis were designed using the CDS of the target gene in the NCBI primer
design tool. The primers were restricted to replicate a product from 70 bp to 200 bp and to
have a melting tempexture of 60/ ® ¢ KS {(22f Qa o06Said LINAYSNEZ

targeted VIGS region, were selected to be tested.

A dilution standard curve was carried out for each primer pair. Wildtype cDNA was initially
diluted to a ratio of 1:5, then a series &ur half dilutions were carried out. Reaction
triplicates were carried out at each dilution point. The averageallie was then calculated

and plotted against the log of the sample concentration. A trendline was plotted for these
values, and the equatidior the trendline calculated (y=mx+b). The slope (m) of the equation
was then used to calculate the efficiendn the following formula: E=24(/m). The percent
efficiency was then calculated by the following %E=1QQ(EPrimers resulting in the E

closest to 2, and the %E closest to 100% were selected to use for gPCR amplification.
Primer standard curves are in Appendix
4.5.14 gPCR reaction

The cDNA generated from the RT reaction was diluted by half with diwater. The reaction
mixture fortheqgP@ O2 y Gl Ay SR { K S AgHeatBfillans IKSYBR® gnaen QRCR> |
Master Mixm ®p >[ 2F F2NBFINR LINAYSNI FYyR mobdp >[ 21
>[ 2K RA2FGSNIFYR W > 2F GKS RAfdziSR O5b!
was pipetted into each well of a 96 wellate first, and the diluted cDNA sample was then

added to each experimental well. Each gene targeted had 3 technical replicates and 3
biological replicates. To measure gene expression, each target gene was paitleel t
housekeeping gend@JBB. Each plate also contained a well with the reaction mixture

containing diWater instead of sample as an empty control.
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This reaction was then placed in a #ad CFX96 Optical Reaction Module. The gPCR
reaction protocol was afllows: 3 minutes at 95 °C, then 44 cycles of 30 seconds at 95 °C,
30 seconds at 60 °C, and 30 seconds at 72 °C, and an individual incubation at 95 °C for 10
seconds before a final melt curve. A melt curve step with an increase of 5 °C every cycle from

aminimum of 65 °C to a maximum of 95 °C finalized the gPCR reaction.
4.5.15 gPCR analysis

The resulting cross point (Ct) values from the gPCR reaction were averaged across technical

NELIX AOFGSadw 5StarF /G onp/ o &1 act@lué foethe G SR 068 & dze
I SN} 3S GFrNBSG 3ISyS /4G GrtdzSd ¢KS 5StdF5Stdl/ 0 o]
OFftAONI 2N p/ 4 @FftdzS FNRY SIFEOK n/ G @FtdzsSd® ¢KS n
equation 2'"/t6 calculate the normalized expression of each biological replicate. The

average normalized expression was calculated for each experimental sample.
4.5.16 LeMS method

Metabolite analysis. UPLC/MS analysis was performed on an Impact Il qTOF mass

spectraneter (Bruker) coupled to an Elute UPLC (Bruker) chromatographic system.
Chromatographic separation was carried out on a Phenomenex Kinetex colu@b3{R00

P HOMA YYI Hdc >Y LINLGAOES aArai Sv 1SLWG G nn cf
solventA (HO + 0.1% formic acid) and solvent B (acetonitrile + 0.1% formic acid). Flow rate

gla cnn >[KYAYy® ¢KS O2fdzvy ¢l & SldAfAONI GSR 6AGK
of chromatography, solvent B reached 5%. Then a linear gradient from 5% B #® #h0%6

min allowed the separation of the compounds of interest. The column was then washed at

100% Bfor1.5minand+®lj dzZA t A6 NF 6 SR (G2 wM: . @ LyaSOGAz2zy @2f dzy

Mass spectrometry was performed in negative ion mode with a scan nawigy@ 00¢1000.

The mass spectrometer was calibrated using sodium formate. The source settings were the
following: capillary voltage 3.5 kV, nebulizer 2.5 Bar, dry gas 11.0 L/min, dry temperature
250 °C. Data analysis was performed using the Bruker Data Analysis Metabgeegion
2021-B) software.

4.5.17 Heatmap of Gene Expression
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Tissue specific gene expression analysis heatmaps were generated usirgrtipg Rackage
for heatmaps included in the gplot package, based on Log(FPKM+1) results. Heatmaps were

generated without hierarchal clustering.

4.5.18 Primer list

Code Gene Sense Sequence
TAAGGTTACCGAATTACCAAT
LPO56 NECA #_VIGS CHLH F CATGAAGGCCAC
TACCGGATCCCCATGGAGCT
LPO57 NECA #_VIGS CHLH R AATTTGAGGGCCAC
GCCTCCATGGGGATCTCGCC
LPO58 NECA _EX_VIGS GES1 F GTAGCGAGGTGG
ATGCCCGGGCCTCGATTTGA
LPO59 NECA KX _VIGS GES1 R CTTCGGGTCGGG
TAAGGTTACCGAATTAATCC/
LPO69 Neca_EcoR1_VIGS GE F GGCTGGGAATCGG
GGTGGATCCCCCATGTCGCT
Lp070 Neca_Ncol_VIGS GE¢! R AAGGCGAGGTGC
GCCTTCTAGAGAATTTCGCT/
Lp071 Neca_EcoR1_VIGS GE R AAGGCGAGGTGC
TAAGGTTACCGAATTATGCTC(
Lp072 Neca_EcoR1_VIGS_ IS F GCAGGCGGACACCC
GCCTTCTAGAGAATTGGTCT!
Lp073 Neca EcoR1 VIGS IS R AGCAGATGTGCTTC
Neca_EcoR1_VIGS_Ne TAAGGTTACCGAATTGCGGC
LPO76 ps5,3,2 F TAAGATGGTGGAGC
Neca_EcoR1_VIGS_Ne GCCTTCTAGAGAATTGTAGA/
LPO77 ps5 R CATCGGGCGTGGCAA
Neca_EcoR1_VIGS Ne GCCTTCTAGAGAATTCTGTA(
Lp078 ps3 R CAGCAGGCGTCGAAA
Neca_EcoR1_VIGS Ne GCCTTCTAGAGAATTCTCGA(
Lp079 ps2 R CGGCGGGGGTGGCAA
Neca_Xmal_VIGS Nej GGTCTCGAGGCCCGGGCAG
Lp080 s4,1 F GTAAGATGGTGG
Neca_Xmal_VIGS Nej TCGGGACATGCCCGGATAG/
Lp081 s4 R TCATCGGGCGTGGC
Neca_Xmal_VIGS_ Nej TCGGGACATGCCCGGATGG/
Lp082 sl R TCATCGGGTGTGGC
Neca_EcoR1_VIGS_ Ml TAAGGTTACCGAATTACCAA/
Lp091 P1 F ATTCCCCAAGGCTT
Neca_EcoR1_VIGS_ Ml GCCTTCTAGAGAATTTGCCT
Lp092 P1 R AAATTCTCCTGAA
TAAGGTTACCGAATTGATGC
Lpl3l Neca RLK VIGS EcoF F ATTTGTGCAGAGAGG
GCCTTCTAGAGAATTCCGAA
Ip132 Neca_RLK_vigs_EcoRI R GACTCATAC
p228 gRT_PCR_NC CHLH_ F TCAGACCACGCAAGAAGTCC
p229 gRT_PCR_NC CHLH_ R CCAAGTAGCCCACAAGCTCA
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Ip230
p231
Ip232
Ip233
Ip234
Ip235
Ip236
p237
Ip238
Ip239
p240
p241
p242
p243
Ip248
Ip249
Ip250
Ip251
Ip252
Ip253
Ip254
Ip255
Ip272
Ip273
Ip274
Ip275

gRT_PCR_NC_CHLH_
gRT_PCR_NC_CHLH_
gRT_PCR_NC_GESA_
gRT_PCR_NC_GESA_
gRT_PCR_NC_GESA_
gRT_PCR_NC_GESA_
gRT_PCR_NC_ACT1 :
gRT_PCR_NC_ACT1 :
gRT_PCR_NC_ACT1 :
gRT_PCR_NC_ACT1
gRT_PCR_NC_UBQ9_
gRT_PCR_NC_UBQ9_
gRT_PCR_NC_UBQ9_
gRT_PCR_NC_UBQ9_
gRT_PCR_NC_MLPL_:
gRT_PCR_NC_MLPL_:
gRT_PCR_NC_MLPL_:
gRT_PCR_NC_MLPL_:
gRT_PCR_NC _RLK 1
gRT_PCR_NC _RLK 1
gRT_PCR_NC_RLK 2
gRT_PCR_NC_RLK 2
grt_pcr_ncisy 3

grt_pcr_ncisy 3

grt_pcr_ncisy 4

grt_pcr_ncisy 4

A TMXVTIOTIOTIOTIOTIOTIOTIOTIOTIOTIOTIOT

GAGCTTGTGGGCTACTTGGT
CTTCTCCACAGCAGCCTTGA
CGCTTCCCAAGGACCTCAAT
TCGTTGTTGTGGACTACGGG
GTGTAACCGACCAAAACGCC
CGAGATCATCCCAAAGGCGA
TCGTGTTGGTCCTGAAGAGC
GAGAGAACGGCCTGGATAG(
GCTATCCAGGCCGTTCTCTC
CTCACACCATCACCGGAGTC
AGGTCGAGAGCTCGGATACT
AGCCTTTGCTGATCTGGTGG
GAGGATGGGAGAACCTTGG(
CTCAAACGCAGCACCAGATG
ATGAACAAGTCCCTGATCCT(
TGACATGTGTGGTTCATGCC
GCAGCAGCAAAAATGGTGGH
TGACATGTGTGGTTCATGCC
GTCGGGTGAAGTCCCAGATC
ATCACTTTCGGCATGAGGCA
TGCCTCATGCCGAAAGTGAT
TTTTTCGCAGCCCTCTCCTT

GGTGCGGTTTTGAGGTTTCC
GCGGCCCATATTTGATGCTC
TTCAACGTCAGCAATGGGGA
TTGCTGGCCTTCCTCGTATC
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Chapter 5

5.1 Conclusion

Previous work into the Nepeta iridoid metabolism has highlighted its evolutionary history

and interesting chemistry11], [23], [64] with a focus on the downstream part of the
pathway, providing a case study forthe evolutionary dynamics of plant secondary
metabolism. However, while the downstream genes in the pathway had been characterized
invitrox GKS SINXeé adsSLma 2F GKS LI GKgleé KFER y?
chemotaxonomy11] and the convergengvolution of ISY65], identifying the early steps of

the pathwaywas inportant to place thesvolutionaryhistory of this pathway into context

In Chapter 2, | identified and characterized the early steps of the iridoid pathway, GES, G8H,
and HGO, iMN. catariaand N. mussinii(fig 5.1) While iridoids can be found in a wideray

of plants [12], [31], [33], [34] the enzymatic steps leading to them have not been
characterized in many organisni42]. Therefore, finding the enzymatic steps to be
conserved across different plant famsished light on how conserved, and how varied, these
secondary metabolic pathways can be. Furthermore, these early genes were found to be
present in the genome, but low or not expressed, of a -radoid producer of the
Nepetoideae sulfamily, Hyssopus oifinalis closely related tiNepeta This finding suggests

that pathways can remain inactive in the genome but may be able-tmmerge when other
evolutionary eventsas discussed in section 5.3fty example,the re-emergenceof ISY
occur. The early genes identifiedNin catariaandN. mussiniand theirin vitroactivities were

reported in Lichmart al.[65].
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Figure 5.1: Nepetaidoid pathway

The iridoid pathway as most recently reported in Lichman §3jl.Enzymes highlighted in
red were identified and characterized frdMncataria, N. mussirandH. officiralisin Chapter
2 of this thesis

While the pathway had been characteriziedvitro andin silicq it was not validatedn viva

This is the case with many iridoid biosynthetic genes identified, as very little literature exists
on how these enzymes functioin planta with the exception of the iridoid produceZ.
roseus which most iridoid metabolism studibéave used as a model syst¢8?2], [42], [43]

With the aim to characterize thilepetairidoid pathwayin vivqg | developed a functional
genomics tool. In Chapter 3establishedand optimized the/IGSechnigue intoN. cataria

(fig. 5.2) VIGS has been shown to be adaptable to a wide range of species, indlding
basilicum a Nepetoidead54]. | optimized this functional genomics tool to work with
catariacuttings to ensure full genetic replicability, rather than seedlings, given the variation
in nepetalactone isomer content among#. cataria cultivars. WhileN. cataria was
susceptble to VIGS, the infection was not fully systemic. | designed a VIGS vector that would
silence two genes simultaneously, based on the system in Yamarhat¢52]. This allowed

for the silencing of a visual marker gene which would indicate which tissue had been affected

by VIGSfig. 5.2) Duatknockdowrnwas shown to be more successful at demonstrating a true
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silencing pknotype as opposed to only targeting the specialized metabolic gene of interest.

This methodology was published in Palmaeal. [66].
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Figure5.2 Use ofChlHas a visual marker M. catariaviGS

VIGS iN. catariawas developed using a visual marker, such as the silend@igHdihich

f SIFRa (2 AYKAOAGSR OKf2NRLKET f oA2adyiaKSana
including the effect of silencing key genes in the iridoid biosynthesis pathway. Leaf tissue
without chlorophyll, yellow or white in the example picture above, also showed a significant
decrease in iridoid production when key genes of the pathfivayGE$ were silenced.

Chapter 3 described the methodology behind the VIGS double knockdown sti@tstigyds

for internal standard.

In Chapter 4 | report the results of silencing the iridoid pathway g&ES, ISY, ML&hd
the general function of theNEPSenzymes, confirming theim vitro roles (fig. 5.3) |
establishedGESas the entry point enzym into the pathway, as its silencing showed a
significant decrease of all nepetalactones produd&¥silencing resulted in a significant
decrease of nepetalactone content, to a lesser extent t&silencing, consistent with a
more downstream effect. wthermore, | identified the accumulation of glycosylated
hydroxygeraniotbased intermediate inSYsilenced tissued.confirmed thein vitro data for
MLPLbeing necessary for the production oistrans nepetalactone. | targeted all of the
NEPShomologles simultaneously, revealing theicollective roles behind the various

nepetalactone isomers found M. cataria
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Furthermore, while VIGS characterization of tNepetairidoid pathway provides more
context on iridoid pathway# planta it would also clafy some of thein vivoroles for the
downstream enzymes MLPL aN&PS identified and characterizedvitroin [64], [65] The
NEPS enzymes were foundhavesomewhat overlapping roles in the cyclization of the ISY
product 8oxocitronellyl enol and further oxidation of nepetalactol into nepetalactones,
synthesizing thecistrans, transcis and ciscis nepetalactones found ifN. cataria and N.
mussinii While transcptomic data suggested compartmentalized activitiesyitro analysis
revealed ambiguities in enzymatic functionplanta. The data reported in this thesis further
suggests a more nuanced role for these enzymes, highlighting the need for indivigial

characterization.

In Chapter 4 | also briefly exploredpossibleregulatoryaspectof the pathway. Previously
identified transcription factors BIS1 and BIS2 were found to regulate the iridoid part of the
MIA pathway in C. roseud87], [96] were not found inNepeta spp.To test for any
involvement in the iridid pathway, | targeted a RLK found to be conserved orNigeta
iridoid metabolic gene cluster that Lichmaet al. [65] reported on. However, gene
expression analysis revealed the low expression of this gene in normal growth conditions,
and upon VIGS, did not reveal any perturbation of the iridoid pathway. However, this gene
family is known tdoe functional in stress conditions, primarily as a receptor to pathogenic
effectors [104]¢[107]. This opens the question to the role of nepetalactones in stress
responses, and whether this RLK will be functional underidistress conditions and

involved in the iridoid pathway.
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Figure 5.3: Normalized nepetalactone content under various VIGS conditions

Summary of the results in ChapterNbrmalized nepetalactone content for each isomer is

Ot Odzf F iSR 068 RAQGARAY3I GKS A&a2YSNJ LISEH] | NBI
area and reported as Normalized Area in arbitrary units [AU]. Each bar is the average
normalized nepetalactone ctent. Error bars indicate standard error. Each condition is the

gene targeted for silencinghlhindicates silence€hlHonly; gesindicatesChlHand GES
silenced;isyindicatedChIiHand ISYsilenced;mlipl indicatesChIHand MLPLsilenced;neps*
indicatesChlHand allNEPShomologues silencedlk indicatesChlIHand RLKsilenced. An

asterisk above a bar indicates it is statistically signifitaest pvalue <0.05pompared to

the chlhcondition.
5.2 Future Directions
5.2.1 NEPS enzymes as single tésge

An excitingexperiment that will complement thi vitroandin silicoinformation in Lichman

et al.[65] will be silencing th&lEP$enesndividually. As the pathway stands, MLPL controls
the flux of 8oxocitronellyl enol intccistrans nepetalactones, as corroborated by my VIGS
results in Chapter 4n vitroactivity for NEPS4 and NEPS3 revealed precision in niedisg

cisnepetalactone andtiscis nepetalactones respectivein vitro (table 5.1) However, the
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precise role of NEPS1&MNERS were ambiguous. Their activity as nepetalactol oxidizers
was verified, acting on all nepetalactols isomers, raising the question of whether they had
overlapping functionin planta(table 5.1) Furthermore, their activity into cyclization of the

8-oxocitronellyl enol was left unverifig@é5].

If the in vitroresults were to be verifieth vivg | would expect to see a decreaserians-cis
nepetalactone upon the silencing 8fEPS4nd a decrease iniscis hepetalactone upon
silencing NEPS3 For silencing NEPS1and NEPS51 may see a significant decrease in
nepetalactones, and perhaps arcrease in nepetalactol content. It is important to note that
nepetalactols can decay into iridodials, which may be glycosylated in the plant, resulting in
new intermediatesAs described in section 4.3.2, work is ongoing to target the UTR region

of the singleNEP3$iomologues.

|Species |Enzyme Cyclization Dehydrogenation in vive
cis-trans |cis-cis trans-cis | cis-trans | cis-cis trans-cis |cis-trans |cis-cis trans-cis
N. cataria  |NEPS1 ? = = =
N. cataria  |NEPS52
N. cataria  |NEPS3A * = =
N. cataria  |NEPS3B * ~
N. cataria  |NEPS4 = = ? ~
N. cataria  |NEPS5 ? = =
N. cataria  |MLPLA =
N. cataria  |MLPLB =

Table 5.1In vitroandin vivoactivities of the NEPS and MLPL enzymes

Summary ofn vitroenzymatic activities of NEPS and MLPL enzymes, adapted from Lichman
et al.[63]. Asterisk (*) indicates observed activity; question mark (?) indicates possible activity,
but not verified; tilde (~) indicates trace activity. Cyclization indicates the tformef
nepetalactols from ®xocitronellyl enol and Dehydrogenation refers to the formation of
nepetalactones from nepetalactdh vivoindicates the effect of silencing via VIGS as reported

in Chapter 4: asterisks indicate statistically significant degutation of a given isomer.

5.2.2 Identifying potential regulators of the iridoid pathway

As explored in sections 4.2.9 and 4.2.10, the regulatory systems for the iridoid pathway in

Nepeta remain undiscovered. Characterized regulatory networks frother iridoids

producers do not seem to be conserved Nepeta as evidencg by the results of a

homologybased query using BIS1/2 sequences intoNheatariatranscriptome.This is not

unexpected, since the iridoid regulatory elements that have beaoodiered come from

plants phylogenetically distant fronNepeta However, it may be that the regulation
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machinery associated with monoterpene pathways in other Nepetoideae, such as the MYB
transcription factors identified iMentha spicataand Lavandula spd123], [124]might be
conserved and copted into regulating the iridoid pathway iNepetaspp. Searching for
homologues of Nepetoideae monoterpene transcription factors using homology may
provide some candidates to test. A gene-ex@ression analysis which includdse
nepetalactone pathway genes expression patterns would aid in narrowing down potential

candidates.

Upon assembly of a candidate list, these candidate transcription factors can be knocked
down via VIGS. Previously, regulation machineries from othemsiary metabolisms have
been studied via VIG226], [128] Based on the literature, very little is known about the
nepetalactone pathway response to stress. Iridoids armwn to be antiherbivory
compoundd26], and recent research shows an antagonistic effect on mosquitoes and other
insecti feural pathwayd25], [27] Some research indicates that iridoids also play a role
against microorganism@6]. However, the change in thdlepetapathway upon abiotic or
biotic stressors has not been tested. In Chapter 3, plants infected with an empty vector
pTRV2 displayed a significatcrease in nepetalactone content, as compared to -non
infected wildtype plants. fiis may indicate that bacterial infection itself may lead to a down
regulation in the pathway, perhaps in favour of increasing the production of other defensive
compounds. Comparing the concentration of 1,5,9 deoxyloganic acid in tissues infected by
pTRV2ompared toWT tissues for an upregulation of the glycosylated iridoid would help
determine the role of the pathway upon biotic stressors. Furthermore, as explored in section
4.3.1, RLK expression could be tested upon infection with a generalist patlwwgeknown
Nepetapathogen, such aXanthomonas campestr[421], as well as the response of the

nepetalactone pathway upon infection.

5.2.3 Developing a stable transformation method

Most transformation methods @éveloped in the Lamiaceae family involve the generation of

a callus from explant tissues, such as stem and leaves. In section 3.4.2, | briefly explored the
work carried out to develop a reliable protocol for callus induction from explants and
regenerationinto plantlets (fig. 5.4) Upon a reliable protocol, calluses are typically co

cultured withAgrobacteria tumefaciensontaining a desired trangene.
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Work on this type of methodology is ongoing. While stable transformants would provide
answers to some ahe ambiguities found from the VIGS experiments in Chapter 4, such as
the nonsignificant decrease itnans-cisproduction upon ISY silencing, they would also take
several months to produce a final stable transformant. Ideally, both VIGS and stable

transformations could be used in tandem, with VIGS as an initial screener phase, and stable

knockouts to confirm or remove ambiguities from VIGS results.

Figure 5.4: Calluses frdw catariaexplant tissue
Two example calluses formed from stem and leafdi§sumN. cataria Calluses were formed
from surfacesterilized explant tissue on MS media with the hormonrksr&ylaminopurine,

1-naphthaleneacetic acid and 2#chlorophenoxycetic acid at various concentrations.
5.3 Perspectives and Outlook
5.3.1 Iridoid pathway evolutionary history

As reported in Lichmaet al. [65] NepetalSYindependentyS @2 f 3SR FNRY t pi w
to other characterized ISYs. The authors also explored the evolutionary history of GES, G8H
and HGOA using orthogroups and transcriptomes reportétilih The authors reported that
these genes are all orthologous to the previously characteriZedoseushomologues,

indicating no furtlker cases of convergent evolution.

Curiously, orthogroup data and transcripts from ricdoid producing Nepeteoideae species
also had candidate genes for the early iridoid steps (GES, G8H and HGOA); however, as seen

in the homologues fronH. officinalisin section 2.2.2, these genes can be found on the
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genome with low or no gene expression. This reveals some interesting insights into the
evolution of secondary metabolic pathways. Are there pathways that are functionally
& ( dzNJ/ S Rarek@pliréres@nadr novel evolutionary events, for example with the rise

of new enzymessuch as MLPL, the NER&mologuesor a new ISY? In th@mics era,
metabolomics, phylogenomics and genomics can be simultaneously explored to discover the
dynamic paths plant secondarpathways can evolve, including their appearance,

disappearance and even-eppearance.
5.3.2 VIGS: disadvantages and advantages

Asdescribedn section 4.4.1, VIGS has certain advantages and disadvantages as a functional
genomics tool. Gene expressianalysis via BFPCR in Chapter 4 revealed genes silenced
via VIGS were not fully silenced, with some relative gene expression remaining. It is therefore
likely there was some enzymatic function within the tissues assayed, leading to downstream
metabolites being produced. This may explain the fsignificant decrease in nepetalactone
production found whenSYand theNEP$iomologueswvere silenced. While there may be an
alternative explanation, for example, thatans-cis neptalactone is not fully controlée by

this pathway, this cannot be ascertained with the current results.

Furthermore, while the work carried out in section 4.2.11 also meant to study the
glycosylated iridoid metabolism iN. catarig which includes the 1,5,9 deoxyloganic acid
reported inLichmanet al.[65], | was only able to establish a tenuous link between GES and
1,5,9 deaxyloganic acid, as the dimer of this compound was significantly downregulated, but
the monomer, although decreased, was not significantly decreased. As explained in section
4.2.11, this may be due to glycosylated iridoids being able to move throughouydlding
Indeed, as reported previously, secondary metabolites are often glycosylated to be
transported between sulzellular and cellular compartmen{d 3], [119], [120] This may
mean that the norully systemic nature of VIGS hh cataria(hence the ned for a visual
marker) may impede characterization of the iridoid glucoside pathways. This may be
ameliorated if VIGS was performed in young plantlets and the first leaf pair post infection is

harvested, depending on the efficiency of silencing in thatear, as reported if50], [54]

While the VIGS system developed in this thesis is particularly suited to studying leaf and stem
tissues, theChlHvisual marker does not indicate the extent of infection into fabhorophy!

containing tissues such as rootsflmwers. To determine the effect of VIGS on these-non
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chlorophyl tissues an alternative visual marker would have to be employed. Exploring floral
tissue may be of particular interest for the nepetalactone metabolisnNircataria as
NEPS3A/Bre most higly expressed in the flowers (fi2.8). Furthermore, as reported in
Lichmaret al. [63] andin figure 2.2, flowers contain high nepetalactone content, and may

be useful for the study of nepetalactone pathways.

While there are some disadvantages to the VIG$. icatariadeveloped in this thesis, there

are manyadvantages. Secondary metabolisnt ooly relies on the enzymes that carry out

the catalytic chemical steps to create these metabolites, such as ISY and GES, but also depend
heavily on spatial and temporal compartmentalization. Thereforgjvowork on secondary
metabolic pathways often idcovers the regulatory mechanisms behind these pathways,
including mechanisms behind gene expresg®r, [96] metabolite transportation[130],

[131] and storagg53]. The VIGS proposed in this thesis would be an ideal tool to study the
regulatory mechanisms behind the iridoid metabolism that are yet to be uncoveréd in

cataria

One significant advantage over stabignsformants is the quick tuovertime of VIGS. From

a few weeks posinfection, as early as two weeks to see the bleaching phenotype, tissue can
be harvested. This tissue can be tested for gene expression, nepetalactone content, or even
physiological canges, for example, in probing the morphology of glandular trichomes, an
important organ for secondary metabolite biosynthesis. Compared to a stable mutant, which
may take months to establish and requires thyimizationof a reliable breeding method

for N. catarig VIGS can provide quick answers to help screen for candidates suitable for long

term studies in a stable transformant.

Finally,in vivostudies such as the work presented in Chapter 4 can help refine the roles of
these chemically catalytic enmgs. While the results from thMLPLknockdown were as
expected, with the significant decreaseaigtrans nepetalactone, the results from knocking
down the NEPShomologuessimultaneously were not as straightforward. Fram vitro
analyseg423], [64], [65] a simultaneous knockdown BIEPSvould be expected to lead to a
significantdecreaseof trans-cis nepetalactone andiscis nepetalactone. However, upon
simultaneous knockdown of theNEPShomologues only ciscis nepetalactone was
significantly @creased While transcriptomic analysis on this experimental tissue would
reveal the extent of knockdown for each individual NEPS enzyme, these results conflicting

with the previously reportedin vitro results [23], [64], [65]is puzzling. Singl&IEPS
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knockdowns can lead to a better understanding of each individual role, which may serve for
iterative in vitro studies on these enzymes to understand the relationship between their

chemistry and theiin planta activity.

5.4 Conclusion

The work presentedh this thesis advanced the knowledge of plant secondary metabolism
from a biochemical anth vivoperspective A key contribution was the development of an

in vivofunctional genomics tool foN. catarig which was applied to the study of secondary
metabdism. However, this tool can be applied for several areas of research, and can be
potentially adapted to otheNepeta or even NepetoideaeBuilding on the foundational
knowledge of iridoid metabolisms in other species (section 2.2.1) to identify and staddr

the gene expression (section 2.2.2) and biochemical activity (8)2fithe early steps in the
pathway contributed to the full understanding of how iridoids are biosynthetically produced
in Nepeta spp uniquely for the Nepetoideae stfamily. Furhermore, in this thesis, |
presented the development (Chapter 3) and application (Chapter 4) dhtliwotool VIGS

to study the gene function of key genes in the iridoid biosynthesis pathway. Work in this
thesis also touched upon the dynamics of secoggemthway evolution (section 2.22) and
regulation (4.2.9)the flexibility in developingn vivotools to study secondary metabolisms
(section 3.2.9)and the effect of perturbing the pathwayn vivo (section 4.2.10). Work
presented in this thesis haaitl the foundation for the opportunity for further studies into
the broad field of plant secondary metabolism, from the development of a stable transgenic
method for the Nepeta genus, evolutionary studies in pathway degradation and re

emergence and novel etabolic regulatory systems.
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Appendix

Appendix 1:List of gene sequences
C. roseu$ES

ATGGCAGCCACAATTAGTAACCTTTCTTTCTTAGCAAAATCTAGGGCACTTTCAAGGCCTTCT
TTCACTTTCATGGCTAGAAAGGCCTAAAACTTCATCGACTATTTGCATGTCTATGCCATCATC
CATCATCATCATCTTCATCCATGTCTCTGCCTTTGGCAACTCCATTGATCAAAGACAATGAAT
ATCAAGTTCTTGCGCCAACCCCTGGTGCTTCCTCATGAGGT TGARARNGREIIFCGAA
TTGTTGGAAAGAACAAGAAAAGAACTAGAATTAAATGCAGAAAAACCATTGGAGGCCTTGAA
GATAGATATAATTCAAAGATTGGGATTATCATATCATTTTGAAGATGATATTAATTCAATTCTC
GGATTTTCAAATATTAGCAGCCAAACTCATGAAGATCTCCTCACTGCTTCACTTTGTTTTCGA
TCGACACAATGGGCATAAGATCAATCCTGATATARATTCARBSACAACAATGGAAAGTT
TAAAGATTCATTAAAGGATGACACATTAGGCATGTTAAGCTTATATGAAGCTTCATATTTGGG
AATGGAGAAGAAATATTGATGGAAGCCCAAGAATTCACCAAAACTCACCTGAAAAACTCATT(
GCCATGGCACCATCTCTTTCTAAGAAGGTTTCTCAAGCTTTAGAGCAACCAAGACATAGAAG
TGAGGTTAGAAGCTAGAAGATTTATTGAAGEST GCTGAAAATGACCATAATCCAGACCTTC
TTGAGCTTGCAAAATTGGATTATAACAAAGTCCAATCTCTACACCAAATGGAATTGTCTGAGA
AAGGTGGTGGAAACAATTAGGGCTTGTGGATAAACTCACCTTTGCTCGAGATCGACCCCTTC
CTTTCTTTGGACAGTGGGATTATTACCAGAGCCTAAGTATTCAGGTTGCAGAATTGAGCTTG!
ACCATAGCCATTTTGCTTATEM GATATCTTTGATACTCATGGTACCCTAGATGAGCTTCTTCT
ATTCACTAATGCCATTAAAAGATGGGATCTTGAGGCCATGGAAGATTTACCAGAATATATGAC
TTGTTACATGGCATTGTACAATACTACTAATGAAATTTGCTATAAAGTTCTTAAGGAAAATGGT
AGTGTTCTTCCTTACCTAAAGGCAACGTGGATTGATATGATTGAAGGATTCATGGTTGAAGC!
TGGTTCAATTGATTATGTACCAAACATGGAAGAATATGTAGAAAATGGAGTTAGAACAGCAGC
TCATATATGGCCTTAGTCCATTTGTTCTTTCTAATAGGGCAAGGTGTCACTGAAGATAATGTG
TACTGATTAAACCCTATCCAAAGCTCTTTTCCTCCTCAGGAAGAATCCTTCGCCTTTGGGATC
GGAACTGCAAAGGAGGAACAAGAAAGAGGAGACTTGGCATCAAGCATACAATTGTTTATGAC
GAAAGAGATAAAATCAGAAGAAGAAGGAAGGAAAGGAATATTGGAAATTATAGAGAATTTATC
AAAGAATTGAATGGAGAATTAGTTTATAGAGAAGAAATGCCTCTTGCAATAATCAAGACAGC/
AACATGGCAAGAGCTTCCCAAGTTGTGTATCAACATGAAGAAGACACCTATTTTTCAAGTGT/
AATTATGTAAAAGCTTTGTTTTTTACACCTTGTTTTTAA

N. catariaGESA

ATGTCGTGTGCAGGGAGCACCATCTTATCTTTGTCACAATCATCATTTCCCGATCGCTTCCC/
CCTCAATTTCATGGCATACAAGATTTTGCCCCGCCTCCGTCTCCCTTCGTCGCTTCTCCGTC
CTGCAGGCGGCAACCACGACATCACCCAATTTGGCCCCCGTAGTCCACAACAACGATCATA
GAAATTGTGGAGAGCACAAAGAAGAGAGAATATTTGGTTGAGAAGATTATMEANGA
AGCATCATCAGAGAAACTCAAACTCATCGATGAAATCCAACGGCTGGGAATCGGCTACCACT
AGATGTCATCAACAGCATACTGCAGGTCCAGTGCTCCGCTTTCTCTACTGAAGAAGACCTCT
ACTGCTCTGCGCTTCCGTCTGCTCCGCCAGGCTGGCTTCCACGTCACCCCCGAGGTGTTTA
TCAAGGACAAAAGTGGAAATTTCAAAGAATCCTTAGGCAGGEARALTATTGAGTTTAT
ATGAAGCGTCGCATATAGGAGTTGATGGAGAGAGAATGTTGGAGGATGCTAGACAATTTACH
TCTTATTTGAGACAATCACTAGCTAAGCTGGCACCTCGCCTTTGTAGCGAGGTGGGCCAGG!
GAGGTCCCGAGGCATCATAGGATGGTTAGATTGGAAGCAAGAAGATTCGTTCAGGAGTATG
GCAAAGTGGCCATGATCGAGACCTTTTGGAGCTAGGAATATAACCAAGTTCAAGCTCA
ACACAACATGGAACTCACTGAAATTGTAAGATGGTGGAAAGAGCTAGGTTTGGTGGATAAGT
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GTTTTGCACGAGATAGACCGTTGGAGTGTTTTTTATGGTCGGTTGGACTTCTTCCCGACCCGAAGTA
CTCAAATTGCAGAATAGAGCTTGCCAAAAATATAGCTATCTTATTAGTGATCGATGATATTTTCGAC
ACTTATGGCAAGATGGATGATCTAATCATCCTATGCAATTCGAAGATGGGATCTTGAAGCAA
TGGAAACCTTACCCGAGTACATGAAAATATGCTATATGGCATTGTACAATACAACGAACGAGACAT
GCTATCGAGTGCTTAAGGAAACTGGACGAACTGTCTTCCCATATTTCAAATCCACGTGGATAGACAT
GATCGAAGGATTCATGGTGGAGGCGAAGTGGTTCAATGGTGGAATTGAACCTAATTTGGAAGAAT
ATATAGAGAATGGAGTGTTBAGGGTGCATACATGGCTTTGGTGTACCTCTTCTTTCTAATTGG
AGAAGGTGTAACCGACCAAAACGCCTCACTTTTGATTAGAAAACCCTATCCTAAGCTCTTCTCTGCC
GCCGGTCGAATTCTTCGCCTTTGGGATGATCTCGGAACTGCTAAGGAGGAAGAAGAGCGTGGTGA
TCTGGCGTCAAGCACCCACTTATTCATGAAAGAGGAGAATTTATCAACAGAGGAAGATGCTAGAAG
TTGCATTTTGGREAATTTTCCGATTGTGGAAAGATTTGAATGGGGAGCTCATATCCGATAATAAA
GTGTTGCCATTGTCCATAATCAAAGTCGCACTTGACATGGCACGATCTTCCCAAGTTGTGTACAAGC
ACGAAGGCGACACTTATTTTTCAAGCGTGGACAATTATGTCGAAGCCCTATTTTTCACTCCTCTTGTT
TCATCTTAA

N. mussiniGES

ATGTCGTGTGCAGGGAGCACCATCTTATCTTTATBAMIAATGLCGATCGCTTCCCAAGGA
CTTCAATTTCATGGCATATAAGATCTTGCCCCGCCTCCGTCTCCCTTCGTCGCTTCTCCGTGTGCAAG
CTGCAGGCGGCAACCACGACATCACCCAATTTGGCCCCCGTAGTCCACAACAACGATCATATGCTT
GAAATTGTGGAGAGCACAAAGAAGAGAGAATATTTGGTTGAAAAGATTACAGAAAAGCTCACAGA
AGCATCATCAGAGAAACTCAAACTTSFABATCAACGGCTGGGAATCGGCTACCACTTTGA
AGATGTCATCAAGAGCATAATGCAGGTCCAGTGCTCCGCTTTCTCTACTGAAGAAGACCTCTTCACC
ACTGCTCTGCGCTTCCGTCTGCTCCGCCAGGCTGGCTTCCACGTCATCCCCGAGGTGTTTACGAGAT
TCAAGGACAAAAGTGGAAATTTCAAAGAATCCTTAGGCGGGGACACACTTGGGTTATTGAGTTTGT
ATGAAGCGTCGCATATAGGAATGGAGAGAGAATGTTGGAGGATGCTCGGCAATTTACAGAG
TCTTACTTGAGACAATCACTAGCTAAGCTGGCACCTCGCCTTCGTGGCGAGGTGGGCCAGGCCCTA
GAGGTCCCGAGGCATCATAGGATGGTTAGATTGGAAGCAAGAAGATTCATTCAGGAGTATGGTAA
GCAAAGTGGCCATGATCGAGACCTTTTGGAGCTAGCAATATTGGATTATAACCAAGTTCAAGCTCA
ACACAACATGGARBTTGAAATTGTAAGATGGTGGAAAGAGCTAGGTTTGGTGGATAAGTTAA
GCTTTGCACGAGATAGACCGTTGGAGTGCTTTTTATGGTCGGTTGGACTTCTTCCCGACCCGAAGTA
CTCTAATTGCAGAATAGAGCTTGCCAAAAATATAGCTATCTTATTAGTGATCGATGATATTTTCGAC
ACTTATGGCAAGATGGATGATCTAATCATCTTCACCCATGCAATTCGAAGATGGGATCTTGAAGCA
ATTGAACCTTACCCGAGTACATGAAAATATGCTACATGGCATTGTACAACACAACGAACGAGACA
TGTTATCGAGTGCTTAAGGACACTGGACGAAGTGTCTTCCCATATTTCATATCTACGTGGGTAGACA
TGATCGAAGGATTCATGGTGGAGGCAAAATGGTTCAATGGTGGAATTGCACCTAATTTGGAAGAA
TATATAGAGAATGGAGTGTCTACTGCGGGTGCATACATGGCTTTGGTGTACTTGTTCTTTCTAA
GATATGGTGTAACCGACCAAAACGCCTCACTTTTGATTAGAAAACCGTATCCTAAACTCTTCTCCGC
TGCCGGTCGAATTCTTCGCCTTTGGGATGATCTAGGAACTGCTAAGGAGGAAGAAGAGCGTGGTG
ATCTGGCGTCAAGCATACACTTATTTATAAAAGAGAAGAATTTATCAACAGAAGAAGATGCTAGAA
GTCGCATTTTGGAAGAAATTTTCCGATTATGGAAAGATTTAAATGBECA&LTAMTAA
AGTGTTGCCGTTGTCCATAATCAAAGTCGCACTTGACATGGCACGATCTTCCCAAGTTGTGTACAAA
CACGAAGGCGACAATTATTTTTCAAGCGTGGACAATTATGTCGAAGCCCTATTTTTCACTCCTCTTGT
TTCATCTTAA

H. officinalisGES

ATGTGGATCCTCGATCGCATGCCTTATGCCAACGCGCGCAGTAATATCAGCCTGATGAGCCAAAGC
TCCTGCCGTAGBCCTCAAAACGTCGATCCCGTGGCAGGAACGCGTTTGCCCGGCGGCGGCCAAT
ATTCCACTGCGCCGCTTTAGCGTTCACTGCAACCTGCCTGCCACCATGCCATCAACGAGCCCGCCGA
TTATTAATGGCACCAATACCACTTTGCAGAACACCAAAATCAAACGCAAAGATGAATGCGAACAGG
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AGAAATCTATCAAGCGTCGTGATTACCTGGTCGAGCAAATTGCCCGTAAATTACAGATGATC.
CGAATCCAGCGAAGAGTTAAAACGTATTGACGAAATTCAGCGTCTCGGTATTGGTTATCACT
AAGATGTGATCGACAGCATCTTACGTGTGCAGTGCAGCGCGTTTTCCACAGAAGAAGACCT(
CCACCGCGTTGCGTTTCCGCCTGTTGCGCCATGCGGGCTTCCACGTTTCGCCGGAAGTGTT
TTTTAAAGAAAAATCCGGCAAGTTCAAAGAAAGCGATACGCTGGGCCTCGIAN®GCTGTA
TAGCAATATGCGCGCGGAAGGTGAGGAGATCCTTGATGAAGCCAAAGAGTTTACCGAAAGT
TGAAGCGCAGCCTGGATGAATTAGCGCCGCATCTGCGTGAACAAGTCGGTCAGGCACTGG!
GCCCGTCATATGCGTATGGGCCGTCTGGAGGCGCGTCGTTTTATCGAAGAATACAGCAAAC
GGTCATGACCGTGACCTGCTGGAACTGGCGACCCTGGATTATABUGAGIAHGAA
ATGGAACTGGCTGAAATCATCCGCTGGTGGAAAGAGCTGGGTCTGGTTGATAAACTGAAAT"
CCGCGACCGCCCGCTTGAGTGCTTCCTGTGGACGGTGGGGCTGTTACCGGATCCGAAATA
CTGCCGCATTGAACTGGCAAAGACCATCGCCCTGTTGCTGGTGCTCGACGATATTTTTGATA
GGCAAAATGGATGAGCTGATTCTGTTTACCCACGCCAGTGATCTIGAAGCGATGAAA
ACCTTGCCGGAGTACATGAAAATTTGCTATATGGCGCTGTACAACACGACCAACGAAATTGC
CGCGTGCTGAAAGACACCGGTCGCACCGTTCTGCCGTATCTGAAAAGCACCTGGATTGATA
GAGGGTTTTATGGTGGAAGCAAAATGGTTTGGTGGCGGCATTTCGCCACCGAATCTGGAGG
TATTGAAAACGGTGTTTCCACCGCCGGTGCCARTAIETG@CATTTGTTCTTTCTGATCGGT
GAAGGCGTGACCGATCAAAACGCCAGTCTGCTCAGTCAGAAACCGTATCCGAAGCTGTTCT
GCGGGTCGTATCCTGCGTTTATGGGATGATCTCGGCACGGCGAAAGAAGAGCAGGAACGT(
TCTGGCGAGCAGCATTCCGCTGTTTATTAAGGAAAAAAACCTCGCCACTGAAGAAGAAGTCA
CCATATTCTCGAAGAGATTCTGCGCAAGEATATGAACGGCGAATTGATCAGTAAAAATAA
ATTCATGCCGCTCTCCATCATTAAAGTGGCGCTGAACATGGCCCGCGCCAGCCAGGTGGTT
ACACGATCATCATACCTATTTCAGCAACGTCGATAACTATGTTGAAGCGATTTTCTTCACGCC
GACTAA

C. roseus8H

ACAAATTGTACACTTCCATTCCATGGATTACCTTACCATAATATTAACTTTACTETTTGCCTTG
CTATGAAGCCTTCAGCTACCTATCCAGAAGAACCAAAAACCTTCCTCCAGGACCATCGCCAT
TTCATCGGAAGCCTCCATTTATTAGGCGACCAACCACACAAATCCTTAGCAAAACTTTCCAAS
ACGGTCCAATTATGAGTCTCAAATTAGGCCAGATCACTACAATCGTCATATCTTCATCAACAA
GAAAGAAGTTCTTCAAAAACAGGATTTAGCATTTTCAAGCAGANCEBEINCIXRMCGCT
CACAATCAATTCAAATTCTCCGTTGTATGGCTTCCGGTAGCCTCACGATGGAGAAGTCTTCG
TTTTGAATTCTAATATATTTTCCGGCAATCGGCTCGACGCTAATCAACATTTGAGAACTAGAA
ACAGGAACTAATTGCGTATTGCCGGAAAAATAGCCAGAGCGGAGAAGCGGTTGACGTCGGC
GCTGCTTTTAGAACTTCGTTGAATTTGTTGTCGAATTCBARGIIATTTGACGGATCCTTA
TTCGGATTCTGCCAAGGAATTCAAGGATTTGGTTTGGAATATAATGGTTGAGGCGGGGAAAC
TTTGGTCGATTTTTTTCCCCTGCTTGAAAAAGTTGATCCTCAAGGTATACGACATCGTATGAC
ACTTTGGGGAAGTTCTTAAGCTTTTTGGTGGACTTGTTAATGAAAGATTGGAGCAAAGAAGA’
AAGGGGAAAAAAATGATGTGTTGGATGTABTTACCAGCCAAGAAAGCCCTGAGGAAATC
GATAGAACTCACATTGAGCGAATGTGCTTGGACCTGTTTGTAGCAGGGACGGACACAACAT(
ACATTAGAATGGGCAATGTCAGAAATGCTTAAAAACCCAGACAAAATGAAGAAAACCCAAGA
ACTTGCACAAGTAATCGGCAGAGGAAAAACAATAGAAGAATCCGATATTAACCGCTTACCTT,
AAGATGCGTTATGAAAGAAACGIGAPACATCCACCAGTTCCCTTCTTAATTCCTCGCAAAGTG
GAACAAAGTGTTGAGGTTTGTGGATACAATGTCCCTAAAGGATCACAAGTTCTTGTGAATGC
GCAATTGGACGTGATGAAACTGTTTGGGATGATGCTTTGGCATTCAAACCCGAGAGATTTAT
TCTGAATTGGATATCCGTGGAAGAGATTTCGAGCTGATTCCGTTCGGTGCTGGCCGAAGAA
CCAGGGTTGCCATTRLEBAAGGACTGTGCCTTTGATGCTTGGTTCTTTGTTGAACTCTTTTAAT
GAAGCTTGAAGGTGGGATGGCTCCAAAAGATTTGGATATGGAGGAGAAGTTTGGTATTACAC
AGAAGGCTCATCCTTTGCGTGCTGTACCAAGCACCCTTTAAAATTCTTGCCCTTTTTTTTTTT/
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GCATAAAATAAGGGCAGTGCCAAACTGTCCTATTTCGCGTTATGTACTCTCTCCCTCATGGTTGGAA
TACGTTAATATATGTATTCATCTTTTTTTTTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

N. catariaG8H

ATGGATTTCCTCACAATCTTCATTGGACCATTACTTGCCATCATCGCCTTATTCTATGCACGCTTAAC
AATCTCCACGAGGGGCAAAAACCTGCCCCCGGGGCCGACGCCGCTTCCCTTCATCGGAAACCTCCA
TTTGCTCGGCCACCACCCCCACAAGTCCCTCGCCCGRCTGEECGBACCACTCATGCTC
CTCCGCCTCGGCTCCGAAAACACCGTCGTTGTCTCCTCCGCCGCCGTCGCTAAAGAAGTCCTCCAGA
AGCATGACCTCGCCTTCTCCAGCAGGAGCATCCCCGACGCCGTCCATGCTCACGACCAGTTCAAGTA
CTCCGTCGTTTGGCTCCCGGTGGCCTCGCGGTGGCGCAGCCTCCGCAAAACCATGAACTCCAACAT
CTTCTCCGGCAGCTGCCTCGACGCCAAITMBIMGCAGGAAGGTGGAGGAGCTCATTGC
CTACTGCAAGGAAAGCTGCCGGAGGGCGGAAGCCGTCGACGTCGGCCGCGCCGCCTTCAGAACCG
CCTTGAACTCGCTCTCCAACACCATATTTTCGAGGGATTTGGCCGATCCGTTGTCGGATTCCGGTAA
GGAATTCAAGGATGTGGTGTCGAGTATCATGATGGAGGCAGGGAAGCCCAACTCCGTGGATTACT
ATCCTTTTTTATCAAGATTTGAABGBBATACGACGTCGCACCGCTATCTATTTCGACAAATTG
ATCAATATTTTCAAAGGTTTGATCGATGAAAGGTTGGAGAAAAGAAGATCTCAATACGAAGAAGCA
ACTGATGTTATCGATATCCTCCTCAACACCATCGAGCAAAACCCCGAAGAGATCGACCGAACTCACA
TCGAACGAATGTTTTTGGATCTGTTCTTGGCGGGAACGGACACAACTTCGAGCACAGTGGAATGGG
CAATGGCGGAGGCGAAAAATCCAGAAACAATGAAGAAAGCCAAGGCAGAGCTAGCACAAGT
GATCGGAAAAGGAAAAATAGTACAAGAAACCGACATACCGCATCTGCCATATCTGCAATGCATTGT
TAAAGAGACGCTGAGACTACACCCGCCGGTTCCCTTCCTCATTCCACGCAGAGTCCACGAAGACGT
CGACATCTTGGGCTACGTCGTGCCCAATAACTCGCAGGTCTTCGTGAACATGTGGGCCATCGGGCG
GGACCCCGRIGTGGAAAAACCCTCTACAGTTCGACCCCGACCGCTTCCACGATTCGGAGGTGGG
GTTGAGGGGGAAAGATTTCGAGCTGATTCCATTCGGCGCGGGCAGAAGAATCTGCCCGGGGCTGC
CGCTGGCGATGAGAATGGTGCCCGTAGTGCTGGGGTCGCTTCTGAATTCATTCGACTGGAAAGTG
GAAGGAGGGAAGGAATTAGAGATGAATGAGAAGTTTGGAATCACGTTGGAGAAGGCTCAACCAC
TTATGGTGTCCCTATCGCTCTTTAG

N. mussiniG8H

ATGGATTTCCTGACAATCTCCATTGGATCATTACTTGCCATCATCGCCTTATTCTATGCACGCTTAAC
AATTTCCACGAGGGGCAAAAACCTGCCTCCGGGGCCGACGCCGCTGCCCTTCATCGGAAACCTCCA
CTTGCTCGGCCACCACCCCCACAAGTCCCTCGCCCGTCTCGCCAAGACTTACGGCCCACTCATGCTC
CTCCGCCTCGGCTCASBACAGCCGTCGTCTCCTCCGCCGCCGTCGCTAAAGAAGTCCTACAGA
AGCATGACCTCGCCTTCTCCAGCAGGAGCATCCCCGACGCCGTCCATGCTCACGACCAGTTCAAGTA
CTCCGTCGTCTGGCTCCCGGTGGCCTCGCGCTGGCGCAGCCTCCGCAAGACCATGAACTCCAACAT
CTTCTCCGGCAGCTGCCTCGACGCCAACCAGCATCTTAGGAGTAGGAAGGTGGAGGAGCTCATTGC
CTACTGASGAAAGCTGCCGGAGAGCGGAAGCCGTCGACGTCGGCCGCGCCGCCTTCAGAACCG
CCCTGAACTCGCTCTCCAACACCATATTTTCGAGGGATTTGGCCGATCCGTTGTCGGATTCCGGTAA
GGAATTCAAGGAAGTGGTGTCGAGTATCATGATGGAGGCCGGGAAGCCCAACTCCGTGGATTACT
ATCCTTTTTTATCAAGATTTGATCCACAGGGAATACGACGTCGCACCGCTTTCTATTTCGATAAATT
ATTAATATCTTCAAAGGTTTGATCGATGAAAGGTTGGAGAAAAGAAGATCTCAACACGAAGAAGC
AACTGATGTTATCGATATCCTCCTCAACAGCATCGAGCAAAACCCCGAAGAGATCGACCGAACTCA
CATCGAACGAATGTTTTTGGATCTATTCCTGGCGGGAACAGACACAACTTCGAGCACAGTAGAATG
GGCAATGGCGGAGGCGATGAAAAATCCAGAAACAATGAAGAAAGCCAAGGIAMAMGCTG
GTGATCGGAAAAGGAAAAATAATACAAGAAAGCGACATACCGCATCTGCCGTATCTGCAATGCATT
GTTAAAGAGACGCTGAGACTACACCCGCCGGTTCCCTTCCTCATCCCACGCAGAGTCCACGAAGAC
GTCGACGTCTTGGGCTACGTCGTGCCCAAGAACACGCAAGTCTTCGTGAACATGTGGGCCATCGGG
AGGGACCCCGATATGTGGAAAAACCCTCTAGAGTTCGACCCUEENEAIGCTIEANGTG
GGGTTGAGGGGGAAAGATTTCGAGCTGATTCCGTTCGGCGCGGGAAGAAGAATCTGCCCGGGCCT
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GCCGCTGGCGATGAGAATGGTGCCCGTAGTGTTGGGGTCGCTGCTGAATTCATTTGACTGCG
TGGAAGGAGGGAAGGAACTAGAGATGAATGAGAAGTTTGGAATCACGTTGGAGAAGGCTCA
ACTTATGGCTGTCCCTATCGCTCTTTAG

H. officinalisG8H

ATGGATTCCATTACAACAGCAGTTGGATTAGTATTTGCCCTTACTTTCTTATTCTATGCATTCC
ACTTTCCTTTAGTCGTCGGAAAAACCTGCCGCCGGGGCCGACGCCGCTGCCCGTAATCGG!/
CCATCTGCTCGGCGATCAGCCCCACAAATCCCTCGCTCGTCTCGCCAAGATTTACGGGCCC
CGGCTCCGCCTTGGCTCCGTCAACACCGTCGTCGTCTCCTCCAGEABAGTCGUELC
AGAAGCAAGACATGGCCTTTTCCAGCAGGAGCGCCCCCAATGCCGTCCATGCACACGACCH
AGTACTCCGTCGTCTGGCTTCCGGTGGCGTCGCGGTGGCGCAGCCTCCGCAAGACTATGA
ACATCTTCTCCGGCAGCCGCCTCGACGCCAACCAGCACGTCAGGAGTAGGAAAGTGGAGG.
ATTGCCTACTGCCGGGAAAGCAGTCGAAAGGCGGAGGTCEICGATGCCGCCTTCAG
AACCTCCATGAACTCGCTGTCCAACACCATTTTTTCCAAAGATTTGGCCCACCCCCTTTCGG.
ATAAAGAATTCAAACAAGTGGTGTCCAAAATCATGATTGAGGCCGGCAAGGCCAACCTCGTC
TCTTTCCCTTTTTAGCAAGATTTGATCCCCAGGGAATACGACGTCGCACCACTCTCTACTTCC
AGTTATCGACCTCTTCAGTGGCCTCATCGATTABAGAAAAGAAAATCACAACACGGAG
AAGAATCTGCAAGTGACGTGATCGACGTTCTCCTCAACGCCAGCGATCAAGAGATCGACCG
ACATCGAAAGAATGTGTCTGGATCTATTCGTAGCTGGAACAGACACAACTTCGAGCACGGTC
GGGCAATGGCGGAGGCGATAAAAAATCCAGAAACGATGAAGAAAGCGAAAGCGGAGCTAG.
AGTGGTCGGGAAAGGTAAAATAATAASBGBACATATCCCGGCTGCCGTATGTACGATGCA
TGGTGAAGGAGACGTTAAGACTCCATCCGCCCGTTCCCTTCCTCATCCCACGCAGAGTGGA
ACGTCGAGGTCATGGGCAGCATAGTGCCCAAAAACTCACGGGTCTTAGTTAACACGTGGGC
GGCGTGACCCCGATGTTTGGAAAGACCCTCTAGAGTTCAAACCCCACCGCTTCCTTGATTCT
GGATGTACGGGGCACGGABGUIGATTCCGTTTGGGGCGGGGAGAAGAATATGCCCGGGG
CTGCCGCTGGCGATGAGAATGGTGCCGGTAATGTTGGGGTCAATGTTGAATTCATTTGATTC
ATGGAAGGAGGGATGGAATTAGAGATGGAGGACAAGTTTGGAATTACTTTGGTCAAGGCTC,
GCTCAAAGCTGTACCTGTTCCCATCTCTTTCTAG

C. roseusiGOA

ATGACCAAGACCAATTCCCCTGCTCCTTCAGTTACAAAGCTGCTGTGGTATGGAAATCAG
GGGAGCCACCAAAGGTGGAAGAGATACAAGTTGATCCACCAAAGGCCTCAGAAGTTAGGAT
ATGCTTTGTGCCAGTTTGTGCCACACTGATTTCCTTGCCTGCAATGGCCTTCCTGTTCCATTC
CGCATTCCTGGACACGAAGGAGTCGGAATGATCGAGAGCGTTGGAGAAAATGTTACGAACC
AGAAGGAGACATAGTGATGATOACTTGGGAGAATGTGGGGAATGCTTGAATTGCAAATCAG
GAAGGACAAATTTGTGCCACAAATATCCTTTAGGTTTTAGTGGATTATTGCTTGATGGAACAT
AATGTCAATTGGAGAGCAAAAAGTATATCACCATTTCAGCTGTTCGACATGGTCAGAGTATAT
GATTGAAGCAGCTTATGCAGTGAAGGTAGATCCAAGGGTTTCTCTTCCACATGCTAGCTTTC
TGTGGATTCACCABGTTTTGGTGCTACTTGGAGAGATGTCAATGTTGTCAAGGGCTCTACTGT
GCTGTTCTAGGCCTTGGTGCTGTTGGACTTGGGGCTGTGCAAGGAGCTAAATCACAAGGAG
AGAATTATAGGTTTGGATATCAACGACAAGAAACGTGAAAAGGGAGAAGCATTTGGAATGAC
ATTTATAAATCCAAAAGGTTCAAACAAATCAATTTCTGAACTAATAAATGAAGCAACTGGTGG,
GGACTTACTATGTCTACGAATGCACTGGAGTTCCAGCTTTACTCAATGAAGCCATTGAATCCT
AAGTGGGACTTGGAACTGCAGTATTGATTGGGGCAGGACTTGAAACAAGTGGAGAAATCAA/
ATTCCTCTTCTGTGTGGTAGAACTGTTAAAGGTTCAATTTATGGTGGAGTAAGACCTAAATCA
TCCCCACTTTAATTGAAAAGTGCATAAACAAGGAAATTCCAATGGATGAACTAGT GACTCATC
TTTCATTGTCTGAGATAAACAAAGGATTTGAGTACCTTAAGCATCCTGATTGTGTCAAAGTTG
CAAGTTCTAA
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N. catariaHGOA

ATGGCCGACAACACCAATCCGGGAGTCATAACGTGCAAAGCCGCCGTGGCATGGAAGCCTCTGGA
GCCGTTGAAGGTGGAGGAGATTCAAATACAACCACCAAAACCAACAGAAGTTAGGATCAAGATGT
TGTATGCCAGCATTTGTCACACAGATAGI GGACAGGCATCCTTTATGACATGTTCCCTCG
GGTTCTAGGACATGAAGGTGTAGGTGTGATTGAAAGTGTTGGAGAAGAAGTGACAGACCTGAAG
GTGGGAGATACTGTGATGCCACTCTACGTTGGAGAGTGTGGAAAATGCCCCAACTGCGCCTCGGG
GAAGTCGAATTTCTGCTCCAATTACCCTCTAACATTGGGCCTGATGGCTGATGGCACAACAAGAAT
GTCTGCTAAGGGGCAGCAACTBMATGTTTAGCTGCTCGACTTGGTCCGAATACGCGGTTATT
GAATCAAACTACGTGGTTAAGGTGGATCCCAAGCTGTCGCTTTCCGGAGCCAGTCTCCTTACCTGTG
GTTTCACAACAGGTTATGGAGCAGTATGGAAAGTAGTCAATTTTGAAAAAGGTTCAACTGTTGCTG
TAGTAGGCCTTGGTGCTGTTGGATTTGGAGCAGTTAAGGCAGCTCAAATCTTAGGAGCCTCGAAGA
TAATCGGGGTGRATAATGAAACGAGACGCGATAAGGCAAAAGCTCTTGGGGTTACAGACTTC
ATAAATCCTAAGAGTTCTGATAAAACTATGTCTCAACTTATCCAAGAAGCCACCGGAGGACTAGGT
GTGGATTGCTGCATTGAGTGCACGGGCGTTCCCTCTCTCCTCAACGAAGCCATTGCAAGCACAAAA
GTGGGATCCGGGGAGGTAGTGTTGATCAGTGCAGGAGACGAGCAGAATACGGAGCTTAACTACG
TTCCTCTEGGCTTGGGGAGGACTGTCAAGGGAACAATCTACGGTGGTGTGAGGATTCATTCAGATC
TTCATAAAATTGTTGACAAATGTATCAGCAAGGAAATCGATCTCGATGAAATCATAACTCATGAGGT
TTCACTTGCTGATGTTAACAAGGGATTTCTGGAATACATGAAGCAGCCTGATTGTGTCAAGGTTATA
ATCAAGTTCTGA

N. mussiniHGOA

ATGGCCGACAACACCACTCCGGGAGTTATAACATGCAAAGCCGCCGTGGCATGGAAGCCGCTGGA
GCCGTTGAAGGTGGGGGAGATTCAAGTACATCCACCAAAACCAACAGAAGTTAGGATCAAGATGT
TGTATGCCAGCATTTGCCACACAGATACAGTGTGCTGGACAGGCATCCTTTATGACATGTTCCCTCG
GGTTCTAGGACATGAAGGTGTAGGTGTGATTGAAAGTGTTGGGGAAGAAGIHRANGAGACC
GTGGGAGATACTGTGATGCCACTCTACGTTGGAGAGTGTGGAAAATGCCCGAACTGCACCTCGGG
GAAGTCGAATTTCTGCTCCAAATACCCTCTAACATTGGGCCTGATGGCTGATGGCACAACAAGAAT
GTCTGCTAAGGGGCAGCAACTGTACCAATTGTTTAGCTGCTCAACTTGGTCCGAATATGCGGTTATT
GAATCAAACTACGTGGTTAAGGTGGATCCGAAGCTGTCGCTTTTCTEAEACATIGT
GGTTTCACAACAGGTTATGGATCAGTATGGAAAGTAGTCAATTTTGAAAAAGGTTCAACTGTTGCT
GTAGTAGGCCTTGGTGCTGTTGGTTTTGGAGCAGTGAAGGCAGCTCAAATATTAGGAGCCTCGAA
GATAATTGGGGTGGACATTAATGAAACGAGACGCGATAAGGCAAAAGCTCTTGGGGTTACAGACT
TCATAAATCCTAAGAGTTCTGATAAAACTATGTCTCAAGRMETTXCCGGAGGAGTAG
GTGTGGATTGCTGCATCGAGTGCACGGGCGTTCCCTCCCTCCTCAACGAAGCCATTGCAAGCACAA
AAGTGGGATCCGGGGAGGTAGTGTTGATTAGTGCAGGAGACGAGCAAAATACGGAGCTTAACTAC
GTTCCTCTGCTATTGGGGAGGACTGTCAAGGGAACAATCTATGGTGGTGTGAGGATTCATTCGGAT
CTTCATAAAATTGTTGACAAATGTATCAGCAAGSPFARNIGSTGAAATCATAACTCATGAG
GTTTCACTTGCTGATGTTAACAAGGGATTTCTGGAATACATGAAGCAGCCTGATTGTGTCAAGGTTA
TTATCAAGTTCTAA

H. officinalisHGOA

ATGGCAGGAGTCATAACATGCAAAGCCGCGGTGGTGTGGAAGGCGTCGGAGCCGTTGAAGGTGG
AGGAAATTCAAGTAGAACCACCAAAATCAACAGAAGTCAGGATCAAGATGTTGIATGCCAGCAT
GCCATACAGATACCGTATGTTGGGCGAACTCCTTCTATAATATGTTTCCTCGAATCCTAGGCCACGA
AGGGGCGGGAGTGATTGAAAGTATTGGAGAAGAAGTGGCAAACCTCAAGGTGGGAGACACTGTG
ATGCTACTCTACGTCGGAGAGTGTGGAAAATGCCCGAACTGTGAGTTGGGGAAGACGAATTTTTGC
TCCAAATATCCTATGACATTTGGCCTAATGGTGGATGGCACGACAAGBGBGIIIAFCT
CAAATGTTCCAATTGTCTAGCTGCTCGCCTTGGTCTGAATATGCGGTTATTGAATCAAACTACGTGG
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TTAAGATAGACCCGAGAATATCGCCTTCCGAAGCCAGCCTCCTTACCTGTGGTTTCACAACA
TGGAGCAGTATGGAAAGAACTCAAAGTTGGACAGGGTTCAACTGTTGCTGTAATAGGCCTTC
CTGTTGGATTAGGAGCTGTGAAGGCATCACAAATCTTAGBGATAATIEIGGATCGATA
TAAATGAAATGAAACGAGACAAGGCAAAAGCTTTTGGGGCTACAGACTTCATAAATCCCAAG
CTGATAAAACTATGTCTGAACTGATCCAAGAAGCCACCGGAGGACTAGGTGTGGATTACTGT
AGTGTACGGGCGTACCCTCCCTCCTCGATGAAGCCATTGCAAGCACAAAAATGGGAGTCGC
GTAGTGTTGATCAGTGCCGGAGATGAGCCGAAGABGGASCATGCCTCTGTTGCTAGG
GAGGACTCTTAAGGGGACAACCTACGGTGGAGTAAGAACTCACTCGGATCTTCCTAAAATC/
GAAATGTATCAACAAGGAAATTGAGCTCGGTGATCTCATAACTCATGAGGTTTCACTTGCTG!
AACAAAGGATTTATGGAGTACATGAAGCAGCCTGACTGTGTGAAGGTTATTATCAAATTCTG!

N. catariaHGOB1

ATGGCGAAATCAGCABPAGAGCACCCAGTGAAAGCTGTTGGTTGGGCTGCCAGAGATACAT
TGGAGTCTTCTCCCCTTTCAAATTCTCAAGAAGGGCAACTGGTGAGCGTGATGTTCAGTTCA
CTTTACTGCGGCGTCTGCCATTCTGATCTTCATATGATCAAGAATGAGTGGGGTTTCACACA!
CTATTGTTCCTGGGCATGAGATTGTGGGCATAGTAACTGAGGTGGGAAACAAGGTGGAGAA
AAGGTGGGAGAAAGTAGGCGTTGGTTGCTTGGTCGGATCGTGCCGCCAATGTGACCAATG(
CGATGATCTCGAAAATTACTGCCCCAAACAGATTCTCACCTACAGCGCACCTTACTTGGATG
ATCACTTACGGTGGTTACTCCGATCTCATGGTTGCTGACGAGCACTTTGTCGTCCATTGGCC
ATTTTCCCATGGACCTCGGTGCTCCTCTTCTCTGTGCCGGCATTACTACTTACRGCCCCTTG.
TTTGGACTCGACAAGCCCGGGATGAATGTTGGGATTGTGGGTCTTGGTGGCCTCGGTCATG
GTCAAGTTTGCCAAGGCTTTTGGGACTAAAGTCACCGTCATCAGTACTTCTGCAAGCAAGAA
GAAGCGCTCGGGAAGCTTGGTGCTGATGAGTTCTTGGTTAGCCGTGACCCCGAACAGATGC
AGCAGCTGGCACATTGGATGGCATCCTTGATACTGTCGCAGCAGTTCAARTIGCIACCG
AGCTTACTGAAGCCTCATGGGAGGCTTATCTTGGTCGGGGTTCCAGAAAAGCCTCACGAGC
GCCTTTCCTCTGATTATGGGGAGAAAGTCGATTTCGGGCAGTGGGATCGGAGGGTTGAAGC
GCAGGAGATGGTGGATTTTGCAGCGAAGCACAACATACTGCCGGATGTGGAGATGATTCCC
ACTACGTCAACACGGCTATGGAGCGTCTCGAGAAATCCGATGBTAAGTEBATCGACG
TTGCCGGTTCGCTGAAAGCCGACTAG

N. catariaHGOB?2

ATGGCGAAAACCCCAGAAACAGAGCACCCAGTGAAGGCCTTTGGATATGCGGCCACTGACA
GGCACCTTCTCTCCCTTCAAGTTTTCTAGGAGGGCTACTGGTGAGCGTGATGTGCAGTTCA/
TGTATTGTGGTGTTTGCCATTCAGATCTGCACATGGTCAAGAATGAGTGGGEIEETCACTCAC
CATCGTTCCCGGGCATGAAATTGTGGGAGTTGCAACTGAAGTTGGTAGCAAGGTTGAAAAG!
AGGTTGGCGACAAAGTTGGTGTCGGAGTGATTGTGGGTTCATGCCGCCAGTGTGATCAGTC
AATGATCTTGAAAACTACTGCTCCAAGCAAATACTCACCTACGGTGCCCCTTATCTAGATGG!
TTACTCGCGGAGGCTACTCTGATATCATGGTGGCAGACGAGCATTIEATCAGBEST
ACTTCCCCCTTGATGCTGGAGCTCCTCTCCTTTGCGCTGGAATCACAACTTACAGTCCACTT.
TTTGGACTCGACAAACCTGGCCTAAGAGTTGGTGTCAACGGTCTTGGTGGGCTAGGCCACG
GTCAAATTCGCCAAAGCTTTTGGTACTAAGGTCACAGTTATCAGCTCATCTCTCCGCAAGAA(
AAGCTGTTGAAAAACTCGGTGTAGATGAGTTTTTGGTAKEINEAGCAGATGCAGGCTG
CAATAGGCACACTAGATGGCATCATTGACACAGTCTCCGCGGAACATTCAGTTGTGTCTTTG
TTTGTTGAAGCCACACGGCAGGCTGATTGTGGTTGGTGCACCGGAAAAGCCCCATCAGCTC
TTTCCCCTTGATCACTGGTAGGAAGTCCATATCTGGGAGTGCAATCGGAGGGATGAAGGAG
AAGAAATGATTGATTTCGCGGCCAAGCACABCBBLBATGTGGAGGTCATACCGATAGATT
ACATAAACACGGCTATGGAACGGCTTCTGAAATCGGATGTGAAGTATAGGTTCGTGATTGAT
AGAAATCATTGAAGGCTTGA
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N. catariaHGOB3

ATGGCGAAATCAGTGAACGCCGTCGGCTGGGCCGCCCGCGACACCTCCGGCCTCCTCTCCCCTCTC
AAATTCGCCCGCCCCGCCGCCGGCGACCGCGACGTCCAGTTCAAGHETATTTITACTGC
CACTCCGATCTCCACAGCATCAAGAACGAGTGGGGCAACACCCAATACCCCATCGTCCCCGGCCAC
GAGATCGTCGGCGTCGTCACCGCCGTCGGCCCCAAGGCCACCAAATTCAAGGCCGGCGACAAAGT
CGGCGTCGGCTGCCTCGTCAATTCCTGCCGGCATTGCGACCAATGCGCCGCCGATCTCGAGAATTA
CTGCCCGCAGCTCGTCCAAACCTACAATAGCGTCCTCGCOEMNTEIBTCGGEGGCTAC
TCCGATGTGATGACGGCGGACGAAGACTTCGTCATCCGCTGGCCGGAGAATTTCCCCATGGATAAG
GGCGCCCCGCTATTGTGCGCCGGGGTGACGACGTACAGCCCGTTGCGATACTACGGGCTCGACAA
GCCGGGCCTCCACATCGGCGTCGTCGGGCTGGGCGGGCTGGGCCATGTGGCGGTCAAGTTCGCCA
AGGCCTTCGGGACGAAGGTGACGGTGATCAGCACARAGABGBAGGAGGCGATTGA
GACGCTAGGCGCCGACGCGTTCCTAATAAGCAAGGACGCGTCGGAGATGCAGGCGGCGGCGGGG
ACGCTGGACGGGATGATTGATACGGTCTCGGCCCAGCATCCCCTGCCGCCGCTTTTGAGCCTGTTG
AAGCCGCATGGGAAGCTGATTTTGGTCGGCGCGCCGGATAAGCCGTTGGAGCTGCYGGCATTCCC
CCTCATCATGGGGCGAAAGATGGTGGCGGGGAGTATGIFARTGAAGGAAACGCAGGAG
ATGATCGATTTCGCGGCGAAGCATAATATATTGCCGGACGTGGAGATGATTCCGATGGACTACGTG
AACACGGCGATGGAACGGCTGGCTAAAGCCGACGTCAAGTATCGCTTTGTGATTGATGTGGGGAA
TACGCTGACTAAAGCCGATTGA

N. catariaHGOB4

ATGGCAAAATCAGCGGAGGCAGTGGAGGCCTTTGGATACGGTGCGACCGACTCAGCCGGCCATCT
CTCCCCCTTCCGCTTCTCCAGAAGGGCCACCGGCGACCAAGACGTGCAGTTCAAAGTTCTCTACTGC
GGCATCTGCCACACCGATCTTCACTACATCAACAACGAATGGGGCTTCTCTCACTACCCTCTCGTCCC
AGGGCATGAGATCGTCGGCCTAGTCACACAGGTAGGAACCAGAGTREACABGATCA
ACACAGTCGGCGTCGGATGCATCGTCGGATCCTGCCGATCATGCCACAGCTGCGCCAATCATCTCG
AGAATTACTGCCCCAACGTCATACCCACCTACAGCGCCCCTTACTACGACGGAACCATCACCTACGG
CGGTTACTCCGATATAATGGTCGTCCACCACCATTTCATTGTTCGTATCCCGGACAACATGCCTCTCG
ACGCAGCTGCCCCGCTTCTATGCGCCGGGATCACCACTTGBSBTACTTCGGACTCGA
CAAACCTGGCCTACACATCGGCGTTGTTGGCCTCGGCGGGTTAGGCCATCTTGCCGTTAAATTCGCC
AAGGCTTTTGGCGCTAAGGTCACCGTCATTAGCACCTCCCCTAACAAAAAAGACCAAGCACTCTCAC
ATTTGGGAGCCGATTCCTTCTTGATCAGTAAAAATGCTTGTGAAATGAAGGGTGCTATGGGAACAA
TGGATGGTATTCTTGATACGGTATCAGCGGTBISATGGAGTTGGTCGGGTTGTTGAAGG
CTCAGGGGAAGCTGATAGTGCTGGGTGCACCAGAGAAGCCGCTGGAGGTGACAGCGCTTCCTCTG
ATAGCAGGAAGGAAGATGATAGCGGGGAGTGGGATCGGAGGGATGAAGGAGACGCAGGAAATG
ATTGATTTTGCAGCCAAACATAATATCAAGGCAGATATCGAACTCATTCCCATGGACTACGTTAACA
CTGCCATGGACCGTCTGGCCAAAGTGEATIATCGTTTCGTCATAGATGTTGCCAACACCAT
CAAAAATTCATTATTACTTTAG

N. catariaChIH

TTGCAGAGTTTCTCATCAATGGCTGCTTCTTTGGTTTCATCGCCATTTACACTTCCAAAATCCAAAAC
AGTAAACCTTTCATCACTCTCACAAAAGCATTACCTCCTCCACTCTTTCCTTCCCAAGAGAATCACCA
AAACCAACATAAATTCATCCCAGAAATTCAAATGCABBGBBEBTGITCTCTTCACTCAGAC
CACGCAAGAAGTCCGTAGAATCGTGCCCGAGAAATCGAACCTCACAACGGTTAAGGTTGTCTACGT
GGTGCTAGAAGCTCAATACCAATCATCCCTCACAGCTGCAGTCCAAGCTCTCAACAAAAATGGAGA
GTATGCTTCATTTGAGCTTGTGGGCTACTTGGTTGAGGAGCTGAGAGATAAGGACAACTACGAGA
GCTTCTGCAAGGATCTCGAAGACGCCAATIRO®GATBACTCATTTTCGTGGAGGAGTTGGC
GTTGAAGGTCAAGGCTGCTGTGGAGAAGGAGAGAGAGAGGCTTGATGCTGTGCTGGTTTTCCCAT
CAATGCCTGAGGTGATGAGATTGAACAAGCTTGGATCTTTCAGCATGTCGCAGTTGGGGCAGTCGA
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AAAGCCCCTTCTTTCAGCTGTTCAAGAAGAAGGGCAAATCTAATGCAGCCTTTGCAGACAGC
GAAGCTTGTAAGAACTTTACCTEBAAGAAGTATTTGCCCAGTGATAAGGCTCAAGATGCAAG
GTTGTACATTCTCAGCCTCCAGTTTTGGCTTGGTGGATCGCCTGATAACCTGATGAACTTCT
ATGATCTCTGGATCATATGTGCCAGCGTTGAAACAGGCGAAAATCGAGTATTCTGATCCAGT
ATTTTGATAATGGGATTTGGCACCCTTTGGCTCCCTGTATGTATGATGATGTGAAGGAGTATT
TTGGTATGCAACGAGSGATGCTAATGAGCAGCTCAAGAGCAAGAATGCACCTGTGGTTGGE
TTGTTTTGCAGAGGAGTCATATTGTGACTGGTGATGATAGTCACTATGTTGCTGTGATCATGC
CGAAGCTAAAGGGGCGAAGGTGATCCCGATCTTTGCTGGTGGCCTTGATTTCTCTGGGCCC
AGAAGTACTTCATTGATCCGATCACCAAGAAACCAATGATAAACTCAGTTGTGTCGTTGACTC
TGCTCTT&GGAGGGCCCGCTAGGCAGGACCATCCGAGGGCAATCGAGGCCTTGATGAAGC
ATGTGCCTTACATTGTGGCACTGCCGTTGGTGTTCCAGACAACGGAAGAGTGGCTGAACAG
TGGGGTTGCATCCCATTCAGGTTGCTCTGCAAGTGGCTCTCCCTGAGCTTGATGGAGGCAT!
CTATTGTTTTCTCGGGGCGAGATCCAAGAACAGGGAAATCACATGCTCTTCACAAGAGGGTC
AGCTCTGCACCAGAGCTATCAGATGGGCTGAACTCAAGAGGAAAACAAAGGCGGAAAAGAA
GCAATCACTGTATTTAGCTTCCCACCAGACAAAGGCAATGTAGGAACTGCTGCTTACCTCAA
TCTCTTCCATCTACTCTGTGCTCAAAGAGCTCAAGAAAGATGGCTACAACGTTGATGGCCTTH
AACTTCAGAAGCCTTGATCGAAGAAGTCATTCACGATAAGGAGGCCOBBTRBRARTAGC
CAACGTAGTTCACAAGATGAGCGTCCGGGAATACCAGAATCTGACTCCTTACTCTACTGCTC
GAAAACTGGGGAAAGCCTCCAGGCAACTTGAACTCCGATGGTGAAAATCTTCTTGTCTATGC
CAGTATGGAAACATCTTCATTGGTGTTCAGCCTACTTTTGGCTACGAGGGTGATCCTATGCG
TCTTCTCCAAATCCGCCAGCCCACACCACGGATTTGCTGEMNRETTAGAGAAGATCTTT
AAGGCTGACGCAGTTCTGCACTTTGGAACTCATGGTTCTCTTGAATTCATGCCTGGGAAACA
GCATGAGTGATGCCTGCTTCCCCGACAGTCTTATTGGAAACATCCCCAACATCTACTACTAC
TAACAACCCGTCTGAGGCCACTGTTGCAAAGAGGCGTAGCTATGCGAATACTATCAGTTACC
TCCTCCAGCTGAGAATGCAGGTCTCTACABASGTAGTTGAGCGAGCTTATTGCTTCTTAC
CAATCTCTCAAAGATTCGGGCCGTGGCCCTCAAATTGTGAGCTCTATTATCAGTACTGCTAG
GCAATCTTGATAAAGATGTGGTTCTTCCTGAAGATGGAGTCGAGCTCTCTCAAAAAGAGCGT
CTGTAGTGGGACAAGTGTATTCCAAGATTATGGAGATCGAATCGAGATTGCTACCTTGTGGC
ATGTCATTGGTGAGCCTCCAABAGGAGGCAGTGGCTACACTGGTCAATATCGCAGCATTGG
ATCGTGAAGAGGAACAGATTTCGTCTCTTCCTTCTATATTAGCGCAGACTGTGGGGAGAGAA
AAGATATCTACAGAGGAAGTGATAAGGGTGTTCTGCGCGATGTGGAGCTCCTTAAACAGATC
AAGTATCTCGAGGTGCAATCAGTGCTTTTGTGGAAAGAAGCACCAACAGCAAAGGGCAAGT
GAAGTAGCTGATAAGTCIKIALAATCCTTGGTTTTGGTGTAAACGAGCCATGGATTCAATACTTG
CGAACACCAAGTTTTACCGGGCTGACAGAGAAAAACTCAGAGTCTTGTTCGGATACTTAGGT
GCTTGAGACTGATTGTAACTGATAACGAGGTGGGAAGCTTGAAACAAGCTTTGGAAGGGAA!
GTCGAGCCAGGGCCAGGTGGGGACCCGATCAGAAACCCGAAGGTGCTGCCTACAGGAAAC
TCCATGCCTTEEEGCAGTCCATTCCAACAACTGCAGCTATGCAGAGTGCTAAAGTGGTGGT
AGAGGCTACTCGAGAGGCAGAAGATCGATAATGGTGGAAAATATCCCGAGACAGTTGCTTT!/
CTATGGGGTACTGATAACATCAAGACATATGGTGAATCACTAGCTCAAGTTCTTTGGATGATT
GTTACACCGGTAACTGATGGGCTTGGGCGTGTTAACCGTGTGGAGATCGTGAGCCTTGAAG
CGGAAGBCGAGAATTGATGTCGTTGTCAACTGCTCCGGGGTCTTCAGAGACCTCTTCATCA/
GATGAATCTTCTTGATAGGGCAGTGAAGATGGTAGCTGAGCTGGACGAGCCGGAGGAGCAC
ACGTGAGGAAACATGCATTGGAGCAAGCCAAAGAGCTGGGAGTTGAAGTCAGAGAAGCTGC
ACGTATTTTCTCAAACGCCTCCGGCTCATACTCCTCCAACATCAATCTTGCTGTTGAGAACTC
GGAATGATGAAAAGCAGCTACAGGACATGTACTTGAGCAGAAAGTCGTTTGCATTCGACTCT
CCCCCGGCGTAGGCATGACGGAGAAACGAAAGATCTTTGAGATGGCTCTCAGCACAGCAG/
ACCTTCCAGAATCTTGATTCCTCAGAGATATCTCTCACCGATGTCAGTCACTACTTCGATTCA
AACTAATCTCGTACAAGGCCTCAGGAAGGACGGGAAGAAGCCGAGTSGATACEBATGC
CCACAGCTAATGCACAGGTGCGGACGCTGTCTGAGACAGTGAGGCTCGATGCAAGGACCA,
TTGAATCCCAAGTGGTACGAGGGCATGCTGTCCAGTGGCTATGAGGGTGTTCGTGAGATTG
ACGTCTCACAAACACTGTGGGTTGGAGCGCAACTTCAGGACAAGTCGACAACTGGGTGTAC
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AGGCCAACACAACATTCATCCAAGACGAGGAGATGCTGAACAABCTBBATGRGBAC
TCGTTCAGGAAATTGCTTCAGACTTTCTTGGAGGCTAATGGAAGAGGATACTGGGAGACTAGTGAA
GAAAACATTGAGAGGTTAAAGCAGTTGTACTCTGAAGTTGAAGACAAGATTGAAGGAATCGATCG
TTAG

N. catariaPDS

TTGGCCAAAGAGAATCTTCAATTTTGGAAGATGTCTCAGTTTGGACATGTTTCTGCAGTCAACTTGA
GTAGACAGGGTAACATAACCATCGACTCATGGGTGCTCCATTAGCAATGGCCTATCATTTGC
AGTTAGTGATGCCATGGGTCACAAATTGAGGATTCCAACTGCACGTGTTCTTTCAACAAGATCTAAT
AAGAATGTGCTTCCTTTAAAGGTTGTTTGCGTTGATTATCCGAGACCCGAGCTTGACAATACAGTTA
ACTATTTGGAAGCTGCTTACTTATCATCAACATTTCGCACTTCTCCCCGTCCTAACAAGCCGTTGGAA
ATTGTGATTGCET CAGGTCTGGCTGGTTTGTCCACTGCGAAGTATTTAGCAGATGCAGGTCAC
AAACCAATATTGTTGGAAGCGAGAGATGTTCTCGGTGGAAAGGTGGCTGCATGGAAAGACGGGG
ATGGAGATTGGTATGAGACTGGCTTGCACATATTCTTTGGGGCTTACCCAAATATACAGAACCTGTT
TGGAGAGCTGGGAATAAATGATCGGTTGCAATGGAAAGAGCATTCTATGATATTTGCCATGCCAAG
CAAGCAGGAGAATTCAGCAGATTCGACTTCCCTGAAATCTTACCTGCACCGTTCAACGGTATTTTG
GCAATATTGAAGAACAACGAAATGCTTACTTGGCCAGAGAAAGTCAAGTTTGCCATCGGGCTTTTA
CCAGCCATAGTTGGGGGTCAATCTTATGTCGAGGCTCAAGATGGGATAACTGTTAAAGACTGGATG
AAAAAGCAAGGTGTACCAGAGAGGATAACCGACGAAGTGTTCATTGCCATGPRAAAGGCACTG
TTTCATAAACCCGGATGAGCTTTCGATGCAGTGTATTTTGATTGCATTGAACAGATTTCTACAGGAG
AAGCATGGCTCAAAGATGGCTTTTCTGGATGGTAATCCACCAGAAAGACTTTGCATGCCTATTGTCG
AACATATTCAATCACGTGGAGGCGAAGTCCGTCTGAACTCACGAATACAAAAGATTGACTTAAATG
AAGATGGAAGTGTCAAAAGCTTCATACTAAATAATGGAAATGTGAATBEAGSHET TT
TTGCAACTCCAGTTGATATCCTAAAGCTTCTTCTGCCCGAAGAATGGAAGGACATTCCATATTTCAA
GAAGTTGGATAAATTAGTCGGAGTTCCAGTTATAAACGTTCACGTATGGTTTGACAGAAAACTGAA
GAATACGTACGATCATCTACTTTTCAGCAGGAGTCCTCTCCTCAGTGTCTACGCCGACATGTCCGTG
ACTTGTAAGGAATATTACGACCCTAATAAATCCATGBBIGAGKICTCCCGCAGAGGAAT
GGATCTCGCGTAGTGACGAGGAAATCATTGACGCCACAATGAAGGAACTCGCAAAACTCTTCCCGG
ATGAGATCTCTGCTGATCAGAGCAAAGCAAAAATCTTGAAGTATCGTGTTGTCAAAACTCCAAGGT
CTGTATATAAAACTGTACCTGGCACGGAGCCTGCTCGTCCCTTGCAAAAATCTCCCATCGAGGGATT
CTATTTAGCCGGCGACTACACGAAGCAGAGKSINT CGATGGAAGGCGCTGTGCTATCAGG
AAAGCTTTGTGCTCAGTCAATTGTAAAGGATGTTGAATTGCTGTCTGAGAGAGGGCAGGAAAATGT
GACAGAGGCAAGCCTTGTTGTCTAG

N. catariaUBI9

CTGATCTTCGCTGGGAAGCAGCTTGAAGACGGCAGAACGTTGGCGGATTACAACATACAGAAGGA
ATCCACGCTGCACTTGGTTTTGAGGCTTCGCGGCGGGATGGABARTITITI&GACTGG
AAAGACGATAACGCTGGAAGTCGAGAGCTCGGATACCATCGACAATGTGAAGGCTAAGATACAGG
ACAAGGAAGGCATCCCACCCGATCAGCAGAGGCTGATTTTCGCCGGCAAGCAGCTGGAAGATGGG
AGGACTTTGGCGGACTACAATATTCAAAAGGAGTCGACGTTGCATTTGGTGCTGAGGCTGCGCGG
CGGGATGCAGATCTTTGTCAAGACTTTGACGGGAAAGATGBAGEIAGAGAGTTCCG
ACACTATTGATAATGTGAAGGCGAAGATCCAGGACAAAGAGGGCATTCCCCCGGATCAGCAGAGG
CTTATCTTTGCTGGGAAGCAGCTCGAAGATGGGCGGACCCTTGCTGATTATAATATCCAAAAGGAA
TCGACTCTGCACCTCGTCCTCCGTCTCCGTGGTGGCGATGATCTCTGA

N. catariaACT1

ATGGCCGAAGCCGAGGATATTCAGCCCCTTGTCIGESACKAGAATGGTCAAGGCTGG
ATTTGCTGGAGATGATGCTCCAAGGGCTGTCTTCCCTAGCATTGTTGGTCGCCCTCGTCACACTGGT
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GTGATGGTTGGCATGGGCCAAAAGGATGCCTATGTTGGTGACGAGGCTCAATCCAAGAGACG
TTTGACACTGAAATATCCCATCGAGCATGGAATTGTCAGCAACTGGGATGATATGGAGAAAA
GCATCACACATTCTACAACGAGCTTCGTEREABGAGCATCCAATTCTCTTGACAGAGGCT
CCTCTTAATCCTAAGGCCAATCGTGAAAAAATGACTCAGATAATGTTTGAGACATTTAACGCC
CTATGTATGTTGCCATTCAGGCAGTTCTGTCCCTTTACGCCAGTGGTCGTACAACTGGTATT(
GACTCTGGTGATGGTGTCAGCCATACAGTCCCGATCTACGAAGGTTATGCACTCCCTCATGC
TCCGCCTTGATCTGGCTGUBHI CTGACCGACCACCTCATGAAGATATTGACAGAAAGAGGTT
ACTCATTCACCACCACTGCTGAGCGGGAAATTGTAAGGGACATCAAAGAGAAGCTGGCCTA!
CTTTGGACTACGAGCAAGAGATAGAGACGGCAAAGACCAGCTCCGCTGTGGAGAAGAACTA
CTTCCCGATGGACAGGTCATCACTATTGGTGCTGAGAGATTCCGCTGCCCTGAGGTCCTCT
CATCTATGATUTI GGAAGCTGCTGGAATTCACGAGACAACTTACAATTCTATCATGAAGTGT
ATGTGGATATCAGGAAGGATCTGTATGGAAACATCGTCCTCAGTGGTGGGTCGACTATGTTC
GTATTGCTGACAGGATGAGCAAGGAGATCACTGCTCTAGCACCAAGCAGCATGAAGATCAA
GTGGCCCCGCCTGAGAGGAAGTACAGTGTCTGGATCGGAGGTTCCATCTTGGCATCTCTCA
TTCCAGAGATGTGGATTGCTAAGGCAGAGTACGATGAATCTGGGCCGTCCATCGTCCACAG!
TGCTTCTAA

N. catarialSY

ATGAGCATGAGCATGAGCATGAGCTGGTGGAGGGCTGGAGCTGCAAAGAAAAGAATGGATC
AGGAGTGGTCTTCAGTTGTAAAGCAGCAGCAGCAGCAGCAGCAGCAGCAATGCGTAGCTCT
ATTGGGGTGACCGGACTGGTGGGCAACAGCCTAGCBEAGATIAEGGCGGACACCCCGG
GGGGGCCATGGAAGGTATACGGGGTGGCGCGGCGGGCCCGTCCGTCGTGGAACGAGGAC
CATCACGTACATCTCATGCGACGTGAGCAACACCGCGGAGGTGGAGGCGAAGCTGTCCCC
GCGACGTGACGCACATCTTCTACGCCACGTGGACGAGCCGATCGAGCGAGGAGGAGAACT
GGCCAACGGGAAGATGCTGAAGAATGTGGTGGACGCARFARETGCCCCAACCTGAAGC
ACATCTGCTTGCAGACCGGGCGGTTCCACTACGTTGCCTCAGTTGTGGACTGGAAGATCAA
GCCACGACACCCCGTTGACGGAGGATTTACCTCGGCTGAAGACGAAAAACTTCTACTACAC
AGGACATTCTGTTGGAGGCCGTTAAGAGGAAGGAGGGGCTGACATGGTCCGTGCATCGCCH
GACTATATTCGGCTTCTCGCCCTATAGCATGRGGRAGGGACGCTGTGCGTGTATGCAGC
TATCTGTAAGCAGGAGGGTGCGGTTTTGAGGTTTCCTGGTTGTAAGGGTGCATGGGATGGG
CAGACTGTGCGGATGCCGACTTGATTGCAGAGCATCAAATATGGGCCGCCCTCCATCCTCA
AGAACCAAGCATTCAACGTCAGCAATGGGGACGTTTTCAAATGGAAACATCTCTGGAAGGTC
CCGACCAGTTCGGCGTCGAATGCGGABSCGGAGGAAGGCCAGCAAGTGAGGCTGCAGGA
TGTGATGAAGGGCAAAGGTCCGGTGTGGGACAAAATCGTTAGGGAGAATGGGCTGTCCAAT
AATTGGAGGATGTGGGGAAATGGTGGTTTAGTGATACTATCTTGTGGAATGAGTGTAGGTTC
AGTATGAATAAGAGCAAGGAGCATGGCTTTCTTGGCTTTAGGAATTCCAACACTTGCTTTCTT
GGATTCATAAGGTCAAGGCRI¥OAGTTCCTTCTACCTAG

N. catariaNEPS1

ATGGCAAGCATTGTAAATCCGGTGCAGGTGATGAAGAAGAAGCTCGAAGGCAAAGTTGTGA
AACAGGAGGGGCGAGCGGCATCGGGCAGACGGCAGCGCATGTGTTTGCACAACATGGCGC
GCAGTGGTGATCGCTGACATCCAATCTGAAGTTGGGAAGTCCGTGGCGGAGTCCATCGGG!
ATGCAGCTACGTCCAGTGTGACGTACGAGGAGGAGGTTAAGTCGATGATAGAATGGACGG

CCAGCACGTACGGCGGGCTAGACGTGATGTTCTCCAATGTGGGAATCATGAGCAACTCTGC
CAGTAATGGACCTCGACCTTTTGGAATTCGATAAAGTGATGCGTGTGAACGCGCGCGGGAC
GCGTGCTTGAAGCACGCAGCGCGTAAGATGGTGGAGCTAGGAACAAGAGGCACTATTATCT
GACCACCCCACTCTCAAGGGCGGATCAAGCATGACGGACTATGCGATGTCGAAGCACGCAC
TGTTGGGGCTGGTCCGGTCGGCCAGCATACAGCTGGGGGCCCACGGGATTAGAGTTAACT!
ACGCCGTCTGTGGTGCTTACGCCGCTCGCCCAAAGGATGGGGCTTGCCACACCCGATGATT
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ACTCATTTTGGCAACTTCACCAGTCTCAAAGGGGTCTACCTCACCGCCGACCAAGTCGCCGAAGCTG
TCACCTTTCTTII CCGATGATGCCGCCTTCATCACTGGACATGATTTGATCCTCGATGGTGGACTG
CTTTGTTTACCATTCTTTGCTCCTTCATGA

N. catariaNEPS3

ATGGCTAACAATTCAGTGATTATGAAGAAGAAGCTGGAAGGCAAAGTAGCCATTATAACCGGCGG
CGCCAGCGGTATCGGCGAGGCCACGGCCCGCATGTTCGTGAGGTACGGGGCGCGTGCGGTGGTG
ATCGCTGATATTCAGTCGEWITACGGTCTGTGGCGGAATCGATCGGGAGGGAGCGGTGCAG
CTTCGTGCAGTGCGACGTCACCGACGAGGAGCAGGTGAAGTCCATGATAGAGTGGACGGCCACCA
CGTACGGCGGCCTGGACGTAATGTTCAGCAACGCCGGCGTCTTGAACAGCGCCGCGCAAACCGTG
ATGGACTTGGACCTGCCGCTTTTCGATAAGGTCATGCGTGTGAACACGCGCGGCTCGGCTGTGTGC
GTGAAGCAGGCGGCBBGRATGGTGGAGCTGGGAAGGGGCGGCTCCATCATATGCAACGCCG
GCTCGTCGGCGGTGAGGGGCGCACATAACGTGACGGACTACGTGATGTCGAAGCACGCGGTGATA
GGGCTGGTGCGGTCGGCCAGCATGCAGCTTGGGGCCCACGGGATTAGGGTTAACAGCGTGTCGCCC
GATGGCCGTGGTGACGCCGCTCACCCGGAACGTAGGGATTTCGTCGCCGGCTGATGTACAGAATG
TTTTGATGCCGTTTCAGCTTGAAAGGGGTGCCGCCCACGGCGGAGCAGGTGGCGGAAGGGGCG
GCGTTCCTGGCTTCCGACGAGGCGGCGTTCGTTACGGGGATTGATCTGCCGGTGGATGGCGGCGT
GCTCTGTATGCCATTTCTCCTCGCTTCAGCTTCAGCTTCAGCTTCAGCATAA

N. catariaNEPS4

ATGGCAAGCATGGTAGATGCGGTGCAGGTGATTAAGAAGAAGCTAGAAGGCAAAGTTATGGTAG
TAACAGGGGGGCGAAAGGCATCGGGCAGACGGCAGCGCGCGTGTTTGTGGAGCATGGCGCGCG
TGCGGTGGTGATAGCTGACATCCAATCTATAGTTGTTGGGAAGTCCGTGGCGGAGTCCATCGGGG
AGCGGTGCAGCTACGTCCAGTGCGATGTCTCTGAAGAGGAGCAGGTTAAGTCTATGATAGAATGG
ACGGCCAACACATATGGCGGGCTGGACGTGATGTTCTGCAATGCGGGCATCATGAGCTACTCCGCT
CAMRMCCGTAATGGACCTGGACTTCTCGCAATTTGATAAGGTGATGCGTGTGAACGCACACGGGACG
GCCGTGTGCGTGAAGCAGGCAGCGCGTAAGATGGTGGAGCTAGGAACGAAAGGCACTATTATCTG
CACGACTAGCGCGACAGCATCAAAGGGCGGACAAAACATGACGGACTATGCGATGTCAAAGCACG
CGGTGATGGGGCTGGTGCGGTCGGCAAGCATTCAGCTGGGGGCCCATGGGATTAGGGTTAACT
GTGTCGCCCTTGGTCGTGCTCACGCCGCTTGCCCAAAGGATGGGGCTTGCCACGCCCGATGATTTC
TATACTCATTTTGGCAACTTCACTAGCCTCAAAGGAGTCTACCTCACCGCCGACCAAGTCGCCGAAG
CCATTACCTTTCTCGCTTCCGACGATGCCGCTTTCATCACCGGACATAATTTGGACCTCGATGGTGG
ACTGCTTTGTTTACCATTCGTTGCACCTTCAACAACATGA

N. catariaNBPS5

ATGGCAAACATTAGAAATTCGGAGCAGGTGATGAAGAAGAAGCTGGAAGGCAAAGTAGCAATAA
TAACAGGCGGGGCGAGCGGCATCGGGAAGACGGCAGCGCGCGTGTTTGCGGAACATGGCGCGCG
TGCGGTGGTGATAGTTGATATCCAATCTGGAAATGGGCAGTCCGTGGCGAAGTCCATCGGGGAGG
TGTGCAGCTACGTCCAGTGCGACGTCTCGGACGAGGAACAGGTTAAGTCGATTRATTGAA
GCCCGCACATACGGCGGGTTGGACGTGATGTTCTGCAATGTGGGCATCCTAAGCCACACCCCTCAA
ACCGTGATGGACCTCGACTTCTCGCAGTACGATAAGTTGATGCGTGTGAACGCGCGCGGTACGGCC
GCGTCCGTGAAGCATGCGGCGCGTAAGATGGTGGAGCTGGGAACGAGAGGCACTATTATCTGCAC
GACCAGCCCGGCTTCGACTATGGGCGGACACAACCTGACGGACTARGDARTBEGG
TATTAGGGCTTGTCCGGTCGGCCAGCATGCAGCTCGGGGGTCACGGGATTAGGGTTAACTGTGTG
TCGCCCTCAGTAGTGATCACGCCGCTCGCCCAAAGGATGGGGCTTGCCACGCCCGATGATTTCTAC
ACTCAGTTTGGCAACTTCACTAGCATCAAAGGGGTCCACCTCACGCTCGAGAATGTCGCCGAAGCC
GTCGTCTATCTCGCTTCCGATGATGCCGCTTTCATCTATBGGARSBTEBGATGGTGGAC
TGCTTTGTTTACCATTCGTTATGCCCGCTTCAACATCATAA
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N. catariaRLK

ATGAAAATGGGCGTTTCAATTTTGGTGTCCCTAGCAGCCTTGGCAACATCCCTTTTGCTGGA
CTCTCGCTCTCACTCCAGATGGTCTTGCACTTTTGGAAGTGAAAACCAGTTTGAATGACAGT.
CTTTCTGAGTAACTGGAAAGATATTGATGAATATCCCISTABGTASTTTTGTGCAGCCCA
CAAGACCAAAGAGTGATATCTATAAACCTACCATATATGCAGCTTGGAGGAATAATTTCCCC(
ATTCGCAAGCTTGATAAATTACAAAGACTGGCACTTCATCAGAATAGCCTTCATGGTTTCATT
ATGAGATTGCACAGTGTTCTGAACTCAGAGCTCTGTATCTTCGAGCTAATTATTTTCAAGGAC
ACCTTCAACAATTGGAAACCTTTCTATATPGAGGATTTATCAAGCAATACACTAAAAGGT
GCCATACCTTCTTCTATAGGCCGTTTAACACGTCTATCATATCTAAATTTGTCGTCAAACTTC
GGTGAAGTCCCAGATGTTGGAGTTCTAAGCAAGTTTGGAAGCAAGTCGTTTATTGGTAATTT.
CTGTGTGGCCAACAAGTAAACAAGCCTTGTCGAACCTCTCTTGGTTTTCCTGCTGTATTGCC
CGAAAGTGATGAAGCAAGITACAAGCGATCATCTCGCTACATCAAAGGTGTTGTGATTGGTG
AGTATCCATGTTAGGCTTTGGGATTATCTTCCTTCTTGGCTTTCTCTGGATTTGGATGCTGAC
AGGAGAGGGCTGCGAAAAAATACATAGAAGTGAAAAAACAAGTTCATCAGGATGCAAGAGCH
GTTAATTACCTTCCATGGTGATCTTCCATACCCTTCGTCCGAGCTTGTAGAGAAAATCGAGT(
ATGAGGAAGATTGTTGGAGCTGGAGGCTTTGGAACTGTATATCGAATGGTTATGAATGATTC
GAACTTTTGCTGTTAAAAAGATTGACCGGACGAGAGAAGGTTCTGATCAAGTATTCGAGAGA
TTAGAGATCTTAGGCAGTGTCAAGCACATAAATCTAGTAAACCTACGAGGTTACTGTCGGCT
CAGCGAAGCTTCTTATATATGACTACTTAGCTAAGGGCAGTTTGGACTATTTCTTGCACGAT/
GITCAGAAGAACGTTTGCTGAATTGGAATGCTCGATTAAGAATAGCTATTGGTTCTGCTAGAG(
AGCATATCTGCACCATGACTGCTCTCCGAAGATAGTTCATCGTGATATAAAGTCGAGTAATA"
CTTGATGAAAACCTCGAGCCTCATGTTTCAGATTTCGGCCTTGCTAAGCTACTCGTGGATGA
CTCATGTCACAACTGTGGTTGCTGGCACATTCGGCTATCTTGCTCAHEAUEIRNCTAGC
GGCCACTGAGAAGACAGACGTGTACAGCTTTGGCGTGCTGCTGCTAGAACTGGTAACCGGT
GACCAACTGATGCTACATTTGTGCAGAGAGGACTAAATGTGGTTGGATGGGTGAACACACA(
CGAGTTGAGGACATAGTGGACAAGAGGTGCAGAGATGCAGAGGTGGAGACTGTGGAGGTG
TGGAGATAGCAGCGAGATGCACGGATGCAAATCCGGAGGAACGTAGCAGGATCTG
CAGTTCTTGGAGCAAGAGGTCATGTCACCCTGTGTTAGTGAGTTGTATGAGTCACATTCGGA
TGTTGA
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Appendix 2 GGMS chromatograms and fragmentation patterns of nepetalactone

standards(GGMS method 1)
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p n n > acistBafs Nepetalactone. Standard purified frodepetatissue as reported in
Sherderet al.(2018.
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trans-cis nepetalactone
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p n n > atran®cks Nepetalactone. Standard purified fronepetatissue as reported in
Sherderet al.(2018).
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cis-cis nepetalactones
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et al.(2018.
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Appendix 3: gPCR primer efficiency curves
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