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Abstract

Roses are widely appreciated for the appearantteenfflowers and for their fragrance.
This latter character results from the combinataindifferent odorant molecules among
which monoterpenes are often prevalent constituémthis study, we report the cloning and
characterization of three rose monoterpene synghdsevitro functional characterization of
these enzymes showed that one is a3R)-(inalool synthase whereas the others have a dual
(+)-(39-linalool nerolidol synthase activity. However,vgn that the characterized rose
cultivars were only able to produce the @R)-linalool stereoisomer, the linalool nerolidol
synthases are probably not active in planta. Furtbee, these three enzymes were also
characterized by a weak expression level as assbyd@T-gPCR and by the low abundance
of the corresponding sequences in an EST librdnis haracteristic is likely to explain why
linalool is generally a minor constituent in rogmaers’ scents. On this basis, we propose that
in roses the monoterpene biosynthesis effort isuded on the production of acyclic
monoterpenes derived from geraniol through thentbgeharacterized Nudix biosynthesis
pathway, at the expense of conventional monoterpasynthesis via terpene synthases such
as linalool or linalool nerolidol synthases.

Keywords:
Rosa chinensjg-lower fragrance; Monoterpene biosynthesis payiswaerpene synthases; (-
)-(3R)-linalool; (+)-(39-linalool; nerolidol

Abbreviations:

DMAPP: dimethylallyl diphosphate, EST: expressedquemce tag, FPP: farnesyl
pyrophosphate, GFP: green fluorescent protein, g&Panyl monophosphate, GPP: geranyl
pyrophosphate, IPP: isopentenyl diphosphate, RPK¥dds per kilobase per million, TPS:
terpene synthase
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A number of different monoterpenes participate he typical fragrance of roses. In
most plants, monoterpenes are synthesized in @igial compartment and derive from
production of isopentenyl diphosphate (IPP) and edinylallyl diphosphate (DMAPP)
through the methyl erythritol phosphate pathwayP IBnd DMAPP are subsequently
condensed into geranyl diphosphate (GPP) by a gediphosphate synthase (Chen et al.,
2011). The GPP is further transformed into divemsanoterpenes through the activity of
different plastidial monoterpene synthases. Caalyg terpene synthases (TPS) starts by the
removal of the pyrophosphate group of GPP leading tarbocation, which is subsequently
rearranged, prior to the termination of the reactippon neutralization of this carbocation.
Depending on whether monoterpene synthases prammigyclization of the substrate or not,
cyclic (e.g. limonene) or acyclic (e.g. linaloolpnoterpenes will be produced (Degenhardt et
al., 2009). A parallel pathway for sesquiterpenstisysis takes place inside the cytosolic
compartment: two IPP and one DMAPP molecules predilerough the mevalonate pathway
are condensed by a farnesyl pyrophosphate synihi@mséarnesyl pyrophosphate (FPP). FPP
is further transformed into sesquiterpenes follagvthe activity of cytosolic sesquiterpene
synthases (Chen et al., 2011). In roses howeversyhthesis of acyclic monoterpenes has
recently been shown to proceed through a specdibway (Magnard et al., 2015). This
pathway involves RhNUDX1, an enzyme of the Nudixiijase family. Nudix hydrolases
generally cleave nucleoside diphosphate linked theeromoieties (Bessman et al., 1996).
However, some of them, such as RhNUDX1 would acneptnucleoside substrates. Indeed,
RhNUDX1 is able to dephosphorylate GPP into geramyhophosphate (GP). The resulting
GP is probably further dephosphorylated into gexdaby a yet unknown phosphatase.
Requirement in a cytosolic pool of GPP for monotes production is another important
difference between roses and other plants sinceURMN has a cytosolic location. GPP
synthesis through the cytosolic mevalonate pathivay been suggested (Dunphy, 2006),
although transport from the plastid can also beohygsized (Gutensohn et al., 2013). The
main difference between the synthesis of monotapdhrough the conventional (involving
terpene synthases) or Nudix pathways lies in thétyalof TPS to generate a reactive
carbocation that can be modeled in the enzymeiseasite in order to generate different
terpenic skeletons, including a cyclic one (Degediat al., 2009). Due to the number of
existing monoterpene synthases and the ability ariynof them to generate several products,
an extensive range of different monoterpenes canolained. On the contrary, the
RhNUDX1 hydrolase acts via a dephosphorylation rapdm, which excludes
reorganization of the substrate, especially itdizgtion. Consequently, only geraniol whose
carbohydrate skeleton is similar to that of GPRoieduced. However, enzymes able to
transform geraniol into other acyclic monoterpenage been characterized in some plants. In
basil, ginger, perilla and orchid, dehydrogenasesmsform geraniol into geranial, and
possibly neral into nerol (neral being probablyan¢d by spontaneous isomerization of
geranial) (lijima et al., 2006; Sato-Masumoto atml P014; Xu et al., 2017). In orchid a
geranial reductase produces citronellal, whichtmafurther isomerized into citronellol by the
same dehydrogenase as that involved in geranioyjdoanial conversion (Xu et al., 2017).
Similar enzymes could possibly be active in rosdalpe However, despite further
isomerization of geraniol, the number of resultipgpducts is reduced compared to the
conventional pathway involving terpene synthases.

In roses tested so far, extensive amounts of garamd derivatives are produced
through the Nudix pathway (Magnard et al., 2015)e@eason is certainly the high affinity of
RhNUDX1 for GPP, its Km for this compound being 1#. In comparison, the Km of the
conventional geraniol synthase from basil is 21 (liMna et al., 2004). Consequently, the
guestion arises whether the GPP stock presensesirpetal cells is fully used by RhNUDX1
or whether some monoterpenes are still producedonaentional TPS. Indeed, compared to



geraniol and derivatives, other acyclic (linaloolyrcene, ocimene) or cyclic (limonene,
pinene) monoterpenes are rarely found in rosesilgrfound in low quantities. Furthermore,
to our knowledge no enzyme with a proven monote¥psgnthase activity has been
characterized in roses so far.

To gain some insight into the question of the retethip between each monoterpene
biosynthesis pathways, we tried to characterizeveotional terpene synthases expressed in
rose flowers. Towards this aim, we took advantafjaroexisting expressed sequence tag
(EST) database produced from a wide range of orgadsdevelopmental stages of fResa
chinensiscultivar ‘Old Blush’ (Dubois et al., 2012). Thisthbase was searched for sequences
presenting homologies to monoterpene synthasestesblin other species. Only four
sequences were recovered from the whole databaseding one which proved to be a
pseudogene lacking a significant part of the Steity. In vitro enzymatic activity indicated
that the other genes corresponded to linaloolr@dol nerolidol synthases clustering in the
TPS-b and TPS-g subfamilies of terpene synthasesder to establish a correlation between
these enzymes and scent production in roses, thaocumulation in flower tissues of
different cultivars at different developmental stagvas measured. In parallel, the expression
of the cloned enzymes was quantified in floweruess by quantitative RT-PCR. Together
with the characterization of the type of linalotéreoisomers they produce, this allowed to
assess the respective implications of these enzynfesgrance production in rose flowers.

2. Material and Methods
2.1. Rose cultivars

Rose plants were grown in field at Saint-Etiennaveisity (Rosa chinensisultivar
‘Old Blush’ and Rosax hybrida cultivar ‘The McCartney rose’) and in Lyon at Eeol
Normale SupérieureRpsax hybrida cultivar ‘Lady Hillingdon’). Flower developmental
stages are presented on Figure 5A.

2.2. Cloning ofRosa chinensi®©ld blush’ linalool and linalool/nerolidol syntkas

‘Old Blush’ genomic DNA was purified from petal sises using the DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany) according to the nfasturer’'s instructions. Primers for
genomic walk were designed from the ‘Old Blush’ ES&quences. Genomic walk was
performed with the Universal Genome Walker TM ZXoftech, Mountain View, Ca, USA)
according to the manufacturer’s instructions. Témutting PCR products were cloned into the
pGEMT-Easy vector (Promega, Madison, USA) and secge: by Eurofins MWG Operon
(Ebersberg, Germany). The different clones resylfrom genomic walk were contigued
using the Geneious R10 software (http://www.gergmam). Primers (Supplementary Table
1) encompassing the whole coding region were defioe the assembly and PCR was
performed on ‘Old Blush’ cDNA in order to clone therresponding full-length cDNA into
the pGEMT-Easy vector.

2.3. Expression of recombinant TPS&Escherichia coli

The coding sequence of linalool or linalool/nerolicdynthase was amplified using
primers reported in Supplementary Table 1. RotIN-NERSZand RcLINS,the amplified
sequence excluded the plastidial transit peptide FCR products were first cloned in the
PENTR/D-TOPO entry vector (Invitrogen, USA), andbsequently transferred into the
pHGWA (RcLIN-NERS)Lor pHXGWA (RcLIN-NERSZndRcLINS vectors of the pHGWA-
based series (Busso et al., 2005) using the GatéRagloning reactionEscherichia coli
Rosetta (DE3) pLysS cells (Novagen, Darmstadt, @aegn were transformed with the
recombinant expression vector by heat shock. Thdyation of the heterologous protein was
performed during an overnight incubation at 17 °@d al50 rpm in terrific broth



supplemented with 0.5% glycerol, 250 mM D-sorbiold 2.5 mM betaine after induction
with 0.5 mM IPTG. The cells were recovered by dé&mation and disrupted by a 30-min
incubation in native lysis/binding buffer (50 mM N#&£0O, (pH 8), 0.5 M NaCl, 20 mM

imidazole, 5% glycerol, 0.5 mg.ml-1 lysozyme) folled by sonication. After lysate

clarification by centrifugation, the recombinanofain was purified by binding to the TaPon
metal affinity resin (BD Biosciences Clontech, Pafdto, USA) according to the
manufacturer’s instructions. The 5' primer usedléme genes in the pENTR/D-TOPO entry
vector comprised an additional thrombin recognits@guence for the hydrolysis of the His-
tag/TPS (pHGWA) or thioredoxine/TPS (pHXGWA) recanmdnt protein by thrombin. The
resin-bound protein was incubated overnight at 4n°€00 pl of 25 mM Tris-HCI (pH 7.5),
5% glycerol, 10 mM MgG| 1 mM MnCL supplemented with 10 units of thrombin (GE
Healthcare). The following day the released TPS weovered from the mixture by
filtration. Protein concentration was measured gighre Bio-Rad protein assay dye reagent
(Bio-Rad, Miinchen, Germany) with bovine serum albbuas standard.

2.4. Enzymatic assays of recombinant protein agtivi

Twenty to fifty micrograms of purified recombinapitotein were suspended in 490 pl
of 25 mM Tris-HCI, (pH 7.5), 5% glycerol, 1 mM DTT, mg.ml-1 BSA supplemented with
10 mM MgCh and 1 mM Mn( cofactors. The reaction was started by the addiiol0 pl
geranyl or farnesyl diphosphate (Sigma) (final @riation 60 M) and the mixture was
overlaid with 500 ul of hexane. After a 3-hour ibation at 30 °C, the mixture was
vigorously mixed and the upper hexane phase wdsctedl, concentrated under a nitrogen
stream and analyzed by GC-MS.

2.5. In planta activity of RCLINS

The RcLINS full length coding sequence was amplified usingnprs reported in
Supplementary Table 1. Following cloning in the GEMD-TOPO entry vector, the sequence
was transferred into the expression vector pMDCB8&8eu the control of a double 35S
promoter (Curtis and Grossniklaus, 2003). This troes was transformed into the
Agrobacterium tumefacienstrain C58 (pMP90). Agrobacteria cultures expres$RcLINS
were coinfiltrated ifNicotiana benthamianéeaves according to Batoko et al. (2000) together
with agrobacteria expressing the P19 viral suppresissilencing (Voinnet et al., 2003). After
five days, infiltrated leaf sectors were cut integes and terpene extraction was performed as
reported in the next paragraph.

2.6. Terpene extraction from tissues

Rose sepals, petals, stamens and leaves at diffeiges of development as well as
infiltrated leaf sectors of transgenic tobacco tdawere cut into fragments and extracted
overnight at 4 °C in hexane containing 10 mg.l-Inphor as an internal standard. The
hexane/tissue ratio was 2 ml hexane per gram shfweight. The organic hexane phase was
recovered. For extracts corresponding to transgeaiacco leaves, the hexane phase was
concentrated under a nitrogen stream before GC-haf/sis.

For the analysis of linalool or nerolidol glycossdd..5 g of ground petal material was
resuspended in 4 ml 0.1 M citric acid, 0.2 M,NRO;12H,0 (pH 4.5) supplemented or not
with 70 mg.ml-1 Rapidase AR2000 (DSM Food Sped@s|tDelft, Netherlands). The mixture
was overlaid by 3 ml hexane with 10 mg.I-1 camphaorder to capture volatilized products.
A four-hour incubation was performed at 37 °C underderate agitation in order to avoid
mixing the reaction and the overlaying hexane phd$e tube was finally vigorously
vortexed to recover the released terpenes intdé¢xane phase, which was finally analyzed
by GC-MS. The amount of linalool or nerolidol megsliin the control without Rapidase



AR2000 was subtracted to the amount in the ass&gépce of Rapidase AR2000) to yield
the quantity of glycosylated product.

2.7. GC-MS analysis

For volatile product identification and quantifiat after enzymatic assays and in rose
tissue extracts, GC-MS were performed on an Agi@6t 6850 gas chromatograph coupled
with an Agilent 5973 ion trap mass detector. Thatriniment was equipped with a 30 m x 0.25
mm Agilent apolar capillary DB5 column. Helium wased as the carrier gas at a flow rate of
1ml.min-1. Temperatures of injectand detector were 250 °C. Injection volume was hul
split (1:2) mode. Oven temperature settings wémin at 60 °C after injection followed by a
4 °C.min-1 temperature ramp from 60 °C to 240 °@€mperature was then kept on hold at
240 °C for 5 minMolecule identification was performed using Wil&IST 05and Adams
mass spectra databases (Adams, 2007). The GC psbaientifications were confirmed by
comparing their retention times and mass spectthase of authentic linalool and nerolidol
samples (Payan Bertrand, France).

For linalool sterecisomer identification, gas chedagraphy was performed using an
Agilent 6890 chromatograph equipped with a FID dite The products were separated on a
30 m x 0,25 mm x 0,25 um Agilent J&W CYCLOSIL-B cli column. Helium was the
carrier gas at a constant flow of 1.1 ml.min-1etaind detector were set at 250 °C. Injection
volume was 2 pl in pulsed splittess mode. Oven tatpre was set at 60 °C formin
followed by a 1 °C.min-1 temperature ramp to 155 °C

2.8. Assessment of terpene synthase expressiondnitative RT-PCR

Petals at stages 2, 3 and 4 were ground in ligiidgen and total RNA was extracted
as described by Chang et al., 1993, with a ratib ofl extraction buffer per gram of tissue.
RNA were treated with the RQ1 RNAse-free DNAse (Rega, Madison, USA), quantified
using a Nanodrop 2000C (Thermo Scientific, Wilmomgt USA) and their quality was
verified by electrophoresis on agarose gel. Fiverograms of total RNA were reverse
transcribed at 50 °C for one hour with an oligogtimer using the SuperScriptIll Reverse
Transcriptase (Invitrogen, Carlsbad, USA). Two peledent reactions were performed for
each RNA sample.

A fraction of petal cDNA issued from tHeosax hybrida‘The McCartney rose’ and
‘Lady Hillingdon’ cultivars was used for amplifigah of RCLINS RcLIN-NERS&ndRcLIN-
NERS2using primers defined on ‘Old Blush’ sequencese Tésulting PCR products were
cloned into pGEMT-Easy and sequenced. Alignmentefhomologous genes issued from
the ‘Old blush’, ‘The McCartney rose’ and ‘Lady khigdon’ cultivars allowed to define fully
conserved regions in which gene specific primersewdesigned for quantitative PCR
(Supplementary Table 1).

Quantitative PCR was performed with CFXY6real-time detection system (Bio-Rad,
Hercules, USA) using the SsoAdvant&dSYBR Green Supermix (Bio-Rad, Hercules,
USA). All reactions were carried out according be tmanufacturer’s protocol in a 20 pl
volume using 2 pl of a 1/125 dilution of the rewetsanscribed cDNA as template and 500
nM of each primer. Each cDNA sample was amplifigaté with each primer combination in
two independent runs. Since the RNA samples wererse-transcribed in duplicate, this
yielded four technical replicates per original séanpflhe PCR reactions were performed
according to the same thermal profile: 95 °C fors3@ollowed by 40 quantification cycles
(95 °C for 5's, 60 °C for 30 s). At the end of #maplification, a melting-curve analysis (65
°C to 95 °C, one fluorescence read every 0.5 °@wald to check the specificity of the
amplification.



Normalized expression values™2 method, Livak and Schmittgen, 2001) were
calculated by the CFX96TM data manager (Bio-Radctles, USA) using=F1-a and a-
TUBULIN as reference genes (Supplementary Table 1).

2.9. Subcellular localization of RCLINS in tobaqaants

The RCcLINS full-length coding sequence amplified using primereported in
Supplementary Table 1 was cloned in the expressieator pMDC83 (Curtis and
Grossniklaus, 2003) to fuse RcLINS at the N-terihafaGFP. This construct was infiltrated
in leaves ofNicotiana benthamianas reported above. After five days, infiltratedfleectors
were observed under a confocal microscope as egportMagnard et al. (2015).

3. Results
3.1. Cloning oRosa chinensismonoterpene synthases

Screening of &osa chinensifOld Blush’ EST library (Dubois et al., 2012) ugithe
browser _https://lipm-browsers.toulouse.inra.fr/pédR.chinensis for ESTs presenting
homologies to known monoterpene synthases yielday ¥ew sequences. In addition,
homologies between these sequences indicatedhbse EESTs corresponded to only three
different genes identified a@RcLINS RcLIN-NERS1and RcLIN-NERS2AIl three of them
were expressed at low level. Indeed, in the cDNAas issued from the different flower
stages used to build the EST database, the ReadKilBlease per Million mapped reads
(RPKM) values were respectively 150 (“open flowsdmple), 70 (“young closed flower”
sample) and 60 (“young flower bud” sample) ReLINS RcLIN-NERSIandRcLIN-NERS2
For comparison purposes, RPKM values of 36034 &b 4vere found in “open flower”
samples for respectiveRhNUDX1and the sesquiterpe@ermacrene D synthag&uterman
et al., 2002). In additigrto the opposite oRhNUDX1and Germacrene D synthasahich
were only expressed in the “open” and “senescemtdl” samplesRcLINS RcLIN-NERS1
and RcLIN-NERS2presenteda larger expression profile as transcripts wereeaet in
various non floral samples such as leaves or vagethuds. However, expression levels in
these samples were in the range of those detacfemal samples.

Since the recovered ESTs did not cover the whol® dpen reading frames, genomic
walks were performed to complete the available seges. RT-PCR was subsequently
performed on ‘Old Blush’ flower cDNA with primersieompassing the whole coding regions
in order to clone the corresponding full-length RN he intron/exon profile was predicted
following alignment of cDNA and genomic DNA. In atdn, Feng et al. (2014) previously
reported the cloning of &osa rugosalPS sequence presenting homology to previously
characterized linalool synthases. Since no enzynaativity was done in Feng et al. (2014),
isolation of the corresponding ‘Old Blush’ sequemaes performed by PCR amplification on
genomic DNA using primers designed on B@sa rugosaequence. The recovered fragment
was extended by genomic walk. This fourth ‘Old Blusequence was identified &cLIN-
NERS3 This gene is probably expressed at very low lewel’Old Blush’ since no
corresponding EST sequences could be identifiemumdatabase. However, since our blast
analysis indicated th&cLIN-NERS3resented 91% identity to tk@agaria vescanerolidol
synthase 1 cDNA (XM_011462060.1, Aharoni et al.0£20 we used the availableyNES1
cDNA to predict its intron/exon profile.

Figure 1 presents an alignment of the four pros#guences. The different motifs
already reported to be implicated in catalysis ST RR8W, LQLYEASFLL, RDR,
DDxxD and NSE/DTE (Degenhardt et al., 2009; Masdtral., 2010) are boxed on figure 1.
Except for the RR®W element, which is present only in RCLINS, alldbemotifs are well
conserved. The RRY motif however is commonly absent in TPS producexgyclic




compounds such as linalool or geranyl-linalool,eesaly enzymes of the TPS-g subfamily
(Degenhardt et al., 2009; Martin et al., 2010). Tinedification of the RDR motif to RDQ
seen in RCLIN-NERS1, 2 and 3 has also already begorted for PtTPS3 and PtTPS15, two
poplar linalool/nerolidol synthases (Irmisch et 2D14).

With its 7 exons, RcLINS {GenBank accession numb&i&673509 (cDNA) and
MG673516 (genomic DNA)} presents the canonical dtrite of angiosperm-specific TPS
belonging to the TPS-a, TPS-b and TPS-g subfan(ifzstin et al., 2010; Chen et al., 2011).
In addition, the algorithms ChloroP 1.1 (http://wwis.dtu.dk/services/ChloroP/), Predotar
1.04 (https://urgi.versailles.inra.fr/Tools/Preddta SCLpredT (http://distillf.ucd.ie/distill/)
and WoLF PSORT (https://www.genscript.com/wolf-gdaml) all clearly predicted a
plastidial transit peptide, corresponding to thrstfd5 amino acids. Compared to RCLINS,
RcLIN-NERSL1 {GenBank accession numbers: MG6735DIN®) and MG673513 (genomic
DNA)} was shorter in the 5’ region, the putative timenine initiation codon being located at
the end of exon one. A stop codon was presentpbream of this methionine. In addition,
a putative TATA box sequence (TATAAA) is located %p ahead of the initiation
methionine, with no alternative start codon betwé#@s box and the presumed initiation
codon. We then assumed that the RCLIN-NERS1 seguamesented in figure 1 corresponded
to a protein that can genuinely be translated wo.virhe different algorithms agreed on the
absence of a plastidial transit peptide, which was surprising considering the shorter 5’
region compared to RCLINS.

Cloning of RCcLIN-NERS2DNA by genomic walk yielded four sequences, which
presented from 93,8 to 96,4% identity between tlanthe protein level (Supplementary
Figure 1). They also show strong (83,3 to 84,3%eddmg on the sequence) identity to the
Fragaria ananassd&aNES1 and FaNES2 linalool/nerolidol synthasesa(ahi et al., 2004).
Since the ‘Old Blush’ cultivar is diploid, theseufoclones presumably correspond to two
allelic versions of two very similar genes, eveflfussued from a duplication event. Three
of these sequences harbored a stop codon just 4&dapthe initiation codon corresponding
to the initiation codon of thé~aNES2 gene (Supplementary Figure 1). However, an
alternative initiation codon present 213 bp dowewstn of the first ATG at the end of exon 1
could yield a 509 amino acid protein. In the fowsdguence, presented on Figure 1 {GenBank
accession numbers: MG673511 (cDNA) and MG673514dgec DNA)}, the stop codon
was replaced by a glutamine allowing the productiba longer 580 amino acid protein. The
ChloroP software predicted a putative plastidiahsit peptide corresponding to the first 31
amino acids, which was confirmed by the Predotéi,[@edT and WoLF PSORT programs.
However, this peptide would not be present in ¢hsealternative start codon was used for
protein production. To the opposite of most TPSobhging to the TPS-a, -b and -g
subfamilies, the alignment &cLIN-NERSZyenomic and cDNA sequences showed that this
gene was devoid of the sixth intron as was alreaaported forFaNES1and FaNES2
(Aharoni et al., 2004).

The last sequence (RCLIN-NERS3, GenBank accessiambar: MG673515) is
homologous to the putatiiRosa rugosdinalool synthase described by Feng et al. (2014)
(accession JN675703) aRdagaria vesca\erolidol synthase 1 (FYNES1: XM_011462060.1,
(Aharoni et al., 2004). The sequence of the origit@sa rugosarotein reported by Feng et
al. (2014) started at the beginning of exon 3. G@nowalk was then performed drRosa
chinensisOId Blush’ in order to extend the sequence on3hside and to assess if the gene
was complete in this species. Unfortunately, ttowvered sequences presented no homology
to FvNesland included numerous stop codons. Consequenityrdke protein is a truncated
version of a protein present in other members ef Rosaceae family and is presumably
devoid of TPS activity. The lack of ESTs correspogdto this gene in our ‘Old Blush’
database confirms the assumption that this gerextisally a pseudo-gene. The available



RcLIN-NERS3 sequence showed a close proximity thiIRENERS2 (90,8 % identity at the
protein level) and similarly t&cLIN-NERS2RCcLIN-NERS3s devoid of the sixth intron.

3.2. Enzymatic activity of recombinant rose monpegrle synthases

RCLINS, RcLIN-NERS1 and RcLIN-NERS2 coding sequenceere used for
production of recombinant proteins in the coli Rosetta strain. Since the presence of a
plastidial transit peptide can lead to the produrctof an insoluble protein, it was removed
from the RCLINS sequence. The coding sequence bfNRRIERS2 was conserved starting
from the second alternative start codon (see ab@u@® to its important deletion on the 5’
side, RCcLIN-NERS3 was supposed devoid of activitg ¢herefore was not included in this
survey. Activities of the purified recombinant pwis were assessed on the GPP and FPP
substrates, and the products analyzed by GC-MSi(& ).

All three proteins proved to be active on GPP amdiypced the monoterpene linalool as
unique (RcLINS and RcLIN-NERS2) or main (RcLIN-NERSproduct, as assessed by
comparison of retention time and mass spectra thitise of a linalool standard. However,
chiral analysis of the stereocisomers produced bydifferent enzymes showed that RCLINS
produced exclusively the (-BR) isomer of linalool to the opposite of RCLIN-NER&fhd 2
which only produced (+)39-linalool. Minor amounts of other monoterpen&sn{yrcene,
limonene and andE-ocimene) were also produced by RcLIN-NERS1. OntyIR-NERS1
and RcLIN-NERS2 proved to be able to catalyse FRiflsformation into sesquiterpenes and
in both cases, the sole resulting product was molConsequently, both RcLIN-NERS1
and RcLIN-NERS2 were identified as bifunctionalalimol nerolidol synthases. Conversely,
RCLINS is an exclusive linalool synthase.

3.3. Relatedness of rose enzymes to other linah@oglidol and geranyllinalool synthases

A neighbor joining tree including RcLINS, RcLIN-N&1 and RcLIN-NERS2
together with TPS whose linalool, nerolidol andgaranyllinalool synthase activities have
been reported in the literature is presented iureéi@. Enzymes presenting these catalytic
properties can be found in the TPS-a, b, d, ed, @subfamilies of terpene synthases with a
prevalence in the b and g groups. A characteristiture of the sequences belonging to the a,
b and d subfamilies is the presence of the canb®BasW motif, absent only irCoffea
arabica CCM43928.1. The enzymes of the TPSg and e/f subfaare all devoid of this
motif.

Both RCLIN-NERS1 and RcLIN-NERS?2 linalool/nerolidsynthases cluster within the
TPS-g. When both the GPP and FPP substrates vatee tenost of the enzymes of this group
were reported to be able to catalyze both linaéoa nerolidol synthesis, the only exception
being theCitrus unshidinalool synthase (BAP75559.1). Although somehafse enzymes are
also able to produce geranyllinalool from GGPRti¢ vinifera ADR74213.1,Medicago
truncatulaAAV36466.1,Zea maysAAX99149.1), others are devoid of this abilifyapulus
trichocarpa AEI52903.1, Solanum lycopersiculPAEP82769.1,0ryza sativaACF05530.1).
When a chiral analysis of the products was perforntieese enzymes produced the @ (
linalool or nerolidol stereoisomers, the only exaapbeingOcimum basilicunAY693647.1.

By contrast, RCLINS clusters in the TPS-b subgro8pmilarly to RcLINS, most
enzymes of this subfamily are strict linalool syagbs and are unable to catalyse nerolidol
production from FPP. Only three of theRopulus trichocarpaAll32476.1 and AEI52904.1
and Hedychium coronariumAGY49283.1) produce sesquiterpenes, which howearer
generally not nerolidol. None of the members o8 thioup has been proven to be able to
catalyse geranyllinalool synthesis. Most of theseymes produce the (-BR)-linalool
isomer, except foCoriandrum sativumAHC54051.1 andPopulus trichocarpaAll32476.1
yielding respectively (+)d9-linalool and a mix of both isomers.



The TPSe/f subfamily regroups enzymes with a deablidol/geranyllinalool synthase
activity (Vitis vinifera ADR74220.1, Solanum lycopersicumAIL54748.1, Tripterygium
wilfordii AQA26340.1) or which are strict geranyllinaloolniyases Ropulus trichocarpa
All32474.1, Arabidopsis thalianaAAN71959.1,Nicotiana attenuataAlL54746.1). The only
enzyme with a proven linalool synthase activitZlarkia breweriAAC49395.1, however, its
activity has not been tested on FPP and GGPP. pscted from a gymnosperm terpene
synthasePicea sitchensifADZ45501.1 clusters in the TPS-d subgroup. Thigyere is a
strict (-)-@R)-linalool synthase devoid of activity on FPP an@F3®. Finally, a single enzyme
was found to cluster in the TPS-a subfamily, nam@iyus unshiuBAP75561.1, which
presents a dual linalool/nerolidol synthase agtivit

3.4. Linalool production and expression of TPSases

Some of our previous experiments have already tegdmalool production in some
rose cultivars. Three of these cultivars were chole extensive linalool and nerolidol
guantification in different tissues at four stagéslevelopment by hexane extraction and GC-
MS. Rosa chinensisOld Blush’ was chosen since the three linaloollioalool nerolidol
synthases have been cloned in this cultivar. Intiaed ‘Old Blush’ is characterized by the
production of geraniol and derivatives through helix pathway (Figure 4Rosax hybrida
‘Lady Hillingdon’ was selected due to the absenicaccumulation of significant quantities of
geraniol and derivatives prior to stage 4 of flowlewelopment (Figure 4). Consequently, it
could be assumed that prior to this stage, linakyoithases are not in competition with
RhNUDX1 for the GPP substrate. On the contr&gsax hybrida ‘The McCartney rose’
already produces abundant monoterpenes througiNuléx pathway at stage 3 of flower
development (Figure 4).

No nerolidol accumulation was detected in any @ samples included in our study.
The dimethyl nonatriene homoterpene, which redutt: nerolidol cleavage (Richter et al.,
2016), was also absent in the different extracts.tl@ contrary, linalool was detected in
‘Lady Hillingdon’ flowers from stages 1 to 5 (FigubB). In sepals, the amount was greater at
early stages and decreased throughout flower dewelot. This decrease correlated with an
increase in petals, in which linalool abundancekpdaat stage 3. This maximal amount of
linalool (34,3 +/- 1,5 ng.mg-1 dry weight in sta@@etals) was in the range of the quantity of
geraniol and derivatives, which appear in noticeahlantities in stage 4 petals (65 +/- 34,8
ng.mg-1 dry weight). Linalool accumulation undeman-volatile glycosylated form was
reported in different plants such¥gis viniferaandOsmanthus fragran@artin et al., 2012;
Zeng et al.,, 2015) as well as in transgenic petwmd arabidopsis expressing linalool
synthases (Lucker et al., 2001; Aharoni et al. 330Glycosylation of linalool could be a way
for the cell to cope with the potential toxicity thfis compound (Ltcker et al., 2001). Since
glycosylated forms cannot be readily detected byME&; samples of petals at stages 2, 3 and
4 were submitted to deglycosylation prior to GC-&t&lysis. However, only low amounts of
glycosylated linalool could be detected, corresprogndoughly to one tenth of the amount of
free linalool (data not shown). Finally, the amoohiinalool present in leaves and stamens
was low compared to sepals and petals.

‘Old Blush’ tissues were characterized by very wealantities of linalool which was
mainly detected at stage 4 (Figure 5B). No linalwak stored in glycosylated form. Linalool
levels in some of ‘The McCartney rose’ samples wamilar to those detected in ‘Lady
Hillingdon’. However, the range of tissues/stagesuanulating this compound was restricted
compared to what was detected in ‘Lady HillingdoA'. noticeable difference was the
important quantity detected in stamens of ‘The Mt@y rose’ stage 4 flowers. Similarly to
‘Lady Hillingdon’, deglycosylation allowed the deten of some more linalool, mainly at
stage 3, but the recovered quantities were lowan the quantities of free linalool (28% and



10% at respectively stages 3 and 4; data not sholin}he opposite of what was seen for
‘Lady Hillingdon’, petal samples of ‘The McCartnapse’ were rich in geraniol and
derivatives: at stage 4, the amount of monoterpeeeised from the Nudix pathway (1857
+/- 119.8 ng.mg-1) is roughly 82 times higher coregato the quantity of free linalool (22.7
+/- 6.1 ng.mg-1). (For a comparison of the respeclinalool and geraniol plus derivatives
levels in ‘The McCartney rose’ petals, see alsaufegt.)

Finally, the analysis of the linalool sterecisomgrssent in rose flowers was performed
with samples presenting the maximum accumulationthid compound, namely ‘Lady
Hillingdon’ stage 3 and ‘The McCartney rose’ stagpetal and stamen samples. Only (-)-
(3R-linalool was detected in the three samples (FHdiE).

Overall, our results show that linalool accumulati® generally higher in petal samples.
The expression of rose linalool and linalool/neatolisynthases was consequently evaluated
during petal development using quantitative RT-PERjure 6). All three enzymes were
expressed in these samples, albeit at differer@idedtepending on the cultivar and stage of
developmentRcLINS and RcLIN-NERSZpresented somewhat similar expression profiles:
they were expressed in the three cultivars, althoihgir expressions were lower in ‘The
McCartney rose’. Both enzymes showed a peak inesgoon at stage 3. However, in ‘Lady
Hillingdon’, the extent ofRcLIN-NERSZ2expression was reduced comparedRCLINS
Compared tdRcLINSand RcLIN-NERS2RcLIN-NERS1was expressed earlier during petal
development (higher expression at stage 2) andwviaslly absent in the ‘The McCartney
rose’ cultivar.

3.5. RCLINS in planta activity

RCLINS is the only enzyme characterized in thiglgtwhich is able to produce in vitro
the (-)-@R)-linalool isomer found in rose flowers. Its cafggdd synthesize linalool in planta
was consequently verified following transient tfansation in Nicotiana benthamiana
leaves (Figure 7). Due to the complexity of theaimin leaves’ GC profile, the mass spectrum
was recovered in SIM (selected ion monitoring) madeselectively record ion m/z 93,
characteristic of linalool. This ion was selectiv@iresent in RcLINS transformed tobaccos
and absent from control plants, confirming RcLIN®&dlvement in linalool production in
planta.

3.6. Subcellular localization of RCLINS

The RcLINS coding sequence was finally fused to GirFhe pMDC83 expression
vector and transformed infdicotiana benthamianseaves to assess subcellular localization
of this protein (Figure 8). Similar experiments et performed with RCLIN-NERS1 and
RCcLIN-NERS2 since only RcLINS is likely to produdbe (-)-@R)-linalool present at
detectable levels in rose flowers. Plastids wereeaked by autofluorescence of the
chlorophyll. RCLINS localization was detected agpunctuated pattern at the surface of
plastids (Figure 8A, B) and was different from tlohtthe SsLPPSalvia sclareaditerpene
synthase (Caniard et al., 2012) used as a comrdbtalization in the stroma of the plastid
(Figure 8C). However, it was difficult to assessettter RCLINS was localized inside a sub-
compartment of the plastid close to plastid memdran directly inserted into the plastid
membrane. It could also be located in a cellulangartment external to the plastid but which
remains in close contact with the plastid membrane.

4. Discussion
4.1. Several enzymes with linalool or linalool H&fol synthase activities are present in the
rose’s genome.



The rose’s genome contains at least four genesigddr linalool or linalool/nerolidol
synthases (Table 1). One of these genes is a pgeneldacking a significant part of the 5’
sequence, two encode bifunctional (+) linalool hdob synthases and one a monofunctional
(-) linalool synthase. The number of different gemo clones related tdRcLIN-NERS2
suggests a duplication of this gene and the seguieoimology withRcLIN-NERS3uggests
that this latter gene also results from a duplwatf RCLIN-NERSZollowed by extensive
deletion in the 5’ region. Rose genome sequeneuhg;h is currently in progress, will likely
allow us to confirm these hypotheses by verifying $patial proximity of these sequences on
the chromosomes.

According to Landmann et al. (2007) and Degenhetrdi. (2009), the formation of the
acyclic monoterpene linalool is a simple mechaniemmpared to the synthesis of most other
monoterpenes, especially cyclic products: afteiahionization of geranyl diphosphate, the
geranyl cation undergoes a simple allylic rearramgy@ and is rapidly quenched by a water
molecule. A similarly simple mechanism can be psgabfor nerolidol and geranyllinalool
formation from respectively farnesyl diphosphated aigeranylgeranyl diphosphate:
carbocation formation is followed by allylic reamgement and water quenching (Tholl et al.,
2011). Linalool or nerolidol synthases can thuvieeved as defective forms of TPS that may
only catalyze the ionization of the substrate amdse active site allows water access to the
carbocation. Consequently, any mutation prevenéingiono or sesquiterpene synthase to
either stabilize the substrate in the carbocattatesor extensively rearrange this carbocation
molecule would lead to the appearance of such ayne®m The occurrence of linalool
synthases in the different TPS subfamilies confithis assumption (Landmann et al., 2007).
In the Mentha spicatdimonene synthase, the exchange of a charge giabiliryptophan
residue by a nonaromatic residue caused the foymatf products characteristic of a
premature termination of the reaction, includingalool (Srividya et al., 2015). In line with
this model, the RcLINS and RcLIN-NERS1/2 rose lowmhland linalool/nerolidol synthases
correspond to independent evolutive schemes andlifigy to catalyze linalool or nerolidol
production seems to have appeared independengyadimes in this species.

Furthermore, linalool or linalool/nerolidol syntleasctivities are well correlated with
their belonging to one of the subfamilies: RcLIN&isters with other mono-functional
linalool synthases into the TPS-b subfamily. Sinilaao RcLINS, most of the b class
enzymes with linalool synthase activity have begmorted to produce th&R)-(-) isomer.
Besides linalool synthases, different monoterpgmghases and isoprene synthases can be
found in the TPS-b subfamily (Chen et al., 20119.fé the bi-functional RcLIN-NERS1 and
RcLIN-NERS2, they belong to the TPS-g subgroup ttogre with other bi-functional
linalool/nerolidol or trifunctional linalool/neradiol/geranyllinalool synthases. The linalool
isomer produced by synthases of this group is iysolthe B9-(+) type as it is for RCcLIN-
NERS1 and 2. This confirms tha8g-(+) and BR)-(-) linalool synthases do not cluster
closely with each other (Raguso, 2016). On a meresgal point of view, the TPS-g clade is
quite heterogeneous and contains mono-, sesquditerpene synthases. However, one
characteristic of these enzymes is the prevalemmmng their products of acyclic compounds
such as linalool or nerolidol (Martin et al., 201Then et al., 2011).

4.2. The weak expression of the characterized ™p&ias the low abundance of linalool in
roses.

In vitro enzymatic activity has brought clear infation on the potential activity of
these TPS. However, the question of understandieg tctual in vivo function in rose
flowers arises. The analysis of ‘The McCartney raesel ‘Lady Hillingdon’ petal and stamen
extracts by chiral GC-MS shows that these rosaveu#t only produce the (-BR)-linalool
isomer. On the other hand, RcCLINS is the only cti@rized enzyme, which is able to



produce this isomer. Consequently, we can assuatdlita linalool produced in rose flowers
derives from the activity of this single terpenentsyase. As can be expected for a
monoterpene synthase, RCLINS is targeted towaelpltstidial compartment. However, our
study showed that RCLINS is not present in thensértut is localized in seemingly vesicular
structures which seem to be in close associatioth whe plastid surface. A similar
localization has already been reported for sevArabidopsis enzymes involved in terpene
metabolism: the deoxyxylulose 5-phosphate synt(@¥&), the deoxyxylulose 5-phosphate
reductoisomerase (DXR) (Pulido et al., 2013; Perell al., 2016), the TPS10 and TPS14
linalool synthases (Ginglinger et al., 2013) andrfgeranylfarnesyl diphosphate synthases
(Nagel et al., 2015). The reason for this particldaalization is not clear. In the case of DXS,
Perello et al. (2016) propose that this punctuattepn may result from the aggregation of
misfolded inactive proteins to the plastidial meart®. The explanation would be different
for DXR, which is less prone than DXS to instalilitn that case, the excess production of
the protein could lead to its capture into intragpidial vesicles that could eventually be
released into the cytosol for degradation (Peretlal., 2016). The transcription of RCLINS
from a 35S promoter in transgenic plants could eably lead to such overexpression of
the protein. However, in the case of ArabidopsiST® and 14, this particular localization is
supposed to promote direct product transfer froelimalool synthases to two cytochrome
P450s localized on endoplasmic reticulum regionghvhare in direct contact with the plastid
envelope. The P450 enzymes have indeed been slwolan dble to metabolize linalool into
different oxidized compounds which can even be hiernrt modified by glycosylation
(Ginglinger et al., 2013). A similar channeling pess between RcCLINS and yet unknown
enzymes could be postulated, although no linaleades could be detected in our GC-MS
analysis and no substantial amount of glycosylételool was present in flower samples.
However, the low RCLINS expression level may préviamalool production in sufficient
amount for further transformation. The localizatioh RCLINS at the interface between
cytosol and plastid would also conceivably plade &mzyme in a strategic location allowing
access to two potential GPP substrate pools: GB#uped through the MEP pathway inside
the plastid and the postulated GPP pool preserytosol which is used by the cytosolic
RhNUDX1 enzyme (Magnard et al., 2015).

Finally, an attempt to link linalool production ®cLINS expression shows a good
correlation between those two parameters in ‘Ladinigdon’, with a maximum in mRNA
production occurring shortly before linalool accuation. Consequently, linalool synthesis is
probably regulated at the transcriptional levethis cultivar. However, this is obviously not
the case in ‘Old Blush’, in which linalool produmti was extremely low despite RCLINS
transcription levels similar to those detectedLiady Hillingdon’. The opposite is seen in the
‘The McCartney rose’ flowers, which are charactediZy a weaker RCLINS transcription
compared to ‘Old Blush’, together with a linaloaloduction in the range of that seen in
‘Lady Hillingdon’. Hypotheses to explain this sitiem include post-transcriptional repression
or low availability of substrate in ‘Old Blush’ arah enhanced stability of the transcript or
protein in the ‘The McCartney rose’. However, imstlatter cultivar, the transcription of a yet
unknown linalool synthase which would not be detddn the ‘Old Blush’ ESTs cannot be
excluded.

The analysis of genomic clones corresponding tolIRANERS?2 showed at least four
strongly homologous sequences. Three of them poss&sop codon at the beginning of the
gene, followed by a putative alternative Start codthis situation is reminiscent of what has
been described iRragaria ananassdor the possible orthologs of RCLIN-NERS2: thesdly
related FaNES1 (POCV94.1) and FaNES2 (POCV95.1)af@dd et al., 2004). Indeed,
although FaNES2 presents a targeting peptide, FANBSwSs a stop codon just downstream
of the initiation methionine. However, the use of alternative methionine yields the



production of a functional cytosolic protein. Moveo, the plastidial FaNES2 protein is
presumably not very important for the productiortha linalool and nerolidol detected in the
strawberry fruit, since FaNES1 presents a muchdmigixpression (Aharoni et al., 2004). A
somewhat similar situation may be found with tR®sa RcLIN-NERS2 sequences:
sequencing ofRcLIN-NERS2cDNA clones issued from different species and iais
showed that in all cases they encoded the shanter. fThis raises questions on the effective
in vivo translation of a plastidial full-length for of this protein similarly to what is seen for
the Fragaria genes. In case most of the RCLIN-NERS2 proteirukhbe cytosolic, it would
join RCLIN-NERSL1 in this compartment, since RcLINERS1 is devoid of plastidial transit
peptide. In the cytosol, these enzymes should erteothe FPP substrate produced through
the mevalonate pathway. In roses, a substantiabatmad GPP should also be present in this
compartment to provision RhNUDX1. However, the alegeof nerolidol and of its derivative
dimethyl nonatriene, together with the absence+flifalool in the rose flower extracts,
suggests a lack of in vivo RCLIN-NERS1 and RcLINRE2 activity.

This comparison shows that roses and strawberies, members of the Rosaceae
family, have evolved different enzymes to produnalbol. Fragaria ananassaises the (+)-
(39-linalool nerolidol FaNES1 synthase (Aharoni et, &004), whereas the orthologous
RcLIN-NERS?2 is ineffective in rose flowers. On tbentrary, the small quantity of linalool
produced in rose flowers derives from the actiafythe RCLINS (-)-BR)-linalool synthase
which is unable to produce nerolidol. An enzymevahg extensive identity (78%) to
RCLINS is present in thd-ragaria vescagenome (XP004289147.2); however, to our
knowledge, its implication in linalool productiom$ never been reported. Although both (-)-
(B3R and (+)-89-linalool are involved in pollination and defengbe two stereoisomers
differ in their respective implications in theseopesses (Raguso, 2016). Yet, linalool has
never been linked to ecological processes in reséar.

The main hypothesis to explain the absence of RAMRS1 and RcLIN-NERS2
activity together with the low production of (-3R®)-linalool in the characterized rose
cultivars is likely due to the low expression levalf RCLIN-NERS1 RcLIN-NERS2and
RCcLINS Indeed, the comparison of the abundance of E&Tisei ‘Old Blush’ database shows
that RPKM values folRcLINS RcLIN-NERS1and 2 in samples corresponding to flower
stages of development are 240 to 600 times lowaer those found foRhNUDX1 Similarly,

a comparison involving only terpene synthases RE&LINS RcLIN-NERS1and 2 against
germacrene D synthase (Guterman et al., 2002)} shibat germacrene D synthase is 30 to
70 times more expressed. These values can be aliaesti by an observation of the upper
chromatogram on Figure 4: geraniol derivatives geidmacrene D are abundant while
linalool accumulation is not detectable in thisd@lush’ petal sample at stage 3. In regards
to these results, it is difficult to correlate TBSression and linalool accumulation. Indeed,
for both expression and linalool production, we @ealing with low quantities. Furthermore,
variations in linalool production can be due to tebmodifications in gene expression,
MRNA stability, effectiveness of translation, aites of the different TPS, respective affinity
of linalool synthase and RhNUDX1 for GPP or theilabdity of this substrate in different
compartments... Considering this last point, RcLINghich is not significantly more
expressed than RcLIN-NERS1 and 2, but is targetead different compartment, leads to the
production of low but detectable amounts of linhloo

4.3. Two pathways of different importance for marpene production in roses?

Many rose cultivars (including ‘Old Blush’ and ‘ThéicCartney rose’) are
characterized by the abundant production of acyolnoterpenes: geraniol and derivatives
(nerol, citronellol, geranial) through the Nudix tipaay (Figure 4). Conversely, other
monoterpenes produced through conventional morenergynthases (including linalool) are



much less abundant in roses. Yet, these two maueter biosynthesis pathways are most
likely interconnected since both rely on a commaeacprsor, namely GPP. Our original
hypothesis assumed that the monoterpene synthpsadiEnt compounds (including linalool)
were synthesized at low levels due to the use ®fGRP substrate by the enzymes of the
Nudix pathway. However, the low amount of linal@sid the absence of nerolidol in rose
petals are more likely linked to the extremely lewpression of the characterized terpene
synthases compared to RhNUDX1. Even in ‘Lady Hijtion’ petals, the presumed low
activity of the Nudix pathway does not translatiia higher expression of the conventional
linalool or linalool/nerolidol synthases (unlessagjgyl monophosphate actually produced by
the NUDX protein cannot be transformed into gerbdige to the absence of a dedicated
phosphatase).

It is thus possible that roses result from an ewatuscheme in which a decrease in the
expression of monoterpene synthase genes (andljyossitations in these genes) left room
for the emergence of the Nudix pathway. Alterndyiva decrease in the importance of the
monoterpene synthase family may have resulted fpoevious emergence of the Nudix
pathway, which proved a more efficient way to praglmonoterpenes due for instance to the
higher affinity of RhNUDX1 for the GPP substrate ar more adequate subcellular
localization: cytosolic (RhNUDX1) versus plastidiélRcLINS). The Nudix pathway of
monoterpene biosynthesis has so far only been ciesiged in theRosagenus. The question
of its evolutive emergence and in particular ofptssence in other members of the rosaceae
family is still unresolved. In the case where ituMbbe present in other genera of this family,
the relative expression and activity of TPS and NMUEnzymes might be informative to
understand the links between the two monoterper®ybthesis pathways.

In strawberries, the terpenoid profile of the froftthe cultivated strawberry(agaria
ananassg is dominated by linalool and nerolidol, wherelg wild strawberry Kragaria
vesca produces other monoterpenes (pinene, myrcendlaptieene...). These compounds
are synthesized by highly expressed monoterperntbases: thé&ragaria ananassa&aNES1
linalool/nerolidol synthase, and tikgagaria vescaFvPINS pinene synthase (Aharoni et al.,
2004). Consequently, the expression of linalooltlsgse likely shows a marked difference
between theRosa and Fragaria genera. According to our hypotheses above, thé hig
expression of TPS should correlate with the absefdbe Nudix pathway in strawberries.
Since no geraniol or derivatives are present iavwdterry fruit, it can be assumed that this
pathway is not active in this organ. However, adddl analyses of monoterpene synthases
and NUDX expression in strawberry flowers are ndetdeunderstand the link between the
two monoterpene biosynthesis pathways.

In addition to their weak expression, the numbeegiene synthases described in roses
is low: so far only the linalool and linalool/neisdl synthases characterized here and one
germacrene D synthase (Guterman et al., 2002) baea reported. The RcLIN-NERS3
sequence shows that pseudogenes are likely to dsergrin the roses’ genome. In apple,
another member of the rosaceae family, 55 TPS geaes been predicted throughout the
genome. However only 10 (18%) of them are likelyehwode functional enzymes, including
three monoterpene synthases (Nieuwenhuizen e2@l3). In that respect, apples are quite
different from other plants such as arabidopsiapgs or tomatoes in which respectively 32,
69 and 29 potentially functional TPS have been ipted following genome sequence
analysis. These values correspond to 80%, 45% &% 6f the total number of TPS
sequences present throughout these genomes (Aubbalig2002; Martin et al., 2010; Falara
et al., 2011). The sequencing of the rose genorhe&hws currently in progress will reveal
the actual number of TPS genes. In case numeraasdpgenes should also exist in that
species, this characteristic may result from theeloselection pressure applied to the TPS
family due to the emergence of the Nudix pathwaynohoterpene biosynthesis. In addition,



other rose monoterpene synthases can be cloneg ¢iBINA issued from other cultivars or
species (including botanical species) producindgeceht monoterpenes (pinene, myrcene,
limonene, ocimene...), although in most cases thel let production of these compounds
will be low. The characterization and expressiondgt of these enzymes will likely be
informative regarding the relevance of the TPS kafoir monoterpene biosynthesis in roses.
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Figurelegends

Figure 1: Alignment ofRosa chinensi¢inalool and linalool nerolidol synthases RcLINS,
RcLIN-NERS1, 2 and 3. The portions of the sequdnighlighted in black present 100%
similarity; the portions highlighted in gray are 6080% similar. The RcLINS and RcLIN-
NERS2 predicted plastid targeting peptides are wminée with dashed lines. The
characteristic TPS catalytic motifs (R$%, LQLYEASFLL, RDR, DDxxD and NSE/DTE,
see text) are boxed. The positions of introns adécated by vertical dashed lines; the sixth
intron is present only in RCLINS and RcLIN-NERSh. the RcLIN-NERS2 sequence, the
first arrowhead points to a polymorphic positioattisorresponds to either a stop codon or a
glutamine. The second arrowhead points to thergltee start codon.

Figure 2: GC-MS analysis of the volatile producismteesized by recombinant RCLINS,
RcLIN-NERS1 and RcLIN-NERS2. After expressiondsacherichia coliand purification, the
enzymes were incubated with the GPP (left and kglhimns) and FPP (middle) substrates.
Left and middle columns: GC-MS analysis of the h&sg products on an apolar capillary
DB5 column. Retention times and mass spectra wargared to those of a linalool standard
or to those of a mix of nerolidol plus farnesolnstards (bottom line, left and middle). Right
column: enantioselective analysis (CYCLOSIL-B choalumn) of linalool produced by the
three enzymes upon incubation with GPP. A mixture tiee (+/-)-@S3R)-linalool
stereoisomers was used as standard (bottom Ighé). 1, 2, 3: minor products resulting from
RcLIN-NERS1 activity on GPH:myrcene (1), limonene (2)Z)Y and €) ocimenes (3).

Figure 3: Relatedness of the cloned rose TPS poti other functionally characterized
linalool, nerolidol, geranyllinalool synthases. @tte portion of the sequences corresponding
to the conserved PlantTerpene Cyclase Class 1 do@anserved domain cd 00684 from the
NCBI Conserved Protein Domain Database) was ugeithéoalignment. RCLINS and RcLIN-
NERS1, 2 described in this paper are shown in lRRULIN-NERS3 whose sequence is very
close to RcLIN-NERS2 was not included. The tree tuaift using the Geneious Tree Builder
(Geneious R10 Biomatters Ltd.), with the Neighboinihg method. The Jukes-Cantor model
was used for calculation of the genetic distanddse outgroup is theRosa chinensis
Germacrene D synthase (MG673512) orthologous toRbsax hybrida Germacrene D
synthase (Guterman et al., 2002). Bootstrap vatwesshown next to each node. Clusters
corresponding to the TPS-a, b, d, e/f and g suliiesrare indicated.

Figure 4: Representative GC-MS analysis of hexameeted products recovered from stage
3 petals fromRosa chinensisOld Blush’ or Rosax hybrida ‘Lady Hillingdon’ and ‘The
McCartney rose’ (see Figure 5 for a definition lné stages). Only products corresponding to
terpenes or derivatives are labeled: 1: linalooln&ol, 3: neral, 4: geraniol, 5: geranial, 6:
geranyl acetate, T carene (putative identification), 8: dihydgaonol, 9: germacrene D, 10:
putativedcadinene, 11: putative elemol. Products 1 througbréespond to monoterpenes. In
‘Lady Hillingdon’, the product with the same retem time as geranial is 3-5-
dimethoxytoluene. Products 2, 3, 5, 6 are supptised derived from 4 (geraniol).

Figure 5: In vivo linalool production in sepalstals, stamens and leavesRibsa x hybrida
‘Lady Hillingdon’ and ‘The McCartney rose’ andosa chinensisOld Blush’ at different
stages of development. A: Flower morphology comesing to each of the five
developmental stages (St.1 to 5). The buds ancefloare issued from ‘The McCartney rose’
cultivar. B: GC-MS analysis of hexane-extractechpounds present in the different samples
was used to quantify linalool accumulation (ng.mdr§ weight). The values are the means



and standard deviations obtained from three inddgr@nsamples. Black bars: sepals, white:
petals, gray: stamens, hatched: leaves. C: cmedysis of the linalool sterecisomers found in
petals or stamens. From top to bottom: ‘Lady Hgtion’ stage 3 petals; ‘The McCartney
rose’ stage 3 petals; ‘The McCartney rose’ stag@aBens; mixture of (+/-BE3R)- linalool
stereoisomers used as standard.

Figure 6: Transcriptional activity dRCLINS RcLIN-NERSIand RcLIN-NERSZn petals of
Rosax hybrida cultivars ‘Lady Hillingdon’ and ‘The McCartney resand Rosa chinensis
‘Old Blush’ at different stages of development mead by quantitative RT-PCR. The
analyses were performed at stages 2 (black ba(g)hige bars) and 4 (gray bars). Transcript
levels of terpene synthases are normalized to thbSE1-a and a-TUBULIN. Values are the
means and standard deviation of four technical icefgds. Lower graph: Linalool
accumulation in the same samples reported fromr€i§ustages 1 and 5: hatched bars, stage
2: black, stage 3: white and stage 4. gray).

Figure 7. Representative results for GC-MS analg$i®cLINS in planta activity. Hexane

extracted products synthesized by transformed tabg@tants were run on an apolar DB5
column. lon m/z 93 was recorded in the SIM modep#sfile for a control plant transformed

by P19 alone. B: profile following cotransformatitly RcLINS and P19. C: control trace
(m/z 93) for a linalool standard. The experimenswepeated 5 (P19 control) or 7 (RCLINS
plus P19) times with similar results.

Figure 8: Confocal fluorescence microscopyNatotiana benthamianaells expressing GFP
fused proteins. A, B: leaves infiltrated with theLRNS-GFP construct. B corresponds to the
boxed section in A. C: infiltration with the SsLPFSalvia sclareaditerpene synthase
addressed to the stroma of the plastid (Caniaatl,2012). D: control leaf infiltrated with the
P19 viral suppressor of silencing alone. The GIgRaiand the red signal corresponding to
the autofluorescence of the chlorophyll are memedll pictures.

Supplementary Figure 1: Alignment of the RcLin-N&r&quences. The upper sequence in
the alignment is the RCcLIN-NERS2 sequence presewotedrigure 1. The three other
sequences correspond to highly similar genes tleat wloned during the course of the
genomic walk experiments. The arrowheads pointeesgely to the position of the internal
Stop codon and to the alternative initiation matime.



TPS TPS subfamily | In vitro enzymatic activity Localization
RCLINS TPS-b (-)-(3R)-linal ool synthase Plastidial
MG673509

RcLIN-NERS1 | TPS-g (+)-(39-linalool nerolidol synthase | Probable cytosolic
MG673510

RcLIN-NERS2 | TPS-g (+)-(389)-linalool nerolidol synthase | Probable cytosolic
MG673511

RCcLIN-NERS3 | TPS-g Probabl e pseudogene
MG673515

Table 1: Characteristics of rose linalool and linalool nerolidol synthases
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Highlights:

- Four linalool and linalool nerolidol synthases have been characterized in roses.

- However, only one (-)-(3R)-linalool synthase participates to linalool production.

- Weak expression levels explain the low abundance of linalool in rose flowers.

- Rose monoterpenes are synthesized by both terpene synthases and a Nudix hydrolase.
- Respective implications of these pathways in monoterpene production is discussed.
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