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Abstract

Citronellol is a pleasant-smelling compound produced in rose (Rosa spp.) flowers and in the leaves of many aromatic plants,
including pelargoniums (Pelargonium spp.). Although geraniol production has been well studied in several plants, citronellol
biosynthesis has been documented only in crab-lipped spider orchid (Caladenia plicata) and its mechanism remains open to
question in other species. We therefore profiled 10 pelargonium accessions using RNA sequencing and gas chromatography-MS
analysis. Three enzymes from the progesterone 5B-reductase and/or iridoid synthase-like enzymes (PRISE) family were char-
acterized in vitroand subsequently identified as citral reductases (named PhCIRs). Transgenic RNAi lines supported a role
for PhCIRs in the biosynthesis of citronellol as well as in the production of mint-scented terpenes. Despite their high amino
acid sequence identity, the 3 enzymes showed contrasting stereoselectivity, either producing mainly (S)-citronellal or a racem-
ate of both (R)- and (S)-citronellal. Using site-directed mutagenesis, we identified a single amino acid substitution as being
primarily responsible for the enzyme’s enantioselectivity. Phylogenetic analysis of pelargonium PRISEs revealed 3 clades and
7 groups of orthologs. PRISEs from different groups exhibited differential affinities toward substrates (citral and progesterone)
and cofactors (NADH/NADPH), but most were able to reduce both substrates, prompting hypotheses regarding the evolution-
ary history of PhCIRs. Our results demonstrate that pelargoniums evolved citronellol biosynthesis independently through a 3-
step pathway involving PRISE homologs and both citral and citronellal as intermediates. In addition, these enzymes control the
enantiomeric ratio of citronellol thanks to small alterations of the catalytic site.

Introduction the flowers of orchids and roses, as well as by the vegetative

B-citronellol (hereafter referred to as citronellol) is a volatile ~ °"83M* of several plants like lemongrass (Cymbopogon spp.)

organic compound, more accurately a monoterpene alcohol lemon-scented gum (Corymbia citriodora), ginger (Zingiber
with an intense roselike scent. It is commonly produced by  officinale), and pelargonium (Pelargonium spp.). Due to the
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Citronellol biosynthesis involves PRISEs

absence of the C=C double bond in C2-C3, which is present
in geraniol, citronellol has 2 enantiomeric forms. In rose (Rosa
sp.), grape (Vitis vinifera), pelargonium, and the crab-lipped
spider orchid (Caladenia plicata), (S)-citronellol is the major
enantiomer (Ravid et al. 1992; Luan et al. 2005; Xu et al. 2017),
whereas (R)-citronellol dominates in Boronia citriodora and
citronella (Cymbopogon nardus) (Duretto 2003; Surburg
and Panten 2006). Few ecological roles have been documen-
ted for citronellol. Still, (S)-citronellol has been demonstrated
to act as a pollinator attractant in C. plicata (Xu et al. 2017),
while recently, an arthropod chemosensory receptor was
characterized, strengthening the role of citronellol as a nat-
ural repellent and, more broadly, in plant defense mechan-
isms (Tian et al. 2022).

Multiple studies in rose (Dunphy and Allcock 1972), grape
(Luan et al. 2005), ginger (lijima et al. 2014), and C. plicata
(Xu et al. 2017) clearly demonstrated that citronellol is derived
from geraniol. In the latter, citronellol was biosynthesized via a
3-step pathway, with the geranial reductase CpGER1 (Xu et al.
2017) reducing citral, a mix of the tautomers geranial
((E)-citral) and neral ((Z)-citral), to citronellal and an alcohol
dehydrogenase (ADH) completing the pathway by catalyzing
the conversion of geraniol to citral and citronellal to citronellol
(Fig. 1). CpGER1 belongs to the progesterone 5B-reductase
and/or iridoid synthase-like enzymes (PRISE) family (Petersen
et al. 2016), part of the short-chain dehydrogenase reductase
(SDR) superfamily. The PRISE family groups progesterone
5B-reductases (P5BR), which stereospecifically reduce proges-
terone to 5p3-pregnane-3,20-dione, leading to cardenolide bio-
synthesis (Gartner et al. 1994; Herl et al. 2006; Munkert et al.
2011), and iridoid synthases (ISY), which catalyze the reduction
and cyclization of 8-oxogeranial, leading to iridoid biosynthesis
(Geu-Flores et al. 2012; Xiang et al. 2017). Aside from proges-
terone, 8-oxogeranial, and citral, PRISEs also accept several
1,4-enones, such as 2-cyclohexen-1-one or methyl vinyl ketone,
and are known for having a wide spectrum of substrates.

Contrasting with the 3-step pathway discovered in C. plica-
ta, labeling and feeding experiments indicate a possible direct
reduction of geraniol to citronellol in other species (Dunphy
and Allcock 1972; Suga and Shishibori 1973; Banthorpe et al.
1983; Luan et al. 2005). Moreover, ginger rhizome fed with
deuterated geraniol led to 2 different labeling patterns in citro-
nellol, raising the possibility of the coexistence of both a direct
and a multistep biosynthetic pathway in this species (lijima et
al. 2014). Enzymes from the 12-oxophytodienoate reductase
(OPR) family were considered to be good candidates for a dir-
ect reduction of geraniol to citronellol (Fig. 1) based on the
ability of the Hevea brasiliensis homologs to perform this reac-
tion in vitro (Yuan et al. 2011). On the other hand, several
OPRs isolated from a rose-scented pelargonium were unable
to reduce geraniol. However, these enzymes could reduce cit-
ral to citronellal (lijima et al. 2016), but their physiological role
as citral reductases remains untested.

The genus Pelargonium consists of almost 280 species and
includes scented species and hybrids. Of these, the pelargo-
nium rosat hybrids, often referred to as Pelargonium X
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hybridum cv. rosat (P. rosat) and occasionally as Pelargonium
graveolens hybrids, are particularly famous for their
rose-scented essential oil (EO), which is widely used by fra-
grance and cosmetic industries (Demarne 2002; Verma et al.
2016). Pelargonium rosat resulted from crosses between 1
rose-scented parent, Pelargonium capitatum, and 1 mint-
scented parent, presumably Pelargonium radens or P. graveo-
lens. Pelargonium EO is mainly composed of monoterpenes,
and the 4 main hybrids—named P. rosat ‘Bourbon’, ‘China’,
‘Egypt’ and ‘Grasse’, according to their production areas—are
rich in geraniol, citronellol, their aldehydes counterparts, and
various ester derivatives (Gauvin et al. 2004; Juliani et al.
2006). Fragrance industries pay special attention to the gera-
niol/citronellol ratio of pelargonium EO, as it affects the final
odor profile and quality (Doimo et al. 1999; Verma et al.
2013). Consequently, pelargonium makes an ideal plant model
to better understand the steps required for citronellol biosyn-
thesis. A geraniol synthase (PhGES) responsible for the biosyn-
thesis of geraniol from geranyl diphosphate (GPP) was
characterized in several P. rosats (Blerot et al. 2018), but how
geraniol is reduced to citronellol, including whether directly
or indirectly, remains unknown. Recently, a possible route
(Fig. 1) suggested a reduction of geranyl phosphate (GP) to ci-
tronellyl phosphate (CP), followed by a dephosphorylation of
CP to citronellol (Bergman et al. 2021). In this case, a nucleotide
diphosphates bound to X (NUDIX) hydrolase would ensure the
conversion of GPP to GP, thus mimicking the biosynthesis of
geraniol in rose (Magnard et al. 2015). In summary, the citronel-
lol biosynthetic pathways in pelargonium are only partially
characterized and are still under debate.

Here, we demonstrate that citronellol biosynthesis in pel-
argonium is a 3-step process starting from geraniol and in-
volving 3 closely related enzymes belonging to the PRISE
family. Dubbed PhCIR for P.X hybridum citral reductase,
these 3 enzymes reduce citral to citronellal and present con-
trasted stereoselectivities. As such, 2 of the enzymes produce
about 90% (S)-citronellal and 10% (R)-citronellal, whereas
the third produces a racemic mixture. We took advantage
of the quasi-identity between the enzyme sequences to in-
vestigate which amino acids were involved in their enantios-
electivity and were able to show that a single amino acid of
the active site is involved in the enantiomeric switch ob-
served. Furthermore, our results indicate that PhCIRs likely
have a role in the production of mint-scented compounds,
thus placing these enzymes as central actors of the terpene
production in pelargoniums. Finally, our study shows that
PRISE members belonging to distant clades were recruited
in parallel during evolution to ensure the citral reduction
step of the citronellol biosynthetic pathway.

Results

Multiomic screening for reductase candidates

To unravel the biosynthetic pathway of citronellol in pelargo-
niums, we chose a multiomic approach associating gene ex-
pression with chemical phenotypes of several accessions. As
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Figure 1. Three hypothetic routes for the biosynthesis of citronellol in pelargonium. Direct reduction of geraniol, synthesized by a geraniol synthase
(GES), to citronellol was suggested by in vitro activity of OPRs from H. brasiliensis (Yuan et al. 2011). A 3-step pathway starting from geraniol (green
box) has been demonstrated in C. plicata by Xu et al. (2017); it involves ADH and a citral reductase from the PRISE family. OPRs could fulfill the role
of a C=C reductase according to the work of lijima et al. (2016) in rose-scented pelargonium. Finally, in rose-scented pelargonium, Bergman et al.
(2021) proposed the action of a NUDIX hydrolase to convert GPP to GP. GP is then reduced to CP, and a putative phosphatase would dephosphor-
ylate CP to citronellol. Question marks indicate the lack of enzyme characterization for this proposed step.

such, young leaves of 10 scented accessions with known EO
composition (Lis-Balchin 1991; Demarne and Van der Walt
1993; Lalli et al. 2006; Blerot et al. 2016) were sampled and
divided in 2, so that terpenoid content and gene expression
could be determined on the same sample.

All 10 accessions displayed clear differences in the content
of geraniol, citronellol, their aldehyde counterparts, and their
ester derivatives (Fig. 2). The 4 rosat hybrids, P. capitatum and
P. X ‘Toussaint’, accumulated various amounts of geraniol
and citronellol in different relative proportions. Both P. ra-
dens and P. graveolens showed a complete lack of geraniol,
citronellol, or their aldehydes counterparts and ester deriva-
tives. P. ‘Prince of Orange’ produced only geraniol and its es-
ters in small quantities but accumulated neither citral,
citronellal, nor citronellol. Finally, Pelargonium citronellum
accumulated high levels of citral but no citronellal nor citro-
nellol. The presence of accumulated citral and sometimes ci-
tronellal in all citronellol-producing accessions tended to
indicate that the targeted reductase was involved in a path-
way starting from geraniol and involving citral and citronellal
as intermediates.

In the absence of any common reference such as a se-
quenced genome, transcriptomes of each accession were

de novo assembled and 84 PRISEs and 46 OPR candidates
were identified. To properly relate the expression of PRISE
and OPR transcripts with the citronellol pathway com-
pounds, orthologous and paralogous relationships needed
to be determined across the different accessions by inferring
a maximum-likelihood phylogenetic tree based on protein
sequences for each family.

Pelargonium PRISE sequences clustered in 3 distinct clades
(Fig. 3). Interestingly, clade | contained sequences from bio-
chemically characterized enzymes, including citral reductases
from Plantago major (PmMOR; P. major multisubstrate oxi-
doreductase) and C. plicata (CpGER1; C. plicata geraniol re-
ductase 1) and 5 ISYs from Madagascar periwinkle
(Catharanthus roseus) (Munkert et al. 2015). Clade Il in-
cluded mainly pelargonium sequences, as well as 2 sequences
from the orchid Apostasia shenzhenica and 1 C. roseus en-
zyme (Munkert et al. 2015; Zhang et al. 2017). Finally, clade
Il was defined by pelargonium species and 1 Arabidopsis
thaliana sequence.

Based on phylogenetic distances, statistical support, and
accession representation, 7 PRISE putative groups of pelargo-
nium orthologs were defined. Transcripts corresponding to
the PRISE-4 group were strongly accumulated in young
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Figure 2. Accumulation of compounds involved in the citronellol pathway in 10 scented pelargoniums. Compounds were quantified by GC-MS
analysis from hexane extracts (mmol per g of dry weight [DW]) of each accession. Barplots represent the mean (n = 3). The ester derivatives of
geraniol and citronellol correspond to the sum of all detected respective esters. Citral corresponds to the sum of geranial and neral. ADH, alcohol

dehydrogenase; GES, geraniol synthase; GPP, geranyl diphosphate.

leaves, with a maximum of ~70 zTPM for pxhygr.c16865 in
P. rosat ‘Grasse’ (Fig. 3). In contrast, transcripts from other
groups were expressed about 10 to 100 times lower. The ex-
pression pattern of PRISE-4 transcripts was consistent with a
role of the encoded enzymes in the reduction of citral to ci-
tronellal. As such, PRISE-4 transcripts were strongly expressed
in the 4 rosat hybrids, P. capitatum and P. X ‘Toussaint’, all of
which producing massive amounts of citronellol and citro-
nellyls (Fig. 2). Accordingly, the PRISE-4 transcript in P. citro-
nellum—an accession highly accumulating citral but no
citronellal—was barely expressed. Interestingly, the 2 homo-
logs of P. radens and P. graveolens were strongly expressed,
even though these 2 accessions accumulated neither citro-
nellal nor downstream compounds. Within the PRISE-4
group, several sequences of the same accession for which
phylogenetic relationships were unclear showed a marked
expression, notably in rosat hybrids.

Similarly to PRISEs, pelargonium OPR transcripts were clus-
tered and 5 groups of orthology were defined (Supplemental
Fig. S1). Strongly contrasting with PRISEs, OPRs transcript
expression was low in all 5 groups (up to 3.5 zTPM).
Importantly, none of them presented an expression pattern
that could be related to the observed accumulation of gera-
niol, citral, citronellal, and citronellol in the 10 pelargonium
accessions. Notably, P. citronellum transcripts were expressed
in each group, with similar levels compared with homologs
from accessions producing citronellol.

Taken together, these results indicated that PRISE homo-
logs from the PRISE-4 group of orthology constituted the
best reductase candidates for citronellol production. Given
their weak expression level, OPR enzymes were excluded as
candidate and not studied further.

Characterization of 3 citral reductases

Phylogenetic reconstruction of pelargonium PRISEs showed
that PRISE-4 group contained multiple nearly identical as-
sembled transcripts. To assess the reality of the 3 sequences

inferred from P. rosat ‘Grasse’ short reads, long-read transcrip-
tome sequencing was carried out on leaves sampled from
identical developmental stage and 3 contigs corresponding
to pxhygr.c16865, pxhygr.t246355, and pxhygr.t251567 were
identified (Supplemental Fig. S2A). Mapping the long reads
or the short reads to the long-read transcriptome confirmed
the ratio of expression observed between the transcripts
(Supplemental Fig. S2B). PCR primers were designed so that
the 3 transcripts could be amplified from leaf RNA of P. rosat
‘Grasse’ and ‘Bourbon’. Several clones with some degree of
polymorphism were obtained, corresponding to pxhygr.c16865
and pxhybo.t54784—the transcript orthologous to pxhygr.
t246355 in P. rosat ‘Bourbon’. Two sequences corresponding
to pxhygr.c16865 and one to pxhybo.t54784 were further stud-
ied. The 3 shared a high degree of identity at the amino acid
level (96%) and displayed all the typical PRISE motifs
(Fig. 4A). No PCR product could be obtained for the third as-
sembled transcript, pxhygr.t251567.

The capacity of the encoded enzymes to reduce citral was
tested in vitro by incubation of the purified recombinant
proteins in the presence of either NADH or NADPH cofactor.
As shown in Figure 4, B and C, the 3 enzymes had comparable
activities, reducing about 40% to 55% of citral to citronellal,
while the reduced cofactor had a minor influence. The 3 en-
zymes could not reduce geraniol to citronellol nor to any
other intermediate of the putative pathway. Consequently,
the 2 enzymes corresponding to the assembled transcript
pxhygr.c16865 were named PhCIR1a and PhCIR1b; the en-
zyme corresponding to pxhybo.t54784 was named PhCIR2.

To assess the capacity of the enzymes to reduce citral in
leaf physiological conditions, PhCIR1a was transiently ex-
pressed in Nicotiana benthamiana leaves. Transformed leaf
discs produced high quantities of citronellol in the presence
of citral in the incubation buffer (Supplemental Fig. S3A and
Table S1), as well as geraniol and nerol, while no citronellal
could be observed. In contrast, only traces of citronellol could
be detected with control leaf discs—transformed only with
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Figure 3. Expression of groups of pelargonium PRISE orthologous transcripts. C. plicata CpGER1 peptide sequence was used as query to retrieve
sequences from the transcriptomes of the 10 pelargonium accessions, as well as from other databases (see Supplemental Data Set 2). A maximum-
likelihood tree was inferred from the edited alignment using the JTTDCMUT + G model and ML optimization of amino acid substitution frequencies.
Bootstrap values converged after 550 runs. Sequences from A. thaliana, A. shenzhenica, C. plicata, C. roseus, D. lanata, P. major, and O. sativa were in-
cluded to help structuring the tree. Transcripts were manually clustered in 7 groups of putative orthologs (PRISE-1 to PRISE-7) based on phylogenetic
distance and bootstrap support values of the clades and were collapsed with the help of FigTree v1.4.4 (github.com/rambaut/figtree). Proteins known to
present a citral reducing activity had their name adjoined to the sequence identifier. Cloned sequences are indicated in red bold. Bootstrap support as
follows: ***>90%, **>80%, and *>70%. The tree scale bar represents the number of substitutions per site. Horizontal barplots represent the expression of
each transcript as the standardized expression in transcripts per million (ZTPM) averaged across the replicates (n = 3).

20z Arenugad L0 uo Jasn SHND Ad €401 L€2/9001/2/¥6 L /o1IMe/sAydid/woo"dno-oiwepese//:sdny Wwoly papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad550#supplementary-data

Citronellol biosynthesis involves PRISEs

the P19 vector—likely resulting from endogenous reduction.
The production of citronellol instead of citronellal by
PhCIR1a-transformed leaf discs was likely the result of a fast re-
duction of the latter by ADHs endogenous to N. benthamiana
leaves. Indeed, citronellal was almost completely reduced to ci-
tronellol both by control and PhCIR1a-transformed leaf discs
(Supplemental Table S1). Similarly, endogenous ADHs were re-
sponsible for the diverse redox equilibrium observed be-
tween geraniol, citral, and nerol with control leaf discs, as
well as the minute quantity of citronellol produced by trans-
formed leaf discs incubated with geraniol (Supplemental
Table S1). Transformed leaf discs could not oxidize citronellal
to citral. These results indicated that PhCIR1a was able to act
as a citral reductase in planta.

Finally, subcellular localization of PhCIR1a was assessed by
transiently expressing the GFP-fused enzyme in N. benthami-
ana leaves. As shown in Supplemental Fig. S3B, PhCIR1a was
localized in the cytosol, as expected from the in silico
predictions.

Taken together, these results showed that pelargonium
leaves expressed 3 different transcripts—of which 2 could
not be distinguished in the transcriptome assembly—encod-
ing 3 enzymes able to reduce citral to citronellal.

PhCIRs are expressed in glandular trichomes

In pelargonium, terpene biosynthesis and accumulation take
place in glandular trichomes. Consequently, localization of
PhCIR transcripts was investigated in the leaf. To this end, ac-
cumulation of PhCIR transcripts in P. citronellum and P. rosat
‘Grasse’ whole leaves or depleted of trichomes (Fig. 5A) was
assessed. As expected, transcripts did not accumulate in P. ci-
tronellum (Fig. 5B), thus confirming the expression observed
by transcriptomics (Fig. 3). In P. rosat ‘Grasse’, transcripts ac-
cumulated significantly less (3 times) in leaves depleted of tri-
chomes, thus indicating that PhCIRs were expressed
preferentially in glandular trichomes.

Shutting down PhCIRs expression impairs production
of citronellol

To assess whether PhCIR enzymes were in fine involved in
the biosynthesis of citronellol, RNAi mutants were generated
by stable transformation of P. rosat ‘Grasse’ using
Agrobacterium rhizogenes. The interference RNA was de-
signed to target the sequences of the 3 PhCIRs but could
not bind with PRISEs from other clades (Supplemental Fig.
S4). Because A. rhizogenes is known to alter plant morph-
ology, to increase EO production and to modify terpene
composition (Pellegrineschi and Davolio-Mariani 1996), a
transformation control was also produced using the WT bac-
teria strain. WT plants, WT A. rhizogenes—transformed plants
and RNAi mutants were all morphologically identical.
Eighteen RNAI plants were analyzed, of which only 3 dis-
played a chemical phenotype indistinguishable from the
WT, whereas 13 displayed a drastic reduction of both
PhCIR transcripts and citronellol accumulation (Fig. 6A). A

PLANT PHYSIOLOGY 2024: 194; 1006-1023 | 1011

finer analysis of 3 plants exhibiting a strong phenotype re-
vealed that when PhCIR transcripts were accumulated to as
little as 2% of the transformed control (Fig. 6B), citronellol
and derivatives were reduced to <1% (Fig. 6, B to D); con-
comitantly, accumulation of geraniol, geranial, nerol, and
neryl formate was increased and was approximately inversely
proportional to the decrease of citronellol and citronellyl for-
mate combined (Fig. 6, C and D). This suggests that in RNAI
lines, excess citral resulting from the absence of any PhCIR
activity is partially accumulated as geraniol and partially ab-
sorbed by an alternate pathway likely involving endogenous
ADHs forming nerol. Moreover, this result supports the view
that citronellol biosynthesis depends on sequential steps
starting from geraniol. Thus, RNAi mutants clearly indicated
that citronellol production in pelargonium is dependent
upon the availability of the different PhCIR enzymes.

Surprisingly, RNAI plants lacking PhCIRs expression were
devoid of isomenthone—a compound normally present in
WT plants—and abnormally accumulated piperitone instead
(Fig. 6, C and D). These results indicated that PhCIR enzymes
might also play an important role in the p-menthane biosyn-
thetic pathway that is yet to be determined.

Stereoselectivity of PhCIRs can be shifted by the
substitution of a single amino acid of the catalytic site
Because citronellal contains an asymmetrical carbon, the
stereoselectivity of the 3 PhCIRs was tested in vitro with
NADH or NADPH as cofactors. PhCIR1a and PhCIR1b cata-
lyzed mainly the synthesis of (S)-citronellal, respectively
92% and 97% in the presence of NADH (Fig. 7A). Strongly
contrasting, PhCIR2 produced citronellal close to racemate
(56% of (S)-citronellal).

To better understand which structural variation could de-
termine this contrasted stereoselectivity, the crystal struc-
ture of a PRISE from P. major was used to model the 3
PhCIRs. The 3 proteins were folded into a Rossman-like do-
main—part of the active site cavity and responsible for the
binding of the cofactor—and a C-terminal capping domain
containing most of the substrate binding residues (Fig. 7B).
Catalytic residues of the template aligned with K127 and
Y160. These were conserved among the 3 PhCIRs and or-
iented toward the cofactor and the carbonyl functional
group of the substrate, suggesting the same role in the en-
zymatic mechanism (Fig. 7C).

Despite being nearly identical, the 3 proteins presented a
variable region from position 324 to 332 involving residues
of the ligand-binding pocket: where PhCIR1a/b displayed a
F(A/S)VNVEVQF motif, PhCIR2 sequence was YGLNLE
VQW (Fig. 4A). Because the disparities of the 2 aromatic re-
sidues F324Y and F332W could explain the different stereo-
selectivities observed, 4 mutant proteins were generated by
site-directed mutagenesis of PhCIR1b and PhCIR2, chosen
for their close sequence proximity (Fig. 4A). The enantiomer-
ic distribution of citronellal produced by the modified en-
zymes was determined in vitro (Fig. 7D). Substituting
PhCIR1b F332 to a tryptophan had no effect, whereas
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Figure 4. Biochemical characterization of 3 citral reductases. A) Protein sequence alignment of the 3 citral reductases from rose-scented pelargo-
nium (PhCIRs) using the Geneious software. Amino acid differences between the 3 sequences (PhCIR1a, PhCIR1b, and PhCIR2) are highlighted in
gray. Amino acids presumed to be involved in substrate binding (orange boxes) from the citral reducing PRISE (PmMOR) from P. major (Fellows et al.
2018) and sequence signature motifs of the PRISE family (black annotations) from Gavidia et al. (2007), Thorn et al. (2008), and Pérez-Bermudez et al.
(2010) are depicted. B) Chromatogram of in vitro enzymatic activities of the purified protein recombinant PhCIR1a, PhCIR1b, and PhCIR2, in the
presence of citral and reduced cofactors (NADH or NADPH). C) Enzymatic activities presented in B) expressed as the percentage of citral reduced to
citronellal. Barplots represent the mean (n = 3) and individual values are depicted with dots. Statistical differences between enzymes are outlined for
each cofactor as letters per groups (ANOVA, followed by Tukey's test, P < 0.01), and the statistical difference according to the cofactor used is out-
lined for each enzyme (t test, ***P < 0.01, **P < 0.01, *P < 0.05, ns; P> 0.05). Chromatograms and compound accumulations were obtained by

GC-MS analysis.

substituting PhCIR1b F324 to a tyrosine produced a signifi-
cant, but marginal change. In contrast, the converse muta-
tions performed on PhCIR2 had a stronger effect.
Substituting PhCIR2 Y324 to a phenylalanine unbalanced
the enantiomeric ratio, while substituting PhCIR2 W332 to
a phenylalanine led to a major effect as the mutant
PhCIR2V***F  catalyzed mainly the synthesis of
(S)-citronellal, reaching 93% enantioselectivity, thus reminis-
cent of PhCIR1a/b phenotype.

Taken together, these results indicated that the ligand-
binding pocket position 332 of PhCIRs can play a central
role in determining the stereoselectivity of the enzymes,
while the other aromatic residues had a lesser impact.

Pelargonium CIR enzymes evolved during early
angiosperm history

The phylogenetic analysis of pelargonium PRISEs revealed
several groups distributed into 3 clades (Fig. 3). Because
PRISEs are known to be promiscuous enzymes with a large
palette of substrates (Burda et al. 2009; Durchschein et al.
2012), the ability to reduce citral could be a common feature
of pelargonium enzymes. To assess this possibility, represen-
tative sequences of the PRISE-1, -2, and -3 orthology groups
(clade 1) were cloned, and the corresponding enzymes were
tested for their capacity to reduce citral and progesterone.
All enzymes were able to reduce citral to citronellal
(Supplemental Fig. S5A), with marked differences in terms
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Figure 5. Transcript accumulation of PhCIRs in trichome-less leaves. Leaves were fast frozen in liquid nitrogen, and leaf surface was gently brushed
with a cold brush to remove glandular trichomes. A) Photographs of whole and trichome-less pelargonium leaves. Scale bars correspond to 3 mm. B)
Relative normalized expression of PhCIRs in whole and trichome-less leaves measured by RT-qPCR. Primers used probed the 3 transcripts equally
(Supplemental Table S1). Transcript accumulation was normalized to the geometric mean expression of f-ACTIN and a-TUBULIN. Barplots re-
present the mean expression (n = 3) and individual values are depicted with dots. *t test, P < 0.05 significant difference.

of activity and affinity to the reduced cofactor, as compared
with PhCIR1a (PRISE-4, clade II). For example, PRISE-2 repre-
sentative entirely reduced citral in the presence of NADH but
only 10% with NADPH. Comparatively, PhCIR1a presented a
relative activity of 73% and 81%, respectively, to these
cofactors. Previous studies linked variations in affinity for
the 2 cofactors to conserved motifs (Thorn et al. 2008;
Pérez-Bermudez et al. 2010), in particular the GxxRR motif
known to interact with the phosphate group of NADPH.
However, all pelargonium PRISEs assayed here possess this
motif, including the required double arginine thought to
be an indicator of the NADPH-dependent activity of PRISEs
(Supplemental Fig. S5C) (Herl et al. 2009) and no other ex-
planation could be hypothesized for PhCIRs NADH activity
from the structural analysis. Moreover, Geu-Flores and cow-
orkers also reported a PRISE with no cofactor preference, al-
though having the GxxRR motif (Geu-Flores et al. 2012).
Thus, more knowledge seems necessary to distinctively asso-
ciate protein sequence and cofactor affinity. All enzymes, ex-
cept PRISE-2 representative, were able to reduce
progesterone but rather weakly (Supplemental Fig. S5B).
Interestingly, PhCIR1a sequence appeared remarkably diver-
gent compared with clade | sequences (43% of identity on
average; Supplemental Fig. S5C). These results pointed out
that the activity of pelargonium PRISEs toward a given sub-
strate can vary but is not associated with the overall degree
of sequence conservation.

Several phylogenies of PRISEs were previously built but
were limited by the number of available sequences
(Munkert et al. 2015; Nguyen and O’Connor 2020) or were

obtained in a specific context (Tarrio et al. 2011). To better
understand how PRISEs evolved in Chloroplastida and if
PhCIRs could be related to a specific clade, public databases
were searched in order to build a phylogeny of 754 protein
sequences (Supplemental Fig. S6). Only a handful were re-
trieved in charophyte algae and were used to root the tree.
Clades |, II, and lll defined from the initial restricted set of se-
quences were identified and used to annotate the tree. All 3
clades appeared specific to angiosperms, with clade | possibly
extending to gymnosperms, although only with low statistic-
al support. The 3 clades could be essentially related to clades
vi, iv, and v respectively as defined in Nguyen and O’Connor
(2020). PRISEs from ferns constituted a sister group to ex-
tended clades | and II. This whole group appeared sister to
the clade Ill and lycophyte sequences. Finally, bryophyte se-
quences were grouped in a monophyletic group, sister to all
other PRISEs, to the exclusion of algae. Altogether, this phyl-
ogeny showed that PRISEs expanded greatly in land plants
and mostly independently within each major group. Clade |
underwent the largest expansion of all angiosperm clades.
To investigate how the clade Il sequences evolved, PRISE
phylogeny was mapped to a Chloroplastida tree, built from
all the species found during sequence retrieval and presented
at the level of the taxonomic order (Fig. 8). PRISEs were found
in almost all land plant (Embryophyta) orders examined.
Clade Il was conserved in the majority of angiosperms
spanned by the analysis, but not in the earliest divergent or-
der of the Nymphaeales nor the Amborellales. Several orders
are devoid of clade Il sequences, albeit comprising numerous
PRISEs (e.g. Rosales). This result indicated that clade Il PRISEs
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Figure 6. Accumulation of citronellol and other terpenes in PhCIRs RNAi plants. Transcript accumulation of PhCIR1a, PhCIR1b, and PhCIR2 was
altered in A. rhizogenes—mediated stable RNAi transformants of P. rosat ‘Grasse’ (RNAi lines). WT P. rosat ‘Grasse’ (control WT) and WT A. rhizogenes
transformants (control Arh) were used as controls. Accumulation of citronellol and other compounds was assessed using GC-MS A) to D) and
PhCIRs expression by RT-qPCR A) and B); transcript accumulation was normalized to the geometric mean expression of f-ACTIN and TCTP. A)
Citronellol content in function of PhCIR transcript accumulation of 18 independent transgenic RNAi lines and 3 WT A. rhizogenes transformants.
B) Citronellol content and PhCIR transcript accumulation of 3 independent RNAI lines compared with wild-type (control WT) and transformation
control lines (control Arh). C) Chromatogram of terpenes accumulated in a representative RNAi mutant (RNAi 2) compared with the transform-
ation control. D) Detailed relative monoterpenic content of the 3 independent RNAI lines compared with the WT and transformation controls. B)
and D) Barplots represent the mean (n = 3) and individual values are indicated with dots. Statistical differences between the different lines for each
compound are outlined as letters per groups (ANOVA, followed by Tukey’s test, P < 0.05).

likely evolved early during angiosperm history but had a
complex evolutionary trajectory with losses in various orders.

Discussion

Citronellol biosynthesis in pelargonium depends

on a multistep pathway starting from geraniol

In pelargonium, 3 hypothetical biosynthetic routes leading to
the production of citronellol have been proposed. In this
work, RNA sequencing (RNA-Seq), trichome-specific gene ex-
pression, in vitro and in planta enzymatic activities, as well
as RNAI experiments unambiguously support that, as in
C. plicata (Xu et al. 2017), pelargonium synthesizes citronellol
in a multistep manner, involving several closely related PRISEs

thatact on citral. It is of note that pelargonium OPRs have the
capacity to reduce citral in vitro (lijima et al. 2016) and that
NUDIX participation in citronellol formation might explain
the accumulation of CP in pelargonium leaves (Bergman et
al.2021). However, the complete lack of detectable citronellol
in transgenic plants that did not accumulate PhCIR tran-
scripts shows that the contribution of other pathways in pel-
argonium must be at most minor. We note that since we did
not check that the other pelargonium PRISEs were not si-
lenced in the RNAI transformants, their participation to citral
reduction cannot entirely be ruled out. If that were to be the
case, these other PRISEs would likely produce minute amount
of citronellal given their level of expression, by 1 or 2 orders of
magnitude less as compared with PhCIRs.
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Figure 7. Enantioselectivity of PhCIRs explained by protein modeling and site-directed mutagenesis. A) Enantiomeric distribution of citronellal pro-
duced by the 3 PhCIRs assessed by chiral GC-FID analysis of extracts from in vitro enzymatic assays in the presence of citral and reduced cofactors. B)
Overall structural model of the 3 superimposed PhCIRs. Both Rossman-fold domain and capping domain, characteristic of the PRISE family, are
indicated. C) Close-up (black-box in B)) of the active site structure and structural representation of the amino acid variations. B) and C)
Homology modeling of the proteins (yellow, PhCIR1a; blue, PhCIR1b; green, PhCIR2) was obtained with MODELLER using PmMOR from P. major
(Fellows et al. 2018) as protein template (PDB identifier SMLR). The positions of the geranial substrate and NADP™ cofactor obtained from the
PmMOR crystal structure were kept in order to compare structural features of the enzyme active sites. Atom colors as follows: red, oxygen, and
blue, nitrogen. D) Enantiomeric distribution of citronellal produced by PhCIR1b, PhCIR2, and their respective mutants assessed by chiral GC-FID
analysis of extracts from in vitro enzymatic assays in the presence of citral and NADH. A) and D) Barplots represent the mean percentage (n =
3) of each enantiomer, and individual values are depicted with dots. Statistical differences between enantiomeric ratios are outlined as letters

per groups (ANOVA, followed by Tukey’s test, P < 0.01).

That PhCIR enzymes reduced citral to citronellal, but not ge-
raniol, is in line with the known mechanism of PRISEs, which
requires an activated C=C double bond (Durchschein et al.
2012; Schmidt et al. 2018). These double bonds are only found
next to a carbonyl, thus forming an enone group; this implies
the participation of other oxidoreductases to convert geraniol
to geranial and citronellal to citronellol. ADHs of the medium-
chain dehydrogenase/reductase (MDR) superfamily, which
have been characterized in sweet basil and perilla plants, are
known to be able to catalyze the oxidation of geraniol to citral,
as well as the reverse reduction of citral to geraniol and nerol
(lijima et al. 2006; Sato-Masumoto and Ito 2014). Moreover, an

MDR-ADH is involved in the C. plicata pathway to oxidize ge-
raniol to geranial and reduce citronellal to citronellol (Xu et al.
2017). In our study, it is likely that pelargonium trichomes ex-
press 1 or several ADHs acting on geraniol and citronellal.
Equilibrium between these different catalytic reactions raises
interesting questions as to the abundance of substrates,
intermediates, and end products of the pathway. It could
also explain why citronellal is barely observed in the 10 acces-
sions, except in P. X ‘Toussaint’, or how citral can be accumu-
lated to the detriment of geraniol in P. citronellum.
Characterization of ADHs in pelargonium will provide answers
to these questions and is actively under way.
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Citronellol biosynthesis involves PRISEs

The enantioselective production of citronellol
depends on closely related PRISEs

Because of their chiral center, citronellal and citronellol exist
as (R)- or (S)-enantiomers. Since citronellol is synthesized
through citronellal, absolute configuration is determined
by PhCIRs at the citral reduction step. Stereoselective activity
has been repeatedly observed among PRISE members
(Gartner et al. 1994; Herl et al. 2006; Durchschein et al.
2012). The acronym P5fR itself derives from their ability to
stereospecifically reduce progesterone to 5B-pregnane-
3,20-dione but not to 5a-pregnane-3,20-dione. Similarly,
the ability of PRISEs to stereospecifically reduce 8-oxogera-
nial has led to a distinction between ISY and epi-ISY enzymes,
involved in the biosynthesis of either (cis-trans)-iridoids or
(cis-cis)-iridoids, respectively (Kries et al. 2017). The mechan-
ism controlling PRISEs’ stereoselectivity has been studied ex-
tensively and depends on the protonation face of the
substrate during the hydride transfer from the cofactor
(Gavidia et al. 2007; Thorn et al. 2008; Kries et al. 2016,
2017). In the C roseus (cis-trans)-iridoid synthase CriISY,
when the substrate is citral, the hydride transfer is selective
of the pro-(S) face and results in the production of
(S)-citronellal exclusively (Kries et al. 2016, 2017). It is reason-
able to assume that a similar mechanism is responsible for
the main production of (S)-citronellal in PhCIR1a/b, whereas
in PhCIR2, this pro-(S) face selectivity is altered. However, it
seems rather difficult to draw a general scheme of which
positions in the active site are of importance for the stereo-
selectivity of PRISEs. For example, in an attempt to convert
CrISY in an (R)-selective enzyme, like the (cis-cis)-iridoid
synthase AmISY from Antirrhinum majus, site-directed
mutagenesis highlighted that, unlike for the pelargonium
CIRs, the residue corresponding to the W332 of PhCIR1b
(CrISY L352) had barely any effect on the enzyme stereo-
selectivity (Kries et al. 2017). In contrast, mutation of the re-
sidues corresponding to the F324 and S325 of PhCIR1b
increased the production of (R)-citronellal from trace
amounts to 17%. Thus, stereoselectivity of PRISEs is rather
a consequence of the whole active site conformation, likely
leading to small displacements of the substrate that
alter the stereoselectivity of the catalytic reaction. This
observation is confirmed by the fact that PhCIR2"*3%* mu-
tant and PhCIR1b had identical stereoselectivities, while
PhCIR1b7**Y and PhCIR2 had not. In this regard, the excep-
tional sequence proximity between PhCIR1b and PhCIR2
outside the active site (Fig. 4A) provides an excellent oppor-
tunity to study precisely how and which amino acid and con-
formational changes might affect PRISE stereoselective
mechanism.

Is evolution of pelargonium CIRs driven by a dual
biosynthetic role?

Aside from their central role in citronellol biosynthesis,
PhCIRs are likely involved in the p-menthane pathway, as
suggested by the lack of accumulation of isomenthone in
PhCIR RNAI plants and by the accumulation of PhCIR1a/b
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transcript in P. graveolens and P. radens, 2 mint-scented ac-
cessions. Even though isomenthone could be a downstream
product of a citronellol-starting hypothetical pathway—al-
though it has never been documented to occur in planta
(Chuah et al. 2001; Jacob et al. 2003)—accumulation of piper-
itone in RNAI plants points more to an active role of PhCIRs
in the p-menthane pathways. An attractive possibility would
be that, in pelargonium, the C=C double bond reduction
leading to isomenthone does not occur on isopiperitenone
but rather on piperitone, as suggested by Bergman and col-
leagues (Bergman et al. 2020; Bergman and Phillips 2020).
In vitro investigation of PhCIRs activities toward piperitone
and other p-menthanes, as well as study of mint-scented pel-
argonium, will help clarify the situation.

PRISEs are well known for their substrate promiscuity, as
they can reduce a vast array of substrates carrying an acti-
vated C=C double bond (Durchschein et al. 2012; Petersen
et al. 2016). PRISE promiscuity is thought to be an ancestral
trait responsible for the enzyme family’s ability to be active in
different metabolic pathways without evolutionary pressure
toward efficiency for a specific substrate (Schmidt et al. 2018;
Nguyen and O’Connor 2020). It has been suggested that
PRISEs participate in primary metabolism reactions
(Nguyen and O’Connor 2020) and that their involvement
in iridoid and progesterone pathways may be accidental
(Hult and Berglund 2007). It exemplifies that natural selec-
tion relies on available enzymes (Jacob 1977) and does not
require all enzymes to fit perfectly into a specific pathway.
This would account for PRISEs from noncardenolide species,
such as At5B-StR (5B-steroid reductase) or PmMOR, having
higher affinities toward progesterone than DIP5BR1, whose
metabolic function is progesterone reduction in Digitalis la-
nata cardenolide biosynthesis (Herl et al. 2009; Fellows et
al. 2018; Klein et al. 2021). This characteristic of PRISEs can
certainly explain the reemergence of the ISY function in
the genus Nepeta after its loss during Nepetoideae evolution
(Lichman et al. 2020), as well as the evolution of citral reduc-
tion in pelargonium by PhCIRs. In the latter, it is of great
interest to note that other PRISEs tested here (from clade
[) were generally as efficient as PhCIRs in reducing citral. It
seems that evolution favored, through strong transcriptional
regulation, the use of PRISEs belonging to a phylogenetic
clade (clade Il) which has, as of yet, no clear biological role
and whose enzymes have been lost numerous times during
angiosperm evolution. It is of note that C. plicata citral reduc-
tion is ensured by an enzyme from another phylogenetic
clade (clade 1) and is more closely related to PRISEs involved
in iridoid and cardenolide biosynthesis. For a functional and
phylogenetic analysis of the family, see Nguyen and
O’Connor (2020). It is an open question whether the selec-
tion and parallel evolution of PhCIRs could have been driven
by the putative dual function of the enzymes. PhCIRs could
be suited enough to act in both citronellol and p-menthane
pathways, providing better evolutionary fitness by using the
same enzyme for 2 biosynthetic routes. It also presents the
possibility for the plant to fine-tune the diversity of terpenes
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produced by regulating an enzyme located at the crossroads
of 2 important biosynthetic pathways. In line with this possi-
bility, Bergman and colleagues observed that pelargoniums
containing high amounts of geraniol, citronellol, and other
compounds of the pathway tended to accumulate low quan-
tities of p-menthanes (Bergman et al. 2020). Conversely, pe-
largoniums with high amounts of p-menthanes accumulated
little geraniol and derivatives. However, that such observa-
tions could simply be the consequence of a competition be-
tween the 2 pathways due to substrate availability or affinity
cannot be excluded.

PhCIR2 transcripts seemed to accumulate to noticeable le-
vels in rosat accessions only and are detected in P. radens
(Fig. 3). This indicates that the enzyme might originate
from this parent and raises a more general question about
the role and evolution of PhCIR2 in pelargonium. This is par-
ticularly important since PhCIR2 is the enzyme that contri-
butes the most to the formation of (R)-citronellol found in
pelargonium EO (up to 50%, according to Ravid et al.
(1992)). Because most of the accessions examined here are
highly polyploid, assessing the exact relationships between
such close transcripts is impossible. Thus, the 3 enzymes
could be the product of allelic versions of the same locus,
homologs deriving from species crossbreeding, or paralogous
genes. Only genomic data and careful sequencing of the dif-
ferent accessions will provide answers to this question.

Materials and methods

Plant material

P. X hybridum cv. rosat and Pelargonium X ‘Toussaint’ were
provided by IFF-LMR-Naturals from the respective location
of culture. P. capitatum, P. radens, P. citronellum, and
Pelargonium ‘Prince of Orange’ were supplied by Le Jardin
Botanique de la téte d'Or, Lyon, and La Pépiniere
Heurtebise, Clansayes, while P. graveolens was supplied by
INRAE, Angers. All plants were cultivated under a 16:8 h
and 25:18 °C light:dark cycle.

RNA extraction, cloning procedures, and RT-qPCR
analyses

For high throughput RNA-Seq and cloning, total RNA extrac-
tion was performed using a modified version from Chang et
al. (1993) and Cock et al. (1997), as previously described in
Blerot et al. (2018). cDNAs were obtained using the
SuperScript L Reverse  Transcriptase  (Invitrogen,
#18080044) and cloned for further use in the GATEWAY
PENTR/D-TOPO vector (Invitrogen, #K2400-20). PhCIR mu-
tants were obtained by 2-step PCR-based site-directed muta-
genesis as described by Ho et al. (1989). PhCIR RNAi
construct was produced thanks to a sense and an antisense
copy of a 306 bp sequence targeting the transcripts and ob-
tained by PCR before being cloned in the pK7GWIWGII(I)
plasmid (Karimi et al. 2002). Heterologous expression was
achieved by transferring the coding sequence either to the
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pHXGWA vector (Busso et al. 2005) for recombinant protein
production or the pK7WG2D (Karimi et al. 2002) for
N. benthamiana transformation. All Gateway LR reactions
were carried out using the LR-Clonase Il Enzyme Mix
(Invitrogen, #11791-020). Cloned sequences were checked
by Sanger sequencing (Eurofins Genomics), and sequence
verification and alignment were performed using the
Geneious software. For RT-qPCR analyses, RNA was extracted
using the Spectrum Plant Total RNA Kit (Sigma,
#STRN250-1KT) according to manufacturer’s instructions.
cDNAs were obtained using the All-In-One RT MasterMix
(Euromedex, #AM-G592) and RT-qPCR was performed as de-
scribed in Blerot et al. (2018). All primers used for PCR reac-
tions are listed in Supplemental Table S2.

Enzymatic assays

Escherichia coli Rosetta (DE3) plLysS cells (Novagen,
Germany) were transformed with the appropriate vector,
and recombinant proteins were obtained as described in
Blerot et al. (2018). Enzymatic assays were performed at least
in triplicates, using a protocol adapted from Xu et al. (2017)
with slight modifications: 10 pg of purified recombinant pro-
teins were incubated for 45 min in a 100 pL reaction with
2 mm of cofactor and 1 mm of substrate. NADH (#N8129),
NADPH (#N6130), citral (#W230316), (S)-citronellal
(#373753), p-citronellol (#27483), geraniol (#41090050), and
progesterone (#P0130) were purchased from Sigma.

N. benthamiana leaf disc assays

Plant expression vector and P19 viral silencing suppressor
(Voinnet et al. 2003) were transformed into the
Agrobacterium tumefaciens strain LBA4404 (Invitrogen,
#18313-015). Agrobacteria cultures were then coinfiltrated
in N. benthamiana leaves according to Karimi et al. (2002).
After 4 d, leaf discs were excised from transformed leaves
and incubated for 3 h on 10 mL phosphate citrate buffer
(20 mm, pH7.4) containing 400 pm of substrate in Petri dishes
according to Hofer et al. (2013). Leaf disc terpene content
was then extracted with 2 mL hexane.

Subcellular localization of PhCIR1a

PhCIR1a coding sequences deprived of terminal codon stop
were transferred into the pMDC83 in planta expression vec-
tor (Curtis and Grossniklaus 2003), to generate a fusion pro-
tein with GFP fused to the C-terminal part of the protein. To
determine subcellular localization of the target protein, infil-
trated leaf sectors of N. benthamiana were observed after 4 d
using a TCS-SP2 inverted confocal scanning laser microscope
(Leica Microsystems) with a xX40/0.80W lens. The argon laser
was set at 488 nm for GFP excitation and the helium-neon
laser at 633 nm for chlorophyll. The fluorescent signals
were captured through narrow bands: 500 to 550 nm for
GFP and 640 to 740 nm for chlorophyll. Primers used for
cloning are listed in Supplemental Table S1. Leaves infiltrated
only with agrobacteria transformed to express the gene en-
coding the P19 viral suppressor provided a negative control
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of GFP fluorescence. In silico prediction of PhCIR1a subcellu-
lar localization was realized with the help of TargetP and
SignalP (Emanuelsson et al. 2007).

Production of RNA.I lines by A. rhizogenes—mediated
transformation

PhCIR RNAi construct was introduced into A. rhizogenes
strain 15834 (kindly provided by Jean-Louis Hilbert and
Caroline Rambaud, INRA, Nancy, France) by electroporation
as described by Nagel et al. (1990). The transformed agrobac-
teria were grown onto YEB (Vervliet et al. 1975) medium with
spectinomycin (50 mg.L™") at 28 °C. A starter culture was
prepared from an isolated colony and incubated overnight
under the same conditions and 180 rpm. Fifty mL of YEB me-
dium was inoculated with the starter culture and incubated
until an ODgqq of 0.5 to 0.8 was reached. Cells were harvested
by centrifugation (4,500 X g, 8 min) and washed 3 times with
YEB. Plant transformation and shoot regeneration were per-
formed as described by Pellegrineschi and Davolio-Mariani
(1996) with the following modifications: explants used for in-
oculation were petioles from sterile P. rosat ‘Grasse’ cut into
1 cm segments; hairy roots were subcultured every 3 wks on
mass spectrometry (MS)/5 solid medium supplemented with
kanamycin (100 mg.L™") and cefotaxim (200 mg.L™"); after 6
wks, shoots were initiated by adding cytokinin and auxin to
the culture medium as described by Singh et al. (2017). Plants
were then kept on MS/2 medium with the same mix of anti-
biotics until new roots were differentiated. Once grown
enough, plants were potted into compost (TS3 bedding
substrate, Heliogreen, #272527) containing 25% (v/v)
perlite. Sampling for gas chromatography (GC)-MS
analyses and RT-qPCR was performed 2 months after
acclimation.

GC analyses

Terpenes were extracted overnight at 4 °C in hexane supple-
mented with an internal standard, either methylundecano-
ate or camphor, for relative quantification. GC-MS analyses
were performed on a Agilent GC 6850 coupled with
Agilent 5973 mass detector as described in Blerot et al.
(2018), except for the oven settings set as follows: 60 °C
1 min, 60 to 245 °C 3 °C.min", and 245 °C 4 min. For RNAi
experiments, oven was set as 60 °C 1min, 60-115 °C
1 °C.min~", 115-320 °C 15 °C.min~", and 320 °C 3 min and
a split ratio of 10:1 was used. Data were analyzed using
MSD ChemStation Data Analysis software. Compound iden-
tification was obtained by comparing retention time, reten-
tion index (Van Den Dool and Kratz 1963; Kovats 1965), and
standard mass spectra using a mass spectrum database
(Adams 2017). Chiral GC-FID analyses of citronellal were per-
formed on an Agilent GC-FID 6890N using a Supelco -DEX
225 column. A volume of 1 pL was injected at 250 °C and
6.76 psi without split at a constant flow rate of 1 mL.min™"
of H,. Oven was set as follows: 65 °C 5 min, 65-105 °C
1°Cmin~", 105-180 °C 15 °C.min~", and 180 °C 10 min.
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Transcriptomic analyses

RNA extracts with a RNA integrity number higher than 6.5
were sequenced by BGI Tech Solutions (Hong Kong, China),
using 4 lanes in an lllumina HiSeq X Ten platform. About 40
to 50 million paired-end reads were obtained
per sequencing reaction. The quality of the reads was
checked using fastQC (Andrews 2010) and cleaned using
SortMeRNA v2.1 (Kopylova et al. 2012), Trimmomatic
v0.36 (Bolger et al. 2014), and a collection of custom Perl
scripts (v5.26). Clean reads were corrected using SPAdes
v3.10.1 (Bankevich et al. 2012), khmer v2.1.1 (Crusoe et al.
2015), and ErrorCorrectReads.pl script from ALLPATHS-LG
pipeline (Gnerre et al. 2011). De novo transcriptome assem-
bly was performed using a pipeline based on SGA assembler
v0.10.15 (Simpson and Durbin 2010) as described in Bonnot
et al. (2017). Contigs were deduplicated and rectified with
CAP3 (2/10/15) (Huang and Madan 1999), SSPACE v3.0
(Boetzer et al. 2011), and Pilon (Walker et al. 2014).
Coding sequences were predicted from transcripts using
a pipeline based on InterProScan 5.24-63.0, BLAST v2.6.0
using UniProt database (uniprot.org), and TransDecoder
v3.0.1 (github.com/TransDecoder/TransDecoder). Transcripts
containing several putative ORFs were detected during this
step and split. Contigs encoding PRISE and OPR sequences
were manually refined in order to elongate and deduplicate
transcripts with the help of vsearch v2.13.6 (Rognes et al.
2016). Transcript expression was calculated using RSEM
v1.3.1 (Li and Dewey 2014) and is available in Supplemental
Data Set 1. P. rosat ‘Grasse’ long reads were obtained from
cDNA sequencing following manufacturer’'s protocol
(SQK-DCS109, Oxford Nanopore) on a Minlon device using
a FLO-MIN106 flow cell. Data were basecalled using
guppy v5.0.11+2b6dbffa5 in high accuracy mode then
length (>300) and quality filtered (>8) using NanoFilt v2.8.0
(De Coster et al. 2018). An in-house Perl script using a
strategy of self-blasting and homology search with the
short-read assembled transcriptome of P. rosat ‘Grasse’
was applied to remove duplicated part of the original
mRNA molecule. Adapters were removed using Porechop
v0.2.4 (github.com/rrwick/Porechop). Homopolymers at
both ends and long spurious reads were removed
using in-house Perl scripts. A final length and quality filtering
was applied before assembly using flye v2.9-b1768
(github.com/fenderglass/Flye). Quantification was obtained
by mapping the reads with minimap2 v2.22-r1101 (Li and
Dewey 2014) and salmon v1.6.0 (Patro et al. 2017).

Phylogenetic and statistical analyses

Sequences were retrieved from the different databases (see
appropriate figure legends as well as Supplemental Data Set
2) by homology search using BLAST v2.6.0 and a minimum
evalue of 1.107> Sequences were aligned with clustalQ
v1.24 (Sievers et al. 2011), and the resulting alignment
was manually edited to remove nonhomologous sites
and obvious misalignments. Remaining identical
sequences were deduplicated before maximum-likelihood
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phylogenetic trees were inferred using RAXML v8.2.11
(Stamatakis 2014) and an appropriate evolutionary model
as determined with the help of ModelTest-NG (Darriba et
al. 2019). Bootstrap values were computed during the
RAXML run using the automatic bootstrap convergence cri-
terion. We used t test and ANOVA to evaluate the role of
the characterized PRISEs in the production of citronellol in
pelargoniums. Tukey’s test was the only post-hoc test per-
formed, when multiple comparisons were required. To
compare the enzymes efficiency with citral, a t test was per-
formed for the cofactor affinity of each enzyme and 1-way
ANOVA:s followed by Tukey’s tests were used to compare
the activity of the 3 different PhCIRs, either with NADH
or NADPH. Similarly, a 1-way ANOVA followed by a
Tukey's test was performed to compare the enantiomeric
distribution of all PhCIRs and their mutants. RT-qPCR re-
sults for PhCIRs expression in leaves with or without tri-
chomes were analyzed using a t test. For the RNAi
experiments, a 1-way ANOVA, followed by a multiple com-
parison using a Tukey’s test, was performed for each expres-
sion and accumulation profiles. Statistical analyses were
carried out using R v4.2.1 and v4.3.1 (R Core Team,
R-project.org); packages rotl v3.0.12 and ggtree v3.4.1
were used to create the Chloroplastida phylogenetic tree,
while packages stats v4.3.1 and rstatix v0.7.2 were used
for t, ANOVA, and Tukey’s tests.

Protein modeling

Homology modeling was carried out with MODELLER (Webb
and Sali 2016). The structure of P. major multisubstrate oxi-
doreductase PmMORY"*®™ mutant available in complex
with geranial and NADP" (PDB entry: 5SMLR) was used as a
protein template (Fellows et al. 2018). The template se-
quence was selected following a homology search using
BLAST with the UniProt database (https://www.uniprot.
org/blast) and PhCIR1a as bait. Sequences were aligned
with clustalQ algorithm (Sievers et al. 2011). The homology
models of PhCIR isoforms with the lowest normalized
DOPE score and no steric clash were selected. Manual dock-
ing of the substrates was performed by superimposition of
the models and the template, using the positions from the
PmMOR crystal structure. Molecular graphics and analyses
were performed with UCSF Chimera (Pettersen et al. 2004).
An alternative model was obtained using the AlphaFold pre-
diction algorithm (Jumper et al. 2021; Varadi et al. 2022).
The comparison between AlphaFold and MODELLER
models showed an RMSD below 1A and no additional
information.

Accession numbers

Sequence data from this article are openly available from the
GenBank data libraries under accession numbers OP680520
(prise-1), OPG680521 (prise-2), OP680522 (prise-3-1),
OP680523 (prise-3-2), OP680524 (PhCIR1a), OP680525
(PhCIR1b), and OP680526 (PhCIR2). Pelargonium short-read
and long-read sequences are openly available from the
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Sequence Read Archive (SRA) database under the
BioProject PRINA883637 and PRJNA883613, respectively.
Transcriptome assemblies are openly available from the
Transcriptome Shotgun Assembly (TSA) database under
the following accession numbers: P. capitatum,
GKBWO00000000; P. graveolens, GKCF00000000; P. radens,
GKCHO00000000; P. citronellum, GKCE00000000; P. ‘Prince of
Orange’, GKCG00000000; P. rosat ‘Grasse’ short-read assem-
bly, GKCN00000000; P. rosat ‘Grasse’ long-read assembly,
GKCI00000000; P. rosat ‘China’, GKCL0O0000000; P. rosat
‘Bourbon’, GKCJ00000000; P. rosat ‘Egypt’, GKCK00000000;
and P. X ‘Toussaint’, GKCM00000000.
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