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Abstract
Main conclusion Using virus-induced gene silencing, we demonstrated that the enzymes GES, ISY, and MLPL are
responsible for nepetalactone biosynthesis in Nepeta cataria.

Abstract Nepetalactone is the main iridoid that is found in the Nepeta genus and is well-known for its psychoactive effect
on house cats. Moreover, there is a burgeoning interest into the effect of nepetalactone on insects. Although the enzymes for
nepetalactone biosynthesis have been biochemically assayed in vitro, validation of the role that these enzymes have in planta
has not been demonstrated. Virus-induced gene silencing (VIGS) is a silencing method that relies on transient transforma-
tion and is an approach that has been particularly successful when applied to a variety of non-model plants. Here, we use a
recently designed visual-marker dependent VIGS system to demonstrate that the nepetalactone biosynthetic enzymes GES,
ISY, and MLPL impact nepetalactone biosynthesis in Nepeta cataria.

Keywords Biosynthesis - Catnip - Iridoid - Metabolism - Natural product - Nepeta - Nepetalactone - Pathway - Virus-
induced gene silencing (VIGS)

Abbreviations Introduction

GES Geraniol synthase

ISY Iridoid synthase Species belonging to the Nepetoideae sub-family of mint
MLPL Major-latex protein-like (Lamiaceae) are well-known as terpene super producers
VIGS  Virus-induced gene silencing (Mint Evolutionary Genomics Consortium 2018). Numer-

ous members of this sub-family, including lavender, basil,
and rosemary, produce terpenes that are important to the
flavors and fragrance industries. Iridoids are a specialized
class of monoterpene that is widely produced in the Lami-
aceae. However, within the Nepetoideae sub-family, only the
Nepeta genus produces iridoids. Nepetalactone is the main
iridoid that is found in the Nepeta genus (McElvain et al.
1941; Formisano et al. 2011; Mint Evolutionary Genomics
Communicated by Dorothea Bartels. Consortium 2018; Sherden et al. 2018), and is well-known
for its psychoactive effect on house cats (Felis catus) and
other members of the Felidae family (Bol et al. 2017; Uenoy-
ama et al. 2021). Moreover, there is a burgeoning interest
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geraniol by the specialized terpene synthase, geraniol
synthase (GES) (Simkin et al. 2013) (Fig. 1). Geraniol
is hydroxylated by the CYP76 class II cytochrome P450
geraniol 8-hydroxylase (G8H) (Hofer et al. 2013; Miet-
tinen et al. 2014; Parage et al. 2016; Lichman et al. 2020)
and then further oxidized by the oxidoreductase hydroxy-
geraniol oxidase (HGO) (Miettinen et al. 2014; Krithika
et al. 2015) to produce 8-oxogeranial. The Nepeta spp.
homologues of GES, G8H, and HGO are similar to those
identified in other iridoid producing plants (Lichman et al.
2020). The enzyme iridoid synthase (ISY) then performs
a 1,4 reduction of 8-oxogeranial to yield a reactive inter-
mediate (8-oxocitronellyl enol) that can then spontaneously
cyclize to form predominantly the cis,trans stereoisomer of
nepetalactol (Geu-flores et al. 2012; Miettinen et al. 2014;
Kiries et al. 2017; Nguyen and O’Connor 2020). Although
ISY is found ubiquitously in all iridoid producing plants
(Nguyen and O’Connor 2020), a detailed phylogenetic
analysis (Mint Evolutionary Genomics Consortium 2018)
suggests that ISY was lost in the Nepetoideae sub-family,
and then re-evolved independently in the Nepeta genus from
progesterone-5-beta reductase (P5BR). Thus, Nepeta ISY has
a distinct catalytic active site compared to the ISY found in
other iridoid producing plants (Sherden et al. 2018). Moreo-
ver, the presence of three stereochemical isomers of nepeta-
lactone in Nepeta ((7S)-cis,trans (4aS, 7aR), (7S)-trans,cis
(4aS, 7aS) and (7S)-cis,cis (4aR, 7aS) led to the discovery
that, although the ISY product 8-ox0-6S-citronellyl enol can
non-enzymatically cyclize to the (S)-cis, trans nepetalactol

(0]

8-oxogeranial

&

S

G8H

—l

OH (7S) cis-trans

nepetalactol i

geraniol NEPSSl
o}

(75) cis-trans H
nepetalactone

GPP (75)

8-o0x0-6S-citronellyl enol

trans-cis “-ol A

NEPSSl

trans-cis “-one

stereoisomer, cyclization in planta appears to be assisted by
dedicated enzymes that control cyclization to form specific
nepetalactol stereoisomers (Fig. 1) (Sherden et al. 2018;
Lichman et al. 2019). Three stereoselective cyclases were
recently discovered in the trichomes of Nepeta cataria and
Nepeta mussinii (Lichman et al. 2019, 2020). The biochemi-
cal activity of these enzymes showed that short-chain alco-
hol dehydrogenase like (SDR-like) enzymes NEPS3 and
NEPS4 catalyse cyclization of 8-oxocitronellyl enol to the
(S)-cis,cis and (S)-trans,cis nepetalactol isomers. A major-
latex protein-like (MLPL) enzyme yields the (S)-cis, trans
isomer (Lichman et al. 2020). NEPS like enzymes, NEPS5
and NEPS1, then oxidize these nepetalactols into nepetalac-
tone (Lichman et al. 2019, 2020) (Fig. 1). In addition to the
volatile nepetalactones produced in the pathway presented
in Fig. 1, glycosylated iridoids have been reported in vari-
ous Nepeta spp. (Murai et al. 1984; Formisano et al. 2011;
Lichman et al. 2020), such as 1,5,9 epi-deoxyloganic acid
(Fig. 1). However, the genes involved in the production of
these glycosylated iridoids have not been identified.

NEPS and MLPL enzymes do not play any known role
in iridoid pathways in other iridoid producing plants, and
as described above, ISY from Nepeta spp. has a distinct
evolutionary lineage. Although these Nepeta enzymes have
been biochemically assayed in vitro (Sherden et al. 2018;
Lichman et al. 2019, 2020), validation of the role that these
enzymes have in planta has not been demonstrated. Virus-
induced gene silencing (VIGS) is a silencing method that
relies on transient transformation and is an approach has
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Fig. 1 Iridoid biosynthesis pathway. A schematic of the N. cataria iridoid pathway based on in vitro studies. Enzymes in a red outline were tar-
geted for in vivo silencing in this study. Key stereoisomeric carbons have been highlighted with their respective numbering
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been particularly successful when applied to a variety of
non-model plants (Lange et al. 2013). Viral sequences
from known plant-infecting viruses are used to trigger the
post-transcriptional gene silencing system of the plant,
which leads to the production of siRNA transcripts. If short
(150-350 bp) homologous sequences of the endogenous
gene of interest are included in the vector, then the post-
transcriptional gene silencing machinery inhibits translation
of the gene of interest (Purkayastha and Dasgupta 2009).
The vector system adapted from tobacco rattle virus TRV
(pTRV1 and pTRV?2) has been used successfully in a wide
range of dicot plants (Velasquez et al. 2009; Liscombe and
Connor 2011; Preston et al. 2014; Misra et al. 2017; Xu et al.
2018; Koudounas et al. 2020). Although VIGS has not been
widely reported for plants in the Lamiaceae family, TRV
has been successfully used for VIGS in plant families within
the Lamiales order (Preston et al. 2014; Koudounas et al.
2020) and successfully used to study triterpene biosynthesis
in the sweet basil (Ocimum basilicum), a member of the
Nepetoideae sub-family (Misra et al. 2017).

A functional genomics tool such as VIGS can be used to
deconvolute the role of enzymes in vivo. In this study, we
use a recently designed visual-marker dependent VIGS sys-
tem (Palmer and O’Connor 2020; Yamamoto et al. 2021) to
validate the function of GES, ISY, and MLPL in N. cataria.
Although the limitations of VIGS prevented a full analysis
of the effects of silencing these enzymes, we nevertheless
demonstrated that these genes contribute to nepetalactone
biosynthesis in N. cataria.

Materials and methods
Plant growth conditions and propagation method

Nepeta cataria L. cuttings were taken from plants growing
in a growth chamber with 15.5 h of full light (23 °C), 30 min
of dusk and 30 min of dawn conditions, and 7.5 h of night
(21 °C). Humidity was kept at 50%. Cuttings were taken
to include 2-3 nodes. The bottom node was removed from
leaves and inserted into water until rooted, about 1-2 weeks.
Rooted cuttings were transplanted to a soil mix of 250 L of
Klasmann TS1 (Klasmann-Deilmann, Geeste, Germany), 70
L of Klasmann Tonnubstrat and 34.5 L of Raiffeisen Baust-
offe (Planta Diingemitte]l GmbH, Regenstauf, Germany)
sand (0.7-1.2 mm). Plants were fertilized once a week with
0.1% Ferty 3 (Planta Diingemittel GmbH) and watered as
necessary.

Vector design

Sequences were obtained from ChlH (359 bp), GES
(300 bp), ISY (451), and MLPL (309 bp). Inserts from cDNA

were amplified using Invitrogen Platinum Superfi polymer-
ase. Primers for each reaction can be found in primer list
(Table S1). The ChlH fragment was cloned into the BamHI,
Xhol site, and the GES, ISY, and MLPL fragments were
cloned into the EcoRI site. Base pTRV-ChIH vectors were
constructed via a ligation reaction.

Virus-induced gene silencing

Electrocompetent A. tumefaciens strain GV3101 cells
(50 pL) were transformed with 100 ng of plasmid DNA
using electroporation and then plated on LB agar contain-
ing 50 mg/L of kanamycin, 50 mg/L of gentamycin, and
50 mg/L of rifampicin. Plates were incubated at 28 °C for
2 days. A. tumefaciens cultures for pTRV1, pTRV2, pTRV2-
ChlH, pTRV2-ChlH-insert were grown in 50 mL LB cul-
tures containing 50 mg/L of kanamycin, 50 mg/L of genta-
mycin and 50 mg/L of rifampicin, 10 mM MES buffer (pH
5.8) and 200 pM of acetosyringone for 24 h at 28 °C shaking
at 200 rpm. Cultures were centrifuged for 15 min at 3500 g,
the supernatant discarded and resuspended in 10 mL of
fresh infiltration buffer (consisting of 10 mM of MES at pH
5.8, 10 mM of MgCl, and 200 pM of acetosyringone). The
ODg, was adjusted to 1. Cultures of pTRV1 A. tumefaciens
were mixed with each individual pTRV2 A. tumefaciens
cultures in a 1:1 ratio. Cultures were incubated in the dark
for 3—4 h at room temperature with gentle rocking. Cultures
were then centrifuged at 3500 g for 15 min, the supernatant
was discarded and the pellet resuspended in 1 mL of fresh
infiltration buffer. Plants for VIGS infection were cut down
to 2-3 aerial nodes to encourage new leaf growth. A steri-
lized toothpick was dipped into the 1 mL cultures and used
to wound the stem near the nodes 23 times, and finally the
wounds were rubbed using the toothpick with more culture.

VIGS tissue harvesting for metabolite analyses

Leaf tissue from pTRV2 empty vector and pTRV2-GES
infected plants was collected by collecting a full leaf near
the infection site. For plants infected with pTRV2-ChlH
and pTRV2-ChlH-insert, only individuals with the pho-
tobleached phenotype were collected. Affected tissues was
collected by cutting out the photobleached area from the
green tissue and pooling together all affected leaf tissue from
one individual. N. cataria tissue was flash frozen and pulver-
ized with a Qiagen TissueLyser II at 25 Hz for 30 s twice.
Ice-cold methanol containing the internal standards (200 pM
in Suppl. Fig. Sla-b, or 50 pM) camphor and harpagoside
(10 pM) was added to the powdered N. cataria tissue in a
20:1 (MeOH pL: tissue mg) ratio and sonicated at room tem-
perature for 15 min. The mix was centrifuged on a table-top
centrifuge at room temperature and at top speed (14,600g)
for 10 min. The methanol extract was transferred to a new
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1.5 mL tube. An aliquot was taken for LC-MS analysis,
leaving 400 pL of the MeOH extract. 400 pL of hexane was
added, and the mix was vortexed for 2 min, centrifuged at
top speed for 30 s and the hexane layer was transferred to
a solid phase extraction (SPE) column. The hexane layer
was passed through the column and discarded. Then 400
pL of 20:80 EtAc:Hex (ethyl acetate: hexane) was added to
the SPE column to collect the nepetalactones, collected for
GC-MS analysis.

Gas chromatography mass spectrometry
and analyses

Samples were injected in split mode (1 pL, split ratio
10:1) at an inlet temperature of 230 °C on a Thermofisher
Trace1310-ISQLT GC-MS at a MS transfer line temperature
of 280 °C, ion source temperature of 250 °C and a CTC Ana-
lytics GC PAL autosampler. Separation was performed on a
Zebron ZB5-HT-INFERNO column (5% phenyl-arylene and
95% dimethylpolysiloxane; length: 30 m; diameter: 250 pm;
film thickness: 0.1 pm) with guard column (5 m). Helium
was used as mobile phase at a constant flow rate of 1.1 mL/
min. Two temperature runs were used for detection.

As shown in Fig. 3, after an initial temperature at 50 °C,
the column temperature was increased to 170 °C at a rate of
10 K/min, then another increase to 280 °C at 50 K/min and
maintained for 4 min. A solvent delay of 5 min was allowed
before collecting MS spectra at electron ionization of 70 eV.

As shown in Suppl. Fig. S1, after an initial temperature
at 60 °C, the column temperature was increased to 100 °C at
a rate of 20 K/min, then to 160 °C at 2 K/min, then another
increase to 280 °C at 120 K/min, and maintained for 4 min.
A solvent delay of 5 min was allowed before collecting MS
spectra at electron ionization of 70 eV.

Chemically characterized standards were used to iden-
tify compounds by retention time and electron impact spec-
tra. Peaks of interest were obtained by the addition of the
intensities at each time point and integrating the peak area
according to a user input timeframe based on the file TIC.
Nepetalactone peak areas were divided by the camphor peak
area to obtain the normalized peak area. A pairwise ¢ test
with a Bonferroni adjustment was applied to obtain p values.

RNA extraction and cDNA generation

Ground tissue powder was weighed out in portions of
25-35 mg of tissue into cooled 1.5 mL tubes. RNA was
extracted using the Qiagen® RNeasy PowerPlant Kit. Tis-
sue was extracted according to kit instructions, with a final
incubation on the filter membrane of 10 min. RNA concen-
tration and A280/A260 and A280/A230 ratios were assessed
using a Nanophotometer N60 and resolved on a 2% aga-
rose gel. RNA samples of 1500 ng were treated with Sigma
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Amplification grade Dnase I kit and then the Thermo Fisher
Scientific Applied Biosystems High-capacity cDNA reverse
transcription kit was then immediately used to carry out the
retro-transcription reaction.

qPCR

Primers for qPCR analysis were designed using the CDS of
the target gene in the NCBI primer design tool. The primers
were restricted to replicate a product from 70 to 200 bp and
to have a melting temperature of 60 °C. The cDNA gener-
ated from the RT reaction was diluted 2X. Amplification
by qPCR was carried out using Agilent Brilliant Il SYBR®
master mix. Each gene targeted had three technical replicates
and three biological replicates. To measure gene expression,
each target gene was paired to the housekeeping gene UBI9.
This reaction was then placed in a Bio-Rad CFX96 Opti-
cal Reaction Module. The 2722 was used to measure gene
expression.

LC-MS method

For metabolite analysis, UPLC/MS was performed using
an Impact II qTOF mass spectrometer (Bruker, Billerica,
MA, USA) coupled to an Elute UPLC (Bruker) chromato-
graphic system. Chromatographic separation was carried out
on a Phenomenex Kinetex column XB-C18 (100x2.10 mm
2.6 pm particle size) kept at 40 °C and the binary solvent
system consisted of solvent A (H,0 +0.1% formic acid) and
solvent B (acetonitrile +0.1% formic acid). Flow rate was
600 pL/min. The column was equilibrated with 99% A and
1% B. During the first minute of chromatography, solvent B
reached 5%. Then a linear gradient from 5% B to 40% B in
5 min allowed the separation of the compounds of interest.
The column was then washed at 100% B for 1.5 min and
re-equilibrated to 1% B. Injection volume was 2 pL. Mass
spectrometry was performed in negative ion mode with a
scan range m/z 100—1000. The mass spectrometer was cali-
brated using sodium formate. The source settings were the
following: capillary voltage 3.5 kV, nebulizer 2.5 Bar, dry
gas 11.0 L/min, dry temperature 250 °C. Data analysis was
performed using the Bruker Data Analysis Metaboscape
(Version 2021-B) software.

Results

A VIGS visual marker aids in precise tissue selection
We previously established a method for VIGS in N. cataria
cuttings (Palmer and O’Connor 2020) using the pTRV?2 vec-

tor system. The gene for magnesium chelatase subunit H
(ChlH), which is involved in chlorophyll biosynthesis, was
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targeted for silencing to provide a visual indicator of suc-
cess in silencing. In this study we implemented a different
method, similar to the method previously reported in Liu
et al. (2002). Although this method modestly improved the
efficiency of VIGS from an average of 25-32% of individu-
als as evidenced by the presentation of photobleaching in
an experimental set-up (Suppl. Fig. S1d—e), the efficiency
of VIGS in N. cataria remained low. Moreover, the silenced
phenotype (photobleaching in the case of Chl/H) would often
remain in tissues near the site of infection, only occasion-
ally spreading to new growth (Fig. 2a). We addressed these
issues using a dual knockdown system as reported in (Yama-
moto et al. 2021). In this approach, a visual marker, such
as ChlH, is used to visually indicate which areas of tissue
are affected by VIGS. This enables precise identification
and excision of tissues that have been successfully silenced
(Fig. 2b). We first tested the effect of silencing on the total
amount of nepetalactone content in N. cataria. Compared to
infection with an empty vector, infection with a vector tar-
geting only ChlH did not alter the total nepetalactone content
(Fig. 1). Examination of photobleached tissue in which ChlH
had been silenced had a nepetalactone profile that was not
significantly different compared to the empty vector infec-
tion. All interpretations of silenced genes were made relative
to leaf tissue in which ChlH had been silenced (referred to
as the control).

We selected the first step of the iridoid biosynthesis
pathway, GES, as a positive control in which to test the
efficacy of VIGS in perturbing the nepetalactone biosyn-
thetic pathway. We measured the nepetalactone content
when ChlH was silenced on its own (chlh), when GES was
silenced on its own (ges), and from the photobleached sec-
tions of tissue when ChlH and GES were silenced simul-
taneously (chlh-ges) (Suppl. Fig. S1c). While there is no
statistically significant reduction of nepetalactone content
between chlh and ges tissue, chlh-ges samples displayed
a statistically significant decrease in total nepetalactone
content compared to chlh samples. These results validated

Fig.2 Representative Nepeta
cataria plants subjected to
VIGS. a A representative
plant subjected to ChiH VIGS
that exhibits the expected
photobleaching, 4 weeks after
infection. b An example of
sample collection excising
photobleached leaves. Top panel
shows all the photobleached
leaves of a single plant and the
bottom panel shows the same
leaves with only the pho-
tobleached tissue remaining

the use of the visual marker system to study the in vivo
activity of iridoid biosynthetic genes.

VIGS of biosynthetic genes ISY, MLPL, and NEPS

We then silenced ISY and MLPL (Sherden et al. 2018;
Lichman et al. 2019, 2020). To test the effect of the tar-
geted genes on the pathway, we measured the total nepeta-
lactone content as well as the amount of individual isomers
using GC-MS analysis (Fig. 3a, b). As described above,
we found that silencing GES significantly decreased the
overall nepetalactone content and each individual isomer
in affected tissue as compared to the control (chlh). Silenc-
ing of ISY led to a decrease in overall nepetalactone con-
tent, and specifically decreases in the isomers (S)-cis, trans
and (S)-cis, cis nepetalactone, but not (S)-trans,cis nepeta-
lactone, the major nepetalactone isomer present in our
cultivar. MLPL silencing led to the expected decrease in
(S)-cis,trans nepetalactone content, without affecting the
ratio of the other two isomers nor resulting in a significant
decrease in total nepetalactone content. Gene expression
of the knockdown tissues were measured via qPCR analy-
sis. Compared to chlh samples, ges, isy, and mipl samples
showed a significant decrease in gene expression, but not
a complete silencing of each gene.

Silencing of individual NEPS proved problematic. As
previously reported (Lichman et al. 2020), the NEPS genes
have a high degree of nucleotide similarity within their gene
coding region (70-87% nucleotide identity), which pro-
hibited silencing of the individual genes using the coding
regions. In an attempt to silence individual NEPS genes, the
3" UTR region of NEPS 1, 3, 4, and 5 were targeted. How-
ever, the nepetalactone content did not significantly change
for any of these samples, and we were not able to draw any
conclusions from this data. An alternative silencing strategy
must be developed for assessing the in planta function of the
NEPS family of enzymes.

@ Springer



99 Page6of11

Planta (2022) 256:99

N
=}

Relative Area [AU]
>

H Total b
mcis, trans
mtrans, cis
mcis, cis

1.0E+08 C
control

5.0E+07

0.0E+00

1.0E+08

5.0E+07

0.0E+00

control ges isy
n=17 n=17 n=14
s 1
- e ! 2
5 o 7
4 0.8 ‘w 0.8 v 08
o 3 s
206 S 06 06
P 2 3
& 04 ¥ H o4 * So4
[} [ [
2 0.2 i 202 2 0.2
o i o
) - g o - & o
O o «© o
o o°

Fig.3 GC-MS analysis and gene expression analysis of VIGS sam-
ples for ges, isy, and mipl. a Total normalized nepetalactone content
for each gene silencing experiment. Normalized nepetalactone con-
tent for each isomer is calculated by dividing the isomer peak area
by the internal standard (50 pM camphor) peak area. Total nepeta-
lactone content is the sum of each relative isomer content. The bars
indicate the average content of the sum. Each point is an individual
sample. Error bars are the standard error (control n=17; ges n=17;
isy n=14; mipl n=15). An asterisk above a bracket indicates a ¢ test

Silencing of iridoid biosynthetic genes leads
to an accumulation of derivatized precursor
molecules

When a metabolic enzyme is silenced, in addition to see-
ing a decrease in the enzyme product, it is also possible
that an upstream precursor in the pathway will accumulate.
GC-MS analysis did not show the accumulation of any of
the expected precursors, such as geraniol, 8-hydroxygeran-
iol or 8-oxo-geranial, upon knockdown of GES, ISY or
MLPL. However, metabolic intermediates that accumulate
in response to silencing are often derivatized by the endog-
enous enzymes of the plant, and geraniol is particularly
susceptible to such derivatization (Dong et al. 2013, 2016;
Dudley et al. 2021). To assess whether this was happening
in N. cataria, semi-targeted metabolic analysis was car-
ried out on the methanol extracts from the collected VIGS
samples on a liquid chromatography-quadrupole time of
flight mass spectrometer (LC-QTOF-MS) in negative ion
mode (Dong et al. 2013, 2016; Dudley et al. 2021). All
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traces of the control (VIGS targeting ChlH), ges, isy, and mlpl. X-axis
is retention time in minutes. IS, internal standard (50 pM camphor);
C,T, (S)-cis,trans nepetalactone; T,C, (S)-trans,cis nepetalactone;
C,C, (S)-cis,cis nepetalactone. ¢ Relative gene expression of each tar-
geted gene relative to UBI9 expression in the control and each experi-
mental tissue as measured by qPCR. Y-axis is relative gene expres-
sion calculated by 2742C., Error bars are the standard error (all n=3).
An asterisk above a bracket indicates a # test p value <0.05

runs were then processed using the Bruker Metaboscape
software (2021-B) for analysis in metabolite peak changes.

We focused on the identification of derivatized geraniol,
since derivatized geraniol metabolites have been previously
identified (Dong et al. 2013, 2016; Dudley et al. 2021).
These metabolomic analyses revealed (Fig. 4a) an upregu-
lation (ninefold) in isy tissue of a compound with a retention
time of 4.23 min and a mass to charge ratio (m/z) of 345.1561
(Fig. 4b, c). We tentatively assigned this compound to be a
formic acid adduct of a pentose conjugated hydroxygeranial
(C,sH,,0,~COOH) which has an exact mass of 345.1549
(Appm of 3.56) (Fig. 4d). Rigorous characterization was
not possible due to the lack of standards available, and the
amount produced was too low for isolation and characteri-
zation. Nevertheless, these observations provide indirect
support that ISY is involved in this geraniol-derived path-
way. Other less concentrated compounds (up to x 10%) were
found to have significantly increase or decrease by more
than + 1.00 fold change in all genes knockdown, but were
not tentatively assigned a structure (Table S2).
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Fig.4 Putative derivatized geraniol-derived compounds assigned
using QToF LC-MS. a Intensity distribution ([AU] arbitrary units) of
each sample and the associated boxplot. Boxplots show median (line)
and 25 and 75% quartiles. Whiskers indicate the lower and upper
extremities. Asterisk over a bracket indicates a statistically signifi-
cantly difference (f test p value <0.05) (control n=17; ges n=17; isy
n=14; mlpl n=15). b Representative extracted ion chromatograms of
mlz 345.1549 of a control (chlh) and isy samples. Y-axis is the inten-
sity or the area under the peak reported in arbitrary units to the x 10°,
Y-axis is the retention time in minutes. An asterisk indicates the peak

Glycosylated iridoid 1,5,9 epi-deoxyloganic acid
was downregulated in ges samples

In addition to nepetalactone isomers, N. cataria is also
reported to produce the glycosylated iridoid 1,5,9 epi-deoxy-
loganic acid (Fig. 5d) (Formisano et al. 2011; Lichman et al.
2020). Methanol extracts from the VIGS samples were ana-
lyzed by LC-QTOF-MS to probe for changes in the produc-
tion of this compound in silenced tissues. From these data, the
concentration of 1,5,9 epi-deoxyloganic acid was significantly
down regulated by 1.27 fold in ges samples, though the vari-
ability in these samples was high (Fig. Sa—c). For the genes
ISY and MLPL, no significant downregulation of 1,5,9 epi-
deoxyloganic acid was observed.

800 900 m/z

Pentosyl hydroxygeranial

of interest. ¢ The ms/ms of the same control and isy sample, indicat-
ing the m/z of the extracted ion. The X-axis is the mass to charge ratio
(m/7) of the peak at minute 4.23. Intensity is in arbitrary units. d The
predicted structure of the metabolite significantly upregulated in isy
samples and a possible structure for the tentative pentosyl hydroxy-
geranial (formic acid adduct is not shown). The exact mass 345.1549
was calculated using the proposed molecular formula (C;sH,,05—
COOHR). Difference in parts per million (Appm) was calculated by the
following formula: Appm= 108((M

observed lheorelical)/ M, theoretical)

Discussion

Three distinct stereoisomers of the iridoid nepetalactone—
(8)-cis, trans; (S)-cis,cis and (S)-trans,cis—are produced in
varying ratios by many species in the Nepeta genus (Sherden
et al. 2018; Lichman et al. 2019, 2020). The ecological func-
tion of these compounds remains unclear, though the insect
repellent activity of these compounds suggests that nepeta-
lactones may play a role in mediating plant—insect interac-
tions (Birkett et al. 2011; Reichert et al. 2019; Melo et al.
2021; Uenoyama et al. 2021, 2022). Recently, the genes,
along with the corresponding proteins, that are responsi-
ble for the biosynthesis of these nepetalactone stereoiso-
mers have been discovered from Nepeta cataria and Nepeta
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Fig.5 The presence of 1,5,9 epi-deoxyloganic acid in N. cataria
samples. a Intensity distribution ([AU] arbitrary units) of each sam-
ple and the associated boxplot. Boxplots show median (line) and 25
and 75% quartiles. Whiskers indicate the lower and upper extremi-
ties. Asterisk over a bracket indicates a statistically significantly dif-
ference (¢ test p value <0.05) (control n=17; ges n=17; isy n=14;
mipl n=15). b Representative extracted ion chromatograms of a
control (chlh) and ges and 1,5,9 epi-deoxyloganic standard (Lichman

mussinii (Lichman et al. 2019, 2020). Briefly, geranyl
pyrophosphate (GPP) is converted to geraniol via the action
of GES. Geraniol is then oxidized to 8-oxo-geranial, and
then reduced by ISY to form a reactive enol. This enol is
then captured by one of several cyclases that catalyse the
formation of one of the three known nepetalactol diastere-
omers. A short-chain alcohol dehydrogenase then oxidizes
each of these nepetalactol isomers to form the corresponding
nepetalactone (Fig. 1).

The activity of these biosynthetic enzymes have only
been validated by in vitro biochemical assays (Sherden
et al. 2018; Lichman et al. 2019, 2020), and a demon-
stration that these genes are responsible for nepetalactone
and nepetalactol biosynthesis in planta is lacking. Here,
we report an optimized protocol for virus-induced gene
silencing (VIGS) in N. cataria (catnip). We use this VIGS
approach to validate that GES, ISY, and MLPL are involved
in the biosynthesis of the nepetalactol stereoisomers. N.
cataria was selected as the species in which to perform
these experiments because propagation of N. cataria by

@ Springer

et al. 2020) samples. Y-axis is the intensity or the area under the peak
reported in arbitrary units to the x 10°, Y-axis is the retention time in
minutes. An asterisk indicates the peak of interest. Graphs have been
offset by 15° to allow for easier visualization. ¢ The MS/MS of the
standard, control and ges sample, indicating the m/z of the extracted
ion. The X-axis is the mass to charge ratio (m/z) of the peak. Intensity
is in arbitrary units

cuttings proved to be more efficient than propagation of
N. mussinii or germination of N. cataria seeds. Cuttings
were also preferred as the isomer profile has the potential
to vary across seedlings. Moreover, N. cataria produces
a consistent and stable ratio of (S)-cis,trans, (S)-cis,cis
and (S)-trans,cis nepetalactone stereoisomers, while N.
mussinii produces primarily only a single stereoisomer,
(8)-cis, trans nepetalactone.

Silencing of GES in N. cataria led to a statistically sig-
nificant decrease of all nepetalactone isomers (Fig. 3a, b),
which was expected since the biochemical product of GES,
geraniol, has been established as a precursor for all known
iridoids (Simkin et al. 2013; Kumar et al. 2015). GES has
been subjected to VIGS in the plant Catharanthus roseus,
which produces alkaloids derived from iridoids (Kumar
et al. 2015). In this plant system, silencing of GES also led
to a statistically significant decrease of iridoid-derived alka-
loids. GES was also used in this study as proof of princi-
ple, as well as a way to assess the viability of target design
(Suppl. Fig. Sic).
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ISY is responsible for the conversion of 8-oxogeranial to a
reactive enol intermediate that either spontaneously cyclizes
to the (S)-cis,trans nepetalactol isomer, or is taken up by
one of three downstream cyclases (Lichman et al. 2019).
Silencing of ISY led to a statistically significant decrease
of total nepetalactone content. Notably, however, the dis-
tribution of nepetalactone stereoisomers was not uniformly
silenced, with the reduction of (S)-cis,trans and (S)-cis,cis
isomers more significant than reduction in (S)-trans,cis iso-
mers. It is possible that the reduced level of ISY product is
channelled more efficiently to the cyclase responsible for
(S)-trans, cis formation. Notably, a compound corresponding
to derivatized geraniol was observed in isy silenced tissue
(Fig. 4). This further validates the role of ISY in nepeta-
lactone biosynthesis, as the presence of this compound
suggests that iridoid precursors accumulate, and are subse-
quently derivatized, when ISY is silenced. Silencing of ISY
in C. roseus had a similar effect; only modest decreases in
nepetalactol-derived product were observed, but derivatized
geraniol-based precursors were observed (Geu-flores et al.
2012). We expected all isomers to be reduced equally, or
alternatively, to see a higher relative amount of the cis—trans
isomer, which is the only isomer that can form spontane-
ously from 8-oxocitronellyl enol. The fact that (S)-trans—cis
levels were not significantly affected suggests that there may
be preferential access to this cyclase. Although there is no
evidence to explain the mechanism behind this, it is possible
that protein—protein interactions between ISY and selected
cyclases may impact the relative levels of these cyclized
stereoisomers.

MLPL had been shown to catalyse the conversion of the
ISY product to the (S)-cis, trans nepetalactol isomer (Lich-
man et al. 2020). Consistent with this previously reported
biochemical activity, when MLPL was silenced, the levels
of (S)-cis,trans nepetalactone were significantly reduced
in vivo, without significantly impacting the production of
(S)-trans, cis and (S)-cis,cis nepetalactones.

In addition to nepetalactone, Nepeta also produces glyco-
sylated iridoids (Murai et al. 1984; Formisano et al. 2011;
Lichman et al. 2020), similar to those reported in other
Lamiaceae plants (Venditti et al. 2016; Fu et al. 2018; Mint
Evolutionary Genomics Consortium 2018; Mamadalieva
et al. 2021). We could identify 1,5,9 epi-deoxyloganic acid
in wild type N. cataria by co-elution and comparison of a
fragmentation pattern with an authentic standard. The levels
of this compound were significantly decreased when GES
was silenced, but was not affected when ISY and MLPL
were silenced. (Fig. 5). However, it is not clear if any of
the identified cyclases (NEPS or MLPL) participate in the
biosynthesis of glycosylated iridoids, particularly one with
the stereochemistry of 1,5,9 epi-deoxyloganic acid. The
production of 1,5,9 epi-deoxyloganic acid likely directly
depends on the formation of geraniol from GES. However, it

is important to note that the volatile nepetalactones are pro-
duced in trichomes (Lichman et al. 2019), which are known
to sequester volatile secondary metabolites (Tissier et al.
2017; Schuurink and Tissier 2020). However, glycosylation
can facilitate transport of secondary metabolites throughout
the plant (Yazaki et al. 2007; Roy et al. 2016; Gani et al.
2021). Therefore, it is possible that non-silenced tissue may
be contributing to the levels of 1,5,9 epi-deoxyloganic acid
seen in bleached tissue with GES knockdown through trans-
port mechanisms.

VIGS has limitations as a functional genomics tool. Most
notably, gene silencing is nearly always incomplete, which
can complicate interpretation of chemotypes. Moreover,
the high sequence similarity of the NEPS genes prevented
a detailed analysis of how these enzymes control the accu-
mulation of different nepetalactone stereoisomers in Nepeta.
Despite these obstacles, this Nepeta cataria VIGS system
can be used to investigate the as yet uncharacterized regula-
tory and transport mechanisms behind the iridoid metabo-
lism that are yet to be uncovered in this plant.

Author contribution statement LP, SEO, KY,and PS con-
tributed to the study conception and design. Material prepa-
ration, data collection and analysis were performed by LP.
LC and MS made some of the vector constructs. MK devel-
oped and supervised GC-MS analysis. KY and PS helped
supervise silencing experiments. The manuscript was writ-
ten by LP and SEO and all authors commented on previous
versions of the manuscript. All authors read and approved
the final manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-022-04012-z.

Acknowledgements We gratefully acknowledge the Max Planck Soci-
ety and the ERC (788301) for funding to SOC. LP acknowledges the
John Innes Foundation for funding, and KY acknowledges KAKENHI
(20J00973). We also thank the greenhouse team of the Max Planck
Institute of Chemical Ecology for their contribution to this project.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability All genes used in this study have been previously
reported and references are provided.

Declarations
Conflict of interest The authors have no conflict of interest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated

@ Springer


https://doi.org/10.1007/s00425-022-04012-z

99 Page 100f 11

Planta (2022) 256:99

otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Birkett MA, Hassanali A, Hoglund S et al (2011) Phytochemistry repel-
lent activity of catmint, Nepeta cataria, and iridoid nepetalactone
isomers against Afro-tropical mosquitoes, ixodid ticks and red
poultry mites. Phytochemistry 72(1):109-114. https://doi.org/10.
1016/j.phytochem.2010.09.016

Bol S, Caspers J, Buckingham L et al (2017) Responsiveness of cats
(Felidae) to silver vine (Actinidia polygama), Tatarian honey-
suckle (Lonicera tatarica), valerian (Valeriana officinalis) and
catnip (Nepeta cataria). BMC Vet Res 13:70. https://doi.org/10.
1186/512917-017-0987-6

Dobler S, Petschenka G, Pankoke H (2011) Coping with toxic plant
compounds—the insect’s perspective on iridoid glycosides and
cardenolides. Phytochemistry 72(13):1593-1604. https://doi.
org/10.1016/j.phytochem.2011.04.015

Dong L, Miettinen K, Goedbloed M et al (2013) Characterization
of two geraniol synthases from Valeriana officinalis and Lippia
dulcis: similar activity but difference in subcellular localiza-
tion. Metab Eng 20:198-211. https://doi.org/10.1016/j.ymben.
2013.09.002

Dong L, Jongedijk E, Bouweester H et al (2016) Monoterpene bio-
synthesis potential of plant subcellular compartments. New
Phytol 209:679-690. https://doi.org/10.1111/nph.13629

Dudley QM, Seohyun J, Serna Guerrero DA et al (2021) Reconstitu-
tion of monoterpene indole alkaloid biosynthesis in Nicotiana
benthamiana. bioRxiv. https://doi.org/10.1101/2021.08.12.
456143

Formisano C, Rigano D, Senatore F (2011) Chemical constituents
and biological activities of Nepeta species. Chem Biodivers
8:1783-1818. https://doi.org/10.1002/cbdv.201000191

Fu H, Ma Y, Ma S et al (2018) Two new iridoid glycosides from
Callicarpa nudiflora. J Asian Nat Prod Res. https://doi.org/10.
1080/10286020.2018.1557636

Gani U, Vishwakarma RA, Misra P (2021) Membrane transport-
ers: the key drivers of transport of secondary metabolites in
plants. Plant Cell Rep 40(1):1-18. https://doi.org/10.1007/
$00299-020-02599-9

Geu-flores F, Sherden NH, Courdavault V et al (2012) An alternative
route to cyclic terpenes by reductive cyclization in iridoid biosyn-
thesis. Nature 492:138-142. https://doi.org/10.1038/nature 11692

Hofer R, Dong L, André F et al (2013) Geraniol hydroxylase and
hydroxygeraniol oxidase activities of the CYP76 family of
cytochrome P450 enzymes and potential for engineering the
early steps of the (seco) iridoid pathway. Metab Eng 20:221-232.
https://doi.org/10.1016/j.ymben.2013.08.001

Koudounas K, Thomopolou M, Angeli E et al (2020) Virus-induced
gene silencing in olive tree (Oleaceae). Methods Mol Biol
2172:165-182. https://doi.org/10.1007/978-1-0716-0751-0_13

Kries H, Kellner F, Kamileen MO et al (2017) Inverted stereocontrol
of iridoid synthase in snapdragon. J Biol Chem 292(35):14659—
14667. https://doi.org/10.1074/jbc.M117.800979

Krithika R, Srivastava PL, Rani B et al (2015) Dehydrogenase from
Catharanthus roseus reveals cascaded enzymatic activity in iri-
doid biosynthesis. Sci Rep 5:8258. https://doi.org/10.1038/srep0
8258

@ Springer

Kumar K, Kumar SR, Dwivedi V et al (2015) Precursor feeding studies
and molecular characterization of geraniol synthase establish the
limiting role of geraniol in monoterpene indole alkaloid biosyn-
thesis in Catharanthus roseus leaves. Plant Sci 239:56—66. https://
doi.org/10.1016/j.plantsci.2015.07.007

Lange M, Yellina A, Orashakova S et al (2013) Virus-induced gene
silencing (VIGS) in plants: an overview of target species and the
virus-derived vector systems. Method Mol Biol 975:1-14. https://
doi.org/10.1007/978-1-62703-278-0_1

Lichman BR, Kamileen MO, Titchiner GR et al (2019) Uncoupled
activation and cyclization in catmint reductive terpenoid bio-
synthesis. Nat Chem Biol 15(1):71-79. https://doi.org/10.1038/
s41589-018-0185-2

Lichman BR, Godden GT, Hamilton JP et al (2020) The evolution-
ary origins of the cat attractant nepetalactone in catnip. Sci Adv
6:eaba0721. https://doi.org/10.1126/sciadv.aba0721

Liscombe DK, O’Connor SE (2011) A virus-induced gene silencing
approach to understanding alkaloid metabolism in Catharanthus
roseus. Phytochemistry 72(16):1969-1977. https://doi.org/10.
1016/j.phytochem.2011.07.001

Liu Y, Schiff M, Dinesh-Kumar SP (2002) Virus-induced gene
silencing in tomato. Plant J 31(6):777-786. https://doi.org/10.
1046/j.1365-313X.2002.01394.x

Mamadalieva NZ, Akramov DK, Wessjohann LA et al (2021) The
genus Lagochilus (Lamiaceae): a review of its diversity, ethno-
botany, phytochemistry, and pharmacology. Plants 10(1):132.
https://doi.org/10.3390/plants 10010132

McElvain SM, Bright RD, Johnson PR (1941) The constituents of
the volatile oil of catnip. I. Nepetalic acid, nepetalactone and
related compounds. ] Am Chem Soc 63(6):1558-1563. https://
doi.org/10.1021/ja01851a019

Melo N, Capek M, Arenas OM et al (2021) The irritant receptor
TRPA1 mediates the mosquito repellent effect of catnip. Curr
Biol 31(9):1988-1994.e5. https://doi.org/10.1016/j.cub.2021.
02.010

Miettinen K, Dong L, Navrot N et al (2014) The seco-iridoid pathway
from Catharanthus roseus. Nat Comm 5:3606. https://doi.org/10.
1038/ncomms4606

Mint Evolutonairy Genomics Consortium (2018) Phylogenomic mining
of the mints reveals multiple mechanisms contributing to the evo-
lution of chemical diversity in Lamiaceae. Mol Plant 11(8):1084—
1096. https://doi.org/10.1016/j.molp.2018.06.002

Misra RC, Sharma S, Sandeep et al (2017) Two CYP716A subfamily
cytochrome P450 monooxygenases of sweet basil play similar
but nonredundant roles in ursane- and oleanane-type pentacyclic
triterpene biosynthesis. New Phytol 214(2):706—720. https://doi.
org/10.1111/nph.14412

Murai F, Tagawa M, Damtoft S et al (1984) (1R,5R,8S,9S)-Deoxylo-
ganic acid from Nepeta cataria. Chem Pharm Bull 32(7):2809—
2814. https://doi.org/10.1248/cpb.32.2809

Nguyen T, O’Connor SE (2020) The progesterone 58-reductase/iridoid
synthase family: a catalytic reservoir for specialized metabolism
across land plants. ACS Chem Bio 15:1780-1787. https://doi.org/
10.1021/acschembio.0c00220

Palmer L, O’Connor SE (2020) Virus-induced gene silencing in
Nepeta. Methods Mol Biol 2172:111-121. https://doi.org/10.
1007/978-1-0716-0751-0

Parage C, Foureau E, Kellner F et al (2016) Class II cytochrome P450
reductase governs the biosynthesis of alkaloids. Plant Physiol
172:1563-1577. https://doi.org/10.1104/pp.16.00801

Preston JC, Barnett LL, Kost MA et al (2014) Optimization of virus-
induced gene silencing to facilitate evo-devo studies in the emerg-
ing model species Mimulus guttatus (Phrymaceae). Ann Missouri
Bot Gard 99:301-312. https://doi.org/10.3417/2010120

Purkayastha A, Dasgupta I (2009) Virus-induced gene silencing: a ver-
satile tool for discovery of gene functions in plants. Plant Physiol


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.phytochem.2010.09.016
https://doi.org/10.1016/j.phytochem.2010.09.016
https://doi.org/10.1186/s12917-017-0987-6
https://doi.org/10.1186/s12917-017-0987-6
https://doi.org/10.1016/j.phytochem.2011.04.015
https://doi.org/10.1016/j.phytochem.2011.04.015
https://doi.org/10.1016/j.ymben.2013.09.002
https://doi.org/10.1016/j.ymben.2013.09.002
https://doi.org/10.1111/nph.13629
https://doi.org/10.1101/2021.08.12.456143
https://doi.org/10.1101/2021.08.12.456143
https://doi.org/10.1002/cbdv.201000191
https://doi.org/10.1080/10286020.2018.1557636
https://doi.org/10.1080/10286020.2018.1557636
https://doi.org/10.1007/s00299-020-02599-9
https://doi.org/10.1007/s00299-020-02599-9
https://doi.org/10.1038/nature11692
https://doi.org/10.1016/j.ymben.2013.08.001
https://doi.org/10.1007/978-1-0716-0751-0_13
https://doi.org/10.1074/jbc.M117.800979
https://doi.org/10.1038/srep08258
https://doi.org/10.1038/srep08258
https://doi.org/10.1016/j.plantsci.2015.07.007
https://doi.org/10.1016/j.plantsci.2015.07.007
https://doi.org/10.1007/978-1-62703-278-0_1
https://doi.org/10.1007/978-1-62703-278-0_1
https://doi.org/10.1038/s41589-018-0185-2
https://doi.org/10.1038/s41589-018-0185-2
https://doi.org/10.1126/sciadv.aba0721
https://doi.org/10.1016/j.phytochem.2011.07.001
https://doi.org/10.1016/j.phytochem.2011.07.001
https://doi.org/10.1046/j.1365-313X.2002.01394.x
https://doi.org/10.1046/j.1365-313X.2002.01394.x
https://doi.org/10.3390/plants10010132
https://doi.org/10.1021/ja01851a019
https://doi.org/10.1021/ja01851a019
https://doi.org/10.1016/j.cub.2021.02.010
https://doi.org/10.1016/j.cub.2021.02.010
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1016/j.molp.2018.06.002
https://doi.org/10.1111/nph.14412
https://doi.org/10.1111/nph.14412
https://doi.org/10.1248/cpb.32.2809
https://doi.org/10.1021/acschembio.0c00220
https://doi.org/10.1021/acschembio.0c00220
https://doi.org/10.1007/978-1-0716-0751-0
https://doi.org/10.1007/978-1-0716-0751-0
https://doi.org/10.1104/pp.16.00801
https://doi.org/10.3417/2010120

Planta (2022) 256:99

Page 110f 11 99

Biochem 47(11-12):967-976. https://doi.org/10.1016/j.plaphy.
2009.09.001

Reichert W, Ejercito J, Guda T et al (2019) Repellency assessment
of Nepeta cataria essential oils and isolated nepetalactones
on Aedes aegypti. Sci Rep 9:1524. https://doi.org/10.1038/
s41598-018-36814-1

Roy JL, Huss B, Creach A et al (2016) Glycosylation is a major regu-
lator of phenylpropanoid availability and biological activity in
plants. Front Plant Sci 7:735. https://doi.org/10.3389/fpls.2016.
00735

Schuurink R, Tissier A (2020) Glandular trichomes: micro-organs
with model status? New Phytol 225:2251-2266. https://doi.org/
10.1111/nph.16283

Sherden NH, Lichman B, Caputi L et al (2018) Identification of iridoid
synthases from Nepeta species: iridoid cyclization does not deter-
mine nepetalactone stereochemistry. Phytochemistry 145:48-56.
https://doi.org/10.1016/j.phytochem.2017.10.004

Simkin AJ, Miettinen K, Claudel P et al (2013) Characterization of the
plastidial geraniol synthase from Madagascar periwinkle which
initiates the monoterpenoid branch of the alkaloid pathway in
internal phloem associated parenchyma. Phytochemistry 85:36—
43. https://doi.org/10.1016/j.phytochem.2012.09.014

Tissier A, Morgan JA, Dudareva N (2017) Plant volatiles: going “in”
but not “out” of trichome cavities. Trends Plant Sci 22(11):930-
938. https://doi.org/10.1016/j.tplants.2017.09.001

Uenoyama R, Miyazayki T, Hurst JL et al (2021) The characteristic
response of domestic cats to plant iridoids allows them to gain
chemical defense against mosquitoes. Sci Adv 7:1-15. https://doi.
org/10.1126/sciadv.abd9135

Uenoyama R, Miyazayki T, Adachi M et al (2022) Domestic cat
damage to plant leaves containing iridoids enhances chemical

repellency to pests. Science 25(7):104455. https://doi.org/10.
1016/j.is¢i.2022.104455

Velasquez AC, Chakravarthy S, Martin GB (2009) Virus-induced gene
silencing (VIGS) in Nicotiana benthamiana and tomato. JoVE
28:20-23. https://doi.org/10.3791/1292

Venditti A, Frezza C, Maggi F et al (2016) Phytochemistry, micro-
morphology and bioactivities of Ajuga chamaepitys (L.) Schreb.
(Lamiaceae, Ajugoideae): two new harpagide derivatives and an
unusual iridoid glycosides pattern. Fitoterapia 113:35—43. https://
doi.org/10.1016/j.fitote.2016.06.016

Xu H, Xu L, Yang P et al (2018) Tobacco rattle virus-induced PHY-
TOENE DESATURASE (PDS) and Mg-chelatase H subunit
(ChlH) gene silencing in Solanum pseudocapsicum L. Peer J
20(6):e4424. https://doi.org/10.7717/peerj.4424

Yamamoto K, Grzech D, Koudonounas K et al (2021) Improved virus-
induced gene silencing allows discovery of a serpentine synthase
gene in Catharanthus roseus. Plant Physiol 187:846-857. https://
doi.org/10.1093/plphys/kiab285

Yazaki K, Sugiyama A, Morita M et al (2007) Secondary transport as
an efficient membrane transport mechanism for plant secondary
metabolites. Phytochem Rev 7:513-524. https://doi.org/10.1007/
s11101-007-9079-8

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.plaphy.2009.09.001
https://doi.org/10.1016/j.plaphy.2009.09.001
https://doi.org/10.1038/s41598-018-36814-1
https://doi.org/10.1038/s41598-018-36814-1
https://doi.org/10.3389/fpls.2016.00735
https://doi.org/10.3389/fpls.2016.00735
https://doi.org/10.1111/nph.16283
https://doi.org/10.1111/nph.16283
https://doi.org/10.1016/j.phytochem.2017.10.004
https://doi.org/10.1016/j.phytochem.2012.09.014
https://doi.org/10.1016/j.tplants.2017.09.001
https://doi.org/10.1126/sciadv.abd9135
https://doi.org/10.1126/sciadv.abd9135
https://doi.org/10.1016/j.isci.2022.104455
https://doi.org/10.1016/j.isci.2022.104455
https://doi.org/10.3791/1292
https://doi.org/10.1016/j.fitote.2016.06.016
https://doi.org/10.1016/j.fitote.2016.06.016
https://doi.org/10.7717/peerj.4424
https://doi.org/10.1093/plphys/kiab285
https://doi.org/10.1093/plphys/kiab285
https://doi.org/10.1007/s11101-007-9079-8
https://doi.org/10.1007/s11101-007-9079-8

	In vivo characterization of key iridoid biosynthesis pathway genes in catnip (Nepeta cataria)
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Materials and methods
	Plant growth conditions and propagation method
	Vector design
	Virus-induced gene silencing
	VIGS tissue harvesting for metabolite analyses
	Gas chromatography mass spectrometry and analyses
	RNA extraction and cDNA generation
	qPCR
	LC–MS method

	Results
	A VIGS visual marker aids in precise tissue selection
	VIGS of biosynthetic genes ISY, MLPL, and NEPS
	Silencing of iridoid biosynthetic genes leads to an accumulation of derivatized precursor molecules
	Glycosylated iridoid 1,5,9 epi-deoxyloganic acid was downregulated in ges samples

	Discussion
	Acknowledgements 
	References




