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ABSTRACT

* Tanacetum vulgare L., tansy, is a perennial plant with highly variable terpenoid compo-

sition, with mono- and sesquiterpenoids being the most abundant. The high diversity
of terpenoids plays an important role in mediating ecological interactions. However,
the distribution of terpenoids in different tissues and inducibility of terpenoids in these
tissues via biotic stress are poorly understood.

We investigated changes in terpenoid profiles and concentrations in different organs
following treatment of roots with pipecolic acid (Pip), a non-proteinogenic amino acid
that triggers defence responses leading to induce systemic resistance (SAR) in plants.
Tansy leaves and midribs contained mainly monoterpenoids, while coarse and fine
roots contained mainly sesquiterpenoids. Rhizomes contained terpenoid profiles of
both midribs and roots but also unique compounds. Treatment with Pip led to an
increase in concentrations of mono- and sesquiterpenoids in all tissues except rhi-
zomes. However, significantly more sesquiterpenoids was formed in root tissues in
response to Pip treatment, compared to shoots.

The metabolic atlas for terpenoids presented here shows that there is exceptionally
strong differentiation of terpenoid patterns and terpenoid content in different tissues
of tansy. This, together with differential inducibility by Pip, suggests that the chemical
diversity of terpenoids may play an important role in tansy ecological interactions and

defence against biotic stressors that feed on below- and aboveground organs.

INTRODUCTION

The production of specialised metabolites in plants is regulated
by transcriptional mechanisms, resulting in tissue-specific syn-
thesis of compounds — such as alkaloids and terpenoids —
which mediate interactions with the biotic and abiotic environ-
ment (Erb & Reymond 2019; Wetzel & Whitehead 2020). Pre-
vious studies on metabolic variations in response to abiotic
and biotic factors have mostly examined metabolic responses
in shoot tissues, but for non-destructive sampling of root mate-
rial, comparatively little is known about how abiotic or biotic
factors alter metabolic profiles of belowground tissues (van
Dam 2009; Rasmann et al. 2012). Considering that shoots and
roots are exposed to different herbivore and pathogen commu-
nities, they face unique selection pressures. The production
and distribution of secondary metabolites, such as flavonoids,
alkaloids, and terpenoids, may vary between organs like shoots
and roots (Kleine & Miiller 2013; Zhang et al. 2021).

Among these secondary metabolites, terpenoids represent a
significant and highly diverse subgroup of specialised metabolites
in plants. Terpenoids play an important role in many biological
processes, especially in interactions with their environment and
with other organisms (Pichersky & Raguso 2018). This variety of
terpenoids is regulated by terpene synthases, which are the most
significant enzymes involved in synthesis of hemiterpenes (C5),

monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20)
(Bohlmann et al. 1998; Tholl 2006). Of these subgroups, mono-
and sesquiterpenes are dominant and can be localised in different
tissues. For instance, Tanacetum vulgare shoot tissues primarily
contain monoterpenes (Kleine & Miiller 2013; Clancy et al.
2016), whereas sesquiterpenes are dominant in roots (Kleine &
Miiller 2013). Several terpenoids, particularly monoterpenoids,
are involved in direct defence against pathogens and herbivores,
influencing interactions between plants and their environment
(Penuelas et al. 2014). Due to their volatility, they also serve as
indirect defence (‘a cry for help’) by attracting predators of herbi-
vores (Dicke & Baldwin 2010). For instance, switchgrass (Pani-
cum virgatum L.) emits a combination of mono- and
sesquiterpenes when attacked by the generalist herbivore Spodop-
tera frugiperda (J.E. Smith) (fall armyworm) and as a systematic
response to root treatment with defence hormones, such as
methyl jasmonate (Muchlinski et al. 2019).

Plants are constantly under attack from insects, herbivores,
viruses, fungi, and bacteria, which can affect plant health and
productivity (Poelman & Kessler 2016; Choudhary &
Senthil-Kumar 2022; Irulappan et al. 2022). When a plant is
challenged by biotic attackers, a number of biochemical reac-
tions occur in plant tissues that can lead to systemic acquired
resistance (SAR) (Vlot et al. 2021) or induced systemic resis-
tance. While the latter is mediated by the jasmonic acid
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(JA)/ethylene pathway, induction of SAR is dependent on sal-
icylic acid (SA) (Vlot et al. 2009). For instance, aphid feeding
stimulates SA production (Voelckel et al. 2004), whereas
leaf-chewing herbivores induce the JA/ethylene pathway (Wall-
ing 2000). JA-induced defence mechanisms have been shown
to impair aphid performance, whereas SA-induced defence
mechanisms are less effective (Agrawal 1998; Ali & Agra-
wal 2014). Pipecolic acid (Pip) is a positive regulator of SA
production and leads to an increase in plant defences (Chen
et al. 2018; Hartmann et al. 2018; Vlot et al. 2021). For exam-
ple, when Arabidopsis thaliana (L.) Heynh. is exposed to
microbial infection, Pip, a non-protein amino acid, is synthe-
sised from L-lysine (Navarova et al. 2013) and then undergoes
N-hydroxylation to produce N-hydroxypipecolic acid (NHP)
(Hartmann et al. 2018). Both Pip and NHP are mediators of
SAR and accumulate in locally infected and distal tissues dur-
ing infection (Hartmann et al. 2018). Furthermore, Pip/NHP
triggers production of volatile organic compounds (VOCs) as
part of the SAR mechanism, contributing to intra- and
inter-plant defence propagation through emission of VOCs
that act as defence signals (Vlot et al. 2021; Brambilla
et al. 2023). When SAR is induced by bacterial infection in Ara-
bidopsis, plants emit VOCs containing elevated levels of mono-
terpenoids, such as o-pinene, B-pinene, and camphene, that
trigger plant-to-plant communication (Wenig et al. 2019)
within and between species (Frank et al. 2021). In barley (Hor-
deum vulgare L.), Pip drip irrigation similarly induces defences
against subsequent powdery mildew infection (Lenk
et al. 2019). Given that Pip application to roots provides a
robust mimic of biotic induction in many model systems, and
that the Pip pathway is common across the plant kingdom, it
provides an excellent opportunity to use Pip to study terpenoid
inducibility in plant organs.

Tanacetum vulgare L. (tansy, Asteraceae) is a fragrant herb
native to Eurasia. Its terpenoid content varies considerably
across individuals (Kleine & Miiller 2011; Clancy et al. 2016;
Rahimova et al. 2024). Tansy leaves have glandular trichomes
that store terpenoids. These terpenoids, such as monoterpenes
(e.g., a-thujone, a-thujene, y-terpinene) and sesquiterpenes
(e.g., B-caryophyllene, a-copaene, B-cubebene) can be synthe-
sised and emitted immediately upon herbivory attack (Clancy
et al. 2016, 2020). Tansy terpenoids exhibit high intraspecific
variability among plants, allowing classification of plants into
distinct chemotypes based on their dominant or mixed com-
pounds, in the absence of a discernible dominant compound
(Dussarrat et al. 2023; Rahimova et al. 2024). The diverse
group of terpenoids in tansy is known to influence plant—insect
interactions (Ojeda-Prieto et al. 2024). Terpenoid content cor-
relates with plant-associated aphid communities and can also
determine aphid feeding preference on leaves (Clancy
et al. 2016; Jakobs & Miiller 2018; Neuhaus-Harr et al. 2024). It
is still unclear whether terpenoids in tansy are induced by elici-
tors and whether there are metabolic differences between
leaves, rhizomes, and roots. Thus, in this study, we mimicked
the SA-dependent response of tansy to aphid attack leading to
SAR using Pip as a stimulant and investigated effects of exoge-
nously applied Pip on tansy defence responses. We asked:

1 How does tansy terpenoid content differ between coarse
roots, fine roots, rhizome, leaflets, and midribs? We aimed
to compile a metabolome atlas on the occurrence of
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terpenoids and their chemical diversity in tansy. Based on
existing literature (Kleine & Miiller 2013), which reports
disparate terpene distributions between shoots and roots,
we hypothesise that terpenoids may exhibit structural dif-
ferences between tissues, but that additional segregation
may exist among above- or belowground tissues.

2 Does Pip equally induce terpenoids as a defence response in
tansy shoot and root tissues? We hypothesise that applica-
tion of Pip will result in increased induction of terpenoids,
particularly in root tissues, but also systemically in shoot
tissues. We predict that the tissue response to treatment
would be stronger for sesquiterpenoids belowground, and
stronger for monoterpenoids aboveground.

MATERIAL AND METHODS
Tansy cultivation and pipecolic acid treatment

Tansy plants used in this study originated from 120 plants
propagated from seeds collected from 12 mother plants on
plots of “The Jena Experiment” (https://the-jena-experiment.
de), Jena, Germany in 2020. Five unique genotypes were col-
lected for further propagation. Plants were clonally propagated
by rhizome cuttings in a greenhouse (21 °C, 14 h:10 h light:
dark) in February 2022. After root formation, plantlets were
transplanted into pots (10 x 10 x 11 cm) containing com-
mercial soil (Floradur Bodensubstrat, Floragard Vertriebs-
GmbH, Oldenburg, Germany) and fertilised with Hakaphos
Red (8% N, 12% P,0s, 24% K,O, 4% MgO, 31% SO, 0.01%
B, 0.02% Cu, 0.05% Fe, 0.05% Mn, 0.001% Mo, 0.02% Zn;
Compo Expert, Miinster, Germany). Nine weeks after propaga-
tion, 20 of the resulting 40 plants were randomly assigned to a
Pipecolic acid (Pip) treatment and 20 to a control group, irre-
spective of the genetic identity. A total of 40 ml Pip solution
(10 pm Pip in H,O; Sigma Aldrich, Taufkirchen, Germany)
was applied to each pot by watering the root system. The con-
trol group received the same treatment but without addition of
Pip. After 3 days, on 7 and 8 April 2022, all plants were har-
vested. At harvest, the plants were divided into: (i) leaflets, (ii)
leaf midrib, (iii) rhizomes, (iv) coarse roots, and (v) fine roots.
To avoid mechanical damage, samples were processed within
1 min (each tissue was cut and packaged separately) and frozen
in liquid nitrogen to stabilise molecular processess.

Hexane extraction of terpenoids and GC-MS analyses

Chemical analyses were performed as reported in Clancy
et al. (2016), with minor modifications. Frozen samples were
ground to fine powder and immediately stored at —80 °C until
further processing. A total of 600 pl hexane +860 pmoL-pl™"
internal standard (monoterpene d-2-carene) was added to
300 mg frozen samples, and the mixture vortexed and refriger-
ated at 4 °C for 24 h. Then 150 pl of extract was removed and
stored at 4 °C. A further 150 pl of n-hexane were added, vor-
texed and stored for 24 h. After which 150 pl of hexane extract
was again collected and combined with the initial liquid
extract. The samples were analysed with gas chromatography—
mass spectrometry (GC-MS) by injecting 1 pl into a glass
microvial in an empty glass cartridge on an autosampler. Sam-
ples were desorbed from 35 to 240 °C at 120 °C-min~" (held
for 2 min) in the thermal desorption unit (TDU, Gerstel,
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Miilheim an der Ruhr, Germany) connected to a GC-MS (GC,
7890A, MS: 5975C inert XL MSD with a triple axis detector;
Agilent Technologies Palo Alto, CA, USA) using an arylene
siloxane capillary column (60 m x 250 pm x 0.25 pm DB-
5MS + 10 m DG; Agilent Technologies). Samples were ana-
lysed in splitless mode at a constant flow rate of carrier gas
(He: 1 ml-min~"). The temperature program was 40 °C (held
for 0 min) to 150 °C, with a ramp rate of 10 °C-min~", then
80 °C'min~' to 175°C, then 5°Cmin ' to 190 °C,
then 80 °C-min~"' to 250 °C, then 100 °C-min~' to 300 °C
and held for 6 min. The chromatograms from the GC-MS
analysis were evaluated, integrated and quantified using
Enhanced ChemStation software (MSD  ChemStation
E.02.01.1177, 1989-2010; Agilent Technologies). The peaks
were first checked for chromatogram quality based on peak
purity. The detected peaks were then identified by comparing
mass spectra of each chromatogram with the Mass Spectral
Library (National Institute of Standards and Technology: NIST
20). The compounds were verified by measuring and compar-
ing the Kovats retention indices based on retention times of a
saturated alkane mixture added to the samples (C9-C25;
Sigma-Aldrich) as reported by Guo et al. (2019, 2020). Peak
areas were normalised according to the fresh weight of each
sample. Six dilutions of external standards — sabinene,
o-pinene,  linalool,  methylsalicylate, ~ B-caryophyllene,
o-humulene, geraniol, and bornyl acetate — were used for
quantification of the compounds.

Statistical analyses

The data were logarithmically transformed for statistical analy-
sis to fulfil assumptions of normal distribution. Before log
transformation, data were tested for normal distribution using
the Shapiro—Wilk test. To visualise terpenoid content of all
analysed tansy tissues, we first normalised data by log transfor-
mation and Pareto scaling then plotted the heatmap in Meta-
boAnalyst 6.0 (Pang et al. 2021). The ‘Euclidean’ distance
measure and ‘Ward’ clustering method were used to plot com-
pounds on the heatmap as default parameters. Partial least
squares discrminant analysis (PLS-DA) of multivariate statis-
tics was used as described in Berti¢ et al. (2021, 2023). The
model was separately fit to monoterpenoids and sesquiterpe-
noids (Figs 1b and 2b). The model helped in finding tissue-
specific discriminant mono- and sesquiterpenoid compounds
and separation between tissues. The PLS-DA model was calcu-
lated by maximizing covariance between X and Y variables: X
variables (32 compounds of monoterpenoid group and 41
compounds of sesquiterpenoid group) and Y variables (leaflets,
midrip, rhizome, coarse root, fine roots). The fit of the model
was cross-validated by R2 and Q2 values, which indicated how
well variation in a variable is explained and how well a variable
can be predicted. Note that well-modelled variables have high
levels (as reference: 0.5 or above) of R2 and Q2. The result of
the PLS-DA model fitness is given in the legend of each plot.
We additionally made a stacked bar plot showing terpenoid
distribution across all samples to visualise differences in mean
relative abundance between te different tissues (Fig. 3).

Total concentration of mono- and sesquiterpenoids between
the five tissues were tested using post-hoc tests (P < 0.05). A
t-test was used for total concentration of mono- and sesquiter-
penoids between Pip treated and untreated tissues. Induction
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of individual compounds between untreated and Pip treated
groups were tested using one-way aNova (P < 0.05). Control
plants were pooled and hierarchical clustering used to sepa-
rately cluster them into monoterpenoid and sesquiterpenoid
chemotypes, using the “factoextra” package (Kassambara &
Mundt 2020), “hclust” function with the “ward.D2” method of
correlation distance in R (Rahimova et al. 2024). We also plot-
ted a tanglegram (Figure S2a) to visualise potential links in
chemotypic clustering between aboveground (AG) and below-
ground (BG) sesquiterpenoid chemotype classes.

Statistical tests were carried out using R (version 4.3.2; R
Core Team 2023) and MetaboAnalyst 6.0 (Pang et al. 2021).
All graphs were produced using the R package ggplot2 (Wick-
ham 2016) and resulting images were edited using te
“Inkscape” (version 1.1.1) image processing software for
enhanced resolution.

RESULTS
Monoterpenoid compositions of different tissues in tansy

First, the terpenoid composition of untreated tansy plants was
investigated. The heatmap shows the monoterpenoid profile of
leaf, petiole, rhizome, coarse root, and fine root tissues
(Fig. 1a). Shoots, leaflets, midribs and rhizomes had very simi-
lar monoterpenoid profiles. Compounds, such as y-terpinene,
B-thujone, trans-chrysanthenyl acetate, camphor, were identi-
fied in leaflet, midrib and rhizome tissues. However, more
monoterpenoid compounds were identified in leaflet and mid-
rib tissues than in rhizomes. In contrast, roots contained com-
paratively low amounts of monoterpenoids. B-Terpinyl acetate,
limonene, and camphene were found in coarse roots, whereas
camphene was only identified in fine roots (Fig. la). PLS-DA
analysis of monoterpenoid profiles of the different tissues
showed clear separation between shoot and root tissues. How-
ever, monoterpenoids of coarse and fine roots, leaflets, midribs
and rhizomes could not be distinguished within each group.
(Fig. 1b). Concentrations of monoterpenoids were significantly
(Tukey’s HSD, P < 0.05) higher in leaves than in midribs and
rhizomes (Fig. 1c), while shoots and roots contained only trace
amounts of monoterpenoids.

Hierarchical cluster analysis showed that the tansy control
group could be separated into four classes of monoterpenoid
chemotypes in leaflets and leaf midribs (Figure Sla). Class 1
had two main compounds, 31% sabinene hydrate and 27%
camphor; class 2 was 70% trans-chrysanthenyl acetate; class 3
was 75% B-thujone; class 4 contained a mixture of monoterpe-
noids (Figure Slb). This marked variation between
monoterpenoid classes is consistent with our previous study
(Rahimova et al. 2024), showing that intraspecific variation in
terpenoids can be used to determine tansy chemotypes.

Sesquiterpenoid compositions of different tissues in tansy

Sesquiterpenoid profiles of shoot and root systems were clearly
different (Fig. 2a). In the shoot system, leaflets and midribs
had very similar sesquiterpenoid profiles. B-Copaene,
B-caryophyllene, B-ylangene, epicubebol, and oxygenated sesqui-
terpenoids such as spirojatamol, B-selinenol and sabinol isovale-
rate were identified in almost all leaflet and midrib tissues. In
contrast, root systems had different sesquiterpenoid compounds,
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Fig. 1. Tissue atlas of monoterpenoids in all tissues of untreated plants. (a) Heatmap shows monoterpenoid compounds across all plants analysed. The distri-
bution of monoterpenoids is displayed among coarse root, fine root, leaflets, midrib and rhizome tissues as indicated in the legend. The intensity column (right)
shows concentration s of the compounds. For instance, dark red cells on map indicate the highest abundance and blue cells show no compound present. Com-
pound names are given for each line on the right axis of the heatmap. The dendogram on the left shows the association between compounds. (b) PLS-DA plot
showing grouping between tissues. Leaflets, midrib and rhizome tissues show overlapping points while rhizome tissue also shows separating features in the
elipse. Root and shoot tissues show a clear separation. The plot also shows how modelled observations lie in the X-space. Observations close together are more
similar than those relatively far apart. Components 1 and 2 explain the largest and second largest variation in the X-space. The two components together
describe the data with a total of 51.6% of explained variance. PLS model fitness: R2X(cum) = 0.821, R?Y(cum) = 0.556, Q*(cum) = 0.374. (c) Total concentra-
tion of monoterpenoids is significantly (one-factorial anova, P < 0.05) elevated in leaflets, and midribs, in comparison to rhizomes, coarse and fine root tissues.
Abundance of monoterpenoids is very low in coarse and fine roots. Tissues labelled with the same letter do not differ significantly at P < 0.05 (post-hoc test).

comparable to that of the shoot and root sesquiterpenoids, as
well as compounds unique to rhizomes, i.e. nerol acetate and
v-elemene (Fig. 2a). Shoot-specific compounds, such as

such as B-sesquiphellandrene, B-farnesene, o-isocomene and
B-isocomene in coarse and fine root tissues, albeit at different
concentrations. Terpenoid pattern and content of rhizomes was
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Fig. 2. Tissue atlas of sesquiterpenoids identified in all tissues of untreated plants. (a) Heatmap displays distinct sesquiterpenoid profiles among all plants and
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significantly at P < 0.05 (post-hoc test).

B-copaene, B-caryophyllene and B-ylangene, and root-specific
compounds, such as B-sesquiphellandrene, [-farnesene and
o-isocomene were present in the rhizome profile. PLS-DA
showed clear separation of sesquiterpenoid content (Fig. 2b). The
total concentration of sesquiterpenoids was significantly lower in
midribs compared to rhizomes, leaflets and coarse and fine roots
(Tukey’s HSD, P < 0.05; Fig. 2c).

The leaflet and midrib samples were categorised into four
sesquiterpenoid chemotype classes (Figure S2b). B-Copaene

was dominant in all classes. Classes 2 and 3 contained unique
compounds: 27% sabinolisovalerate and 13% valeranone in
class 2, and 12% B-selinenol in class 3, as well as B-copaene
(Figure S2b). Sesquiterpenoids present in coarse and fine roots
also grouped into four chemotype classes (Figure S2c):
B-sesquiphellandrene was most prevalent in each class, fol-
lowed by P-farnesene, geranylisovalerate and P-isocomene.
However, abundance of these compounds varied between clas-
ses (Figure S2¢). A tanglegram plot revealed no direct link

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 5
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Fig. 3. Stacked bar plot showing content of monoterpenoids and sesquiterpenoids. (a) Cyan, light green, and purple indicate most dominant monoterpenoids
in leaflet, midrib and rhizome tissues; orange, magenta and navy blue in root tissues. Fine root has only a single monoterpenoid compound. (b) Blue columns
show the most dominant sesquiterpenoid in leaf and midrib and dark blue in coarse and fine root tissues. Minor mono- and sesquiterpenoid compounds are

low in abundance and full names of those compounds are listed in Table S1.

between AG and BG chemotype classes, likely because sesqui-
terpenoids are synthesised by different terpene synthases in
shoot and root tissues.

Metabolic atlas of terpenoids

The monoterpenoid content (Fig. 3a) shows that B-thujone,
trans-chrysanthenyl acetate and camphor are dominant in leaf-
let, midrib and rhizome tissues. It is important to note that if,
for example, B-thujone is dominant compound in leaflets, it is
also dominant in midribs and rhizome of the same individuals,
although concentration varies between these tissues. As cam-
phene was the only monoterpenoid identified in fine roots, its
abundance is represented as maximum. In comparison to lim-
onene and P-terpinyl acetate, camphene was the dominant
monoterpenoid in coarse roots. The sesquiterpenoid -copaene
was very abundant in leaflets and midribs but less in rhizomes.

In roots and rhizomes, B-sesquiphellandrene was the most
abundant sesquiterpenoid, followed by B-farnesene (Fig. 3b).

Exogenously applied pipecolic acid increased the induction of
terpenoids

Following application of Pip there was an increase in total con-
centrations of mono- and sesquiterpenoids within 3 days of
SAR stimulation in all tissues except rhizomes. However, the
total concentration of monoterpenoids was significantly ele-
vated by Pip application only in leaflets (Fyy, P = 0.006), not
in midribs, rhizomes, coarse or fine roots (Fig. 4a). In these tis-
sues there was only a tendency towards higher monoterpenoid
content. In contrast to monoterpenoids, sesquiterpenoids were
significantly induced in Pip-treated plants in leaflets, midribs,
coarse roots and fine roots (¢ test, P < 0.001), but not in rhi-
zomes (Fig. 4b). Upon evaluation of each terpenoid, no

6 Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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sesquiterpenoids is significantly higher in Pip-treated plants than in control
for all tissues except rhizomes (ns). ** p < 0.01, *** p < 0.001.

discernible differences were observed between terpenoids in the
control and the Pip-treated group. Of the identified monoter-
penoids, only m-cymene was significantly induced in leaves fol-
lowing Pip application (one-way anova, P = 0.05; Fig. 5a).
Notably, there were no novel sesquiterpenoids in plants treated
with Pip. However, it is possible that levels of new compounds
potentially synthesised following Pip treatment were very low
or, instead of being directly emitted were stored, and conse-
quently were below the limit of detection.

In contrast to monoterpenoids, numerous sesquiterpenoid
concentrations were higher in the shoot and root tissues of
Pip-treated plants than in controls. B-Copaene was the most
abundant sesquiterpenoid in shoot tissues, with concentrations
almost twice those in leaflets (one-way anova, P = 0.004;
Fig. 5a) and midribs (one-way aNova, P < 0.001; Fig. 5b) of the
Pip-treated plants compared to those of the control group
3 days after the start of treatment. Furthermore, some
low-abundance sesquiterpenoids, including B-ylangene, f-
caryophyllene, and others, were significantly increased in shoot
tissues of Pip-treated plants after 3 days (Fig. 5a, b, Table S1).
Moreover, the sesquiterpenoid compounds mentioned above
were absent in root tissues and therefore, could not be quanti-
fied statistically. Treatment with Pip led to significant increases
in sesquiterpenoid content of root tissues compared to shoot

Pipecolic acid induces terpenoids in Tanacetum vulgare roots

tissues and rhizomes, in which concentrations only tended to
increase. In addition to the dominant root sesquiterpenoids -
sesquiphellandrene and B-farnesene, 15 other sesquiterpenoid
compounds were induced by Pip in coarse and fine roots of
treated plants (Fig. 5¢c, d, Table S1). Statistical test results for
each compound between Pip-treated and untreated plants are
shown in Table S1.

DISCUSSION

This study investigated the effects on tansy of exogenous Pip
application, which mimics effects of aphid infestation (Agra-
wal 1998; Kloth et al. 2016). A further aim was to create a met-
abolic atlas of terpenoid distribution and chemical diversity by
examining terpenoid profiles in leaflets, leaf midribs, rhizome,
coarse root and fine roots. The distribution of terpenoids
between tissues and their concentrations varied considerably,
confirming our initial hypothesis that there are tissue-specific
differences in terpenoid composition of tansy. Contrary to our
expectations, application of Pip induced only low levels of
monoterpenoids in aboveground tissues, particularly leaflets,
within 3 days of treatment initiation. In contrast, sesquiterpe-
noids were strongly induced, particularly in belowground
organs. This finding supports our second hypothesis that ses-
quiterpenoids are induced as plant defence. Our data offer
valuable insights into inducibility of terpenoid mixtures in
tansy and provide evidence for the involvement of different ter-
penoid groups in different ecological interactions in above-
and belowground tissues.

Our analysis confirms high intraspecific chemical diversity of
terpenoids in the aboveground tissues of tansy. Furthermore, it
shows that individuals can be categorised into chemotypic clas-
ses, in accordance with studies by Clancy ef al. (2016), Rahimova
et al. (2024) and Neuhaus-Harr et al. (2024). However, tansy
roots also exhibit a high degree of intraspecific diversity in terpe-
noid profiles between tissues. While the aboveground tissues are
generally high in monoterpenoids, levels in belowground tissues
tend to be low (Kleine & Miiller 2013; Muchlinski et al. 2019).
This is not uncommon and is consistent with studies demon-
strating that monoterpenoids are produced in roots in a highly
cell type-specific manner (Chen et al. 2011). Despite their low
abundance, monoterpenoids play an important role in root
development and interaction of roots with the rhizosphere (Lin
et al. 2007). In contrast to monoterpenoids, the distribution of
sequiterpenoids across the tissues is markedly different. Our pre-
vious study (Rahimova et al. 2024) showed that sesquiterpenoid
chemotypes defined for leaves (and now also in roots) show little
variation between chemotypes, in contrast to the monoterpenoid
chemotypes. Instead, there was a single dominant sesquiterpe-
noid, which varied slightly in abundance across all individuals.
This indicates that monoterpenoid and sequiterpenoid chemo-
types are formed independently in tansy, as recently corroborated
for tansy chemotypes across Germany (Rahimova et al. 2024).

The metabolic atlas also indicates distinct patterns of sequi-
terpenoids in above- and belowground tissues. In particular,
sesquiterpenoids are only detectable in roots or green tissues,
corroborating the findings of Kleine & Miiller (2013) of clear
separation of mono- and sesquiterpenoids in tansy leaves
and roots. The sequiterpenoids identified in their study
were also detected in our study. Furthermore, additional sequi-
terpenoids, such as silphinene, modephene, B-isocomene and

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 7
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Fig. 5. Concentration of terpenoids significantly increased in Pip-treated plants in comparison to control plants. (a) Four sesquiterpenoid compounds, B-
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many others, were detected in the present study, likely because
of the larger number of plants examined here. Such distinct
profiles of secondary metabolites have been observed in other
plant species. For instance, in Brassica oleracea L., the quantity
of glucosinolate metabolites differs between the shoot and
roots, with their concentration being higher in roots than in
shoots (Kabouw et al. 2010). Such variations can also be dem-
onstrated for phenolic compounds. In Oenothera biennis L.
shoot tissues contain chlorogenic acid and flavonoids that are
not found in roots, while roots contain ellagic acids that
are not found in shoots (Parker et al. 2012). The metabolite
content of the meadow herbs Centaurea jacea L, Knautia arven-
sis, (L.) Coult., Leucanthemum vulgare Lam. and Plantago lan-
ceolata L. exhibited significant differences between shoots and
roots, where chemical diversity of secondary metabolites was
higher in shoots than in roots (Ristok et al. 2019).

The differences in terpenoid profiles of tansy roots and shoots
are likely related to the different abiotic and biotic pressures on
specialised metabolites in aboveground and belowground tissues
and physicochemical properties, such as volatility and solubility
of the measured compounds (van Dam 2009; Kleine &
Miiller 2013; Mofikoya et al. 2019). Vapour pressure is a mea-
sure of rate of evaporation of a liquid at a given temperature. A
vapour pressure below 0.005 kPa at 25 °C indicates semi-
volatile compounds (Copolovici & Niinemets 2015), which dif-
fer from highly volatile VOCs (boiling point <100 °C) and
VOCs with boiling point of 100-240 °C (Lucattini et al. 2018).
Highly volatile monoterpenoids are typically stored in glands
and glandular trichomes in aboveground tissues and evaporate
rapidly. In contrast, semi-volatile compounds, such as sesquiter-
penoids, have higher boiling points and low Henry’s law con-
stants (Mofikoya et al. 2019), making them less volatile and less
soluble in water. Thus, sesquiterpenoids are not sufficiently vola-
tile to be emitted from undisturbed tissues at high emission rates
and are more likely concentrated in the rhizosphere, whereas
highly hydrophilic substances, such as monoterpenoids, leach
out more rapidly and dissipate into the soil (Qualls 2005). This
explains why monoterpenoids are abundant in aboveground tis-
sues, where they can be used to communicate with other organ-
isms, including herbivores and their natural enemies or
pollinators (Sasidharan et al. 2023; Ziaja & Miiller 2023;
Neuhaus-Harr et al. 2024). Although sesquiterpenoids are not as
volatile, they are also induced by herbivory, depending on inten-
sity of the damage.

Application of Pip led to increases in chemical subgroup and
tissue-specific terpenoid levels. By mimicking biotic stress
through introduction of aphids, we demonstrated that terpe-
noids, particularly sesquiterpenoids, significantly increased in all
plant tissues, with the largest increase in root tissue in response
to Pip. The induction of terpenoid biosynthesis and its emission
have been reported in many other plants. In Arabidopsis mono-
terpenes (o/B-pinene and camphene) are increasingly emitted
after SAR induction (Riedlmeier et al. 2017). In tomato (Sola-
num lycopericum L.), plant defence against infection with the
Phytoplasma Potato Purple Top is more effective after applica-
tion of the phytohormone SA (Wu et al. 2012). Exogenously
applied Pip induced SAR in cucumber (Cucumis sativus L.) and
enhanced activity of defence-associated enzymes against subse-
quent pathogen infection (Pazarlar et al. 2021).

Although the specific mechanisms of SAR induction in tansy
have not yet been investigated and further studies are needed,

Pipecolic acid induces terpenoids in Tanacetum vulgare roots

especially regarding genetic regulation by specific terpene
synthases (TPS) and other backbone modifying enzymes, the
increasing concentration of terpenoids in leaflets, midribs and
coarse and fine roots reflects an inducible defence response. How-
ever, this interpretation is complicated by the compartmentalisa-
tion of terpenoids in tansy. Tansy leaves, including midribs (the
main target of aphid attack), are characterised by a high density
of glandular cells, which serve as storage sites for monoterpenoids
(Guerreiro et al. 2016; Bergman et al. 2023). Jakobs et al. (2018)
showed plant organ-specific responses to aphid infestation, e.g.,
the composition of sugars and organic acids in tansy was more
affected by aphids in phloem exudates of stems than in leaves.
This shows that metabolic differences in different tansy organs
play an important role in the tansy—insect interaction.

The presence of constitutively present monoterpenoid reser-
voirs, which can be used as stable chemical markers for differ-
entiation of chemotypes (here and Clancy et al. 2016,
Rahimova et al. 2024) makes it challenging to demonstrate
induction of stress-induced monoterpenes. The available data
indicate a weak tendency for an increase in monoterpenoid
content following application of Pip, which suggests that for-
mation of new monoterpenes was relatively low compared to
the existing pool.

Terpene synthases (TPS) are, together with backbone modi-
fying enzymes downstream, responsible for the great diversity
of mono- and sesquiterpenoids. Terpene synthases catalyse the
conversion of terpenoid compounds from isoprenoid precur-
sors (Degenhardt et al. 2009; Chen et al. 2011). The TPS gene
family has been identified in various plant species, including
tansy leaves, and is characterised by mono- and sesquiterpe-
noid synthases (Clancy et al. 2020). It is likely that different
TPS genes, which regulate organ-specific biosynthesis of terpe-
noids, are responsible for the observed differences in tissue-
specific terpenoid patterns as well as for inducibility by Pip.
For instance, in maize, different TPS enzymes are expressed
exclusively in shoot or root tissues (Kollner et al. 2009). This
work further demonstrates that these TPS enzymes produce
sesquiterpenoids that are consistently induced by herbivores.
As evidenced by B-caryophyllene, these sesquiterpenoids play a
role in defence against the western corn rootworm by attracting
insect-killing nematodes (Degenhardt et al. 2009). Most
recently, Lackus et al. (2021) detected a TPS gene (PtTPS5)
induced in poplar roots during pathogen infection, which also
involves sequiterpenoids in the pathogen defence.

The patterns of terpenoids in the different tissues of tansy and
their different inducibility by simulated SAR encourage further
investigation of these patterns using functional genomics.
Expression analysis of TPS with GUS (B-glucuronidase) reporter
gene of Artemisia annua L., a species closely related to tansy, has
provided information on possible distribution of sesquiterpe-
noids in plant tissues (Wang ef al. 2013). The promoter activity
of B-caryophyllene synthase at different stages of flower develop-
ment was highest expression at full flowering. T-shaped tri-
chomes, leaf primordia and leaf ribs of older leaves also show
GUS staining, whereas there was no promoter activity in glandu-
lar cells. In roots, promoter activity was found in vascular tissue.
TPS, such as o-farnesene synthase, are expressed in roots,
flowers and leaves, but also in glandular cells. Other TPS show
different expression patterns and are absent in roots. This shows
that the metabolic atlas of terpenoid distribution in tansy pre-
sented here can probably be functionally explained by analysis of
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the very heterogeneous tissue-specific activity of the TPS. Since
it is not clear where terpenoids are localised in root and rhizome
tissues, as no storage structures in roots have yet been reported,
single cell metabolomics analyses might reveal specialised cell
types in tansy. For example, Li et al. (2024) showed that a cell
type-specific transcription factor regulates expression of two
idioblast-specific biosynthetic genes in the monoterpenoid
indole alkaloid (MIA) pathway of Catharanthus roseus L. (Mada-
gascar periwinkle), providing insights into cell type-specific met-
abolic regulation. Single cell metabolomics of phloem tissues
may be of particular importance, as phloem tissues are preferred
by aboveground feeding insects (Jakobs et al. 2018).

With the tansy genome available in draft form (personal
communication from Andrea Brautigam, University of Biele-
feld, Germany), the necessary prerequisites for a further study
have been created to understand the role of tissue-specific che-
modiversity and its inducibility in the interaction of tansy with
surrounding communities. With such a study it will also be
possible to functionally link terpenoid patterns to their role(s)
in interactions with aphid, ant and arthropod metacommu-
nities in general (Neuhaus-Harr et al. 2024; Ojeda-Prieto
et al. 2024; Rahimova et al. 2024).

CONCLUSIONS

The present study demonstrates that terpenoid profiles exhibit
significant variations in compound content and concentration
between plant tissues, including leaflets, leaf midribs, rhizomes,
coarse roots, and fine roots of tansy. These findings suggest that
tansy shoot and root tissues are subject to distinct challenges
imposed by contrasting abiotic and biotic factors, including
belowground root herbivores, microorganisms, and above-
ground insect populations. Furthermore, our findings indicate
that pipecolic acid application, mimicking SAR induction,
increases terpenoid levels in tansy tissues, suggesting enhanced
defence responses that are likely regulated by specific enzymes.
Our results highlight that the terpenoid diversity of tansy
extends beyond intraspecific differences between individuals,
but also occurs within individuals. Our study provides a foun-
dation for further investigations into how the environment
selects for chemical fingerprints in different plant tissues and,
subsequently, how this mediates plant-associated communities.
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