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Tansy plants (Tanacetum vulgare L.) exhibit high chemical variation, particularly in mono- and
sesquiterpenes that are stored in specialised glands on the plant surface. In the present work

we investigated the effects of terpene chemotypes on Metopeurum fuscoviride, an aphid species
specialised on tansy, and their tending ants, at the field scale. Previous studies have chemotyped
tansy by assessing dominant compounds; here we propose a method of chemotyping using all volatile
compounds that are likely emitted from the storage glands. The analysis is based on two extraction
methods: GC-MS analysis of leaf hexane extracts and SBSE analysis of headspace emissions. In an
initial screening we identified the subset of compounds present in both chemical patterns, labelled

as ‘compounds likely emitted from storage’. In a large field survey we could show that the putative
chemotypic emission pattern from storage pools significantly affected the early aphid colonisation of
tansy. Moreover, the statistical analyses revealed that minor compounds exerted a stronger influence
on aphid and tending-ant presence than dominant compounds. Overall we demonstrated that within
the enormous chemotypic variation of terpenes in tansy plants, chemical signatures of volatile terpenes
can be related to the occurrence of insects on individual plants in the field.

Plant secondary metabolites comprise extremely diverse groups of compounds that can be found across the plant
kingdom. These chemicals exhibit high levels of variation in form and abundance both across and within plant

. families, as well as species. Biogenic volatile organic compounds (VOCs) are natural compounds that have high

: vapour pressure/high volatility, and consist of a large range of structures'. Volatile compounds play an important
role in the relationship between plants and insects, and influence the interactions of many species?, including the
defence of plants against their herbivores. As plants are sessile organisms, they have had to develop several direct
and indirect defence mechanisms. Herbivores can be challenged by plants in several ways. These can include
so-called direct defences, e.g. the plant producing toxic compounds (e.g. cardenolides)? and digestibility reducers
(e.g. proteinase inhibitors)*, as well as making itself unsuitable for the herbivore’s survival or reproduction®. VOCs
can be involved in an indirect method of defence whereby plants utilise them as infochemicals to attract herbivore
enemies (which can be thought of as a ‘call for help’)®-®.

A major source of chemical variation in plants comes from terpenes (syn. terpenoids, isoprenoids) which con-
stitute a large class of plant secondary metabolites®. So far approximately 25,000 structures have been reported.
Terpenes are initially produced by terpene synthases, which are often able to produce multiple compounds from
single substrates!®!!. Subsequently these terpene backbones are modified in multiple ways, generating the large
number of chemical structures'2. Terpenes are known to be involved in both the direct and indirect defence
mechanisms of plants'®, and can be released from plants following disruption of reservoir glands, or by active syn-
thesis triggered by abiotic and biotic stress'* (Fig. 1). Many plant species possess reservoir glands in which they
store terpenes, for example: external secreting trichromes are found in the Lamiaceae'® and Solanaceae'® families,
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Figure 1. Schematic image of plant tissue in which terpenes and other VOCs are stored and/or synthesised.
All VOCs that are emitted from the leaf were analysed in headspace collections using the SBSE (stir bar sorptive
extraction) ‘twister’ method. The hexane extraction method includes lipophilic compounds that are stored in
specialised compartments. Compounds that are likely emitted from storage pools are found in the overlap of
compounds between the hexane and twister methods.

while conifers have internal resin canals and ducts in their needles'”. The metabolic mixtures of these stored ter-
penes are highly inter- and intraspecific, and can be used for the characterisation of species and phenotypes by
chemotyping'®. The terpene profile of a plant (chemotype) has been found to serve a number of ecological roles'
with respect to interactions among organisms. For example, a chemotype of the Australian tea tree (Melaleuca
alternifolia) containing high levels of terpinolene was consumed less by herbivores than a chemotype of this spe-
cies containing high levels of eucaliptol.

Tansy (Tanacetum vulgare L.; Asteraceae) is a well-known aromatic perennial herb that is native to Eurasia and
is an established invasive in North America. It is highly diverse in terpene content?'. Moreover, various abiotic
and biotic stressors have been shown to affect the VOC profile leading to differences between chemotypes®*?. So
far, few studies have investigated the distribution of tansy chemotypes on a small scale, but plant chemotypes are
known to vary considerably even within a single field site?>?4,

Tansy is colonised by several species of specialised aphids, the most common being the pink tansy aphid,
Metopeurum fuscoviride Stroyan (Aphididae), that is generally tended by ants®. These aphids exhibit a metapo-
pulation structure on tansy, with dispersal among plants limited to the few generations (or weeks) when winged
aphids are present?. The aphids interact with their tending ant species, with other specialised tansy aphid spe-
cies and the myriad of natural enemies to form a metacommunity. Previous work?**”?® has shown that tansy
chemotypes dominated by camphor, 3-thujone, artemisia ketone and borneol can influence the community of
associated invertebrates'®?. However, many of these studies classified the plants into chemotypes based on the
dominant terpenes, yet often it is the whole ‘blend’ of a plant’s emitted terpenes that has been found to influence
plant-insect interactions®. Tansy has both tectorial and glandular trichromes on its leaf surface®'. Mono- and
sesquiterpenes are stored in the oil reservoirs of the trichomes, while various classes of compounds (e.g. green leaf
volatiles (GLVs), benzenoids (BZs), sesquiterpenes (SQTs), monoterpenes (MTs)) can be induced through abiotic
and biotic stresses, i.e. herbivory. Compounds that are stored in these specialised structures are released either
by temperature-dependent evaporation or upon mechanical rupture of the glands. Stress-induced compounds
however, are formed by active biosynthesis and are immediately emitted. When not mechanically disrupted, the
volatile compounds accumulated and stored in the glands are only emitted at low rates. Differing vapour pres-
sures and chemical properties (for example Henry’s law constants) result in some compounds not able to diffuse
out from oil reservoirs under ambient conditions (i.e. not in extreme temperatures)*2. The compounds that are
constitutively emitted from glands of undamaged leaves are of ecological relevance as they form the volatile
chemotype ‘visible’ to passing herbivores and herbivore enemies. In turn, as a plant is colonised, herbivore feeding
leads to an increase in the release of volatiles and production of stress-induced compounds, resulting in a different
volatile blend than from a healthy plant®*-%.

The aim of the present work was to assess the chemotypic variation of tansy plants in a single field site (less
than 1km?) and determine chemotype-specific differences in stored and/or emitted volatiles, and how these dif-
ferences can influence aphid colonisation of the plants. As ant mutualists are known to be important for successful
aphid colonisation, we also aimed to explore whether or not plant compounds influenced the presence of two
aphid-tending ant species: Lasius niger and Myrmica rubra. From our data analysis we suggest that by excluding
stress-induced compounds from the emission spectrum the effects of different plant chemotypes on the associ-
ated invertebrate community can be determined.
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Figure 2. Compounds identified in the hexane and SBSE (stir bar sorptive extraction) VOC analysis
method. From 28 tansy plants, 22 compounds were identified in the metabolite pattern using both methods.
These overlap compounds were tentatively named the ‘likely emitted from storage’ chemotype. Twenty-four
compounds were identified in the hexane ‘stored compounds’ fraction alone, whereas 75 volatiles could be
identified exclusively in the headspace fraction alone. The Venn plot represents a visualisation of this.

Results
Comparison of VOC pattern in hexane extracts and headspace collections. The aim of this initial
experiment with 28 tansy plants was to comparatively analyse the spectrum of stored compounds and volatiles
released into the headspace. Volatile compounds emitted by the plant may originate from the storage glands on
the surface of the leaves, or can be synthesised in response to various stresses including herbivory, environmental
stressors, infection etc. (Fig. 1). Overall a total of 121 compounds could be identified by GC-MS analysis, which
were ordered to nine different chemical classes (Fig. 2). Forty-six compounds were detected in the hexane extrac-
tion of the 28 analysed plants, in contrast to the 97 compounds identified in the headspace of bagged plants, with
22 compounds being detected by both methods. Compounds found in the hexane extracts were mainly mono-
and sesquiterpenes. A much wider range of compound groups could be detected in the headspace, including
volatile benzenoids and products from the lipoxygenase pathway, as well as terpenes that are commonly induced
in response to biotic and abiotic stresses. The 22 compounds common to both the SBSE and hexane VOC anal-
ysis methods are compounds that are stored in the leaf but are also detectable in the emission profile of tansy, as
such, this group of compounds was named ‘likely emitted from storage’ (see Fig. 1). This group comprises several
common monoterpenes including sabinene, limonene and camphor, as well as sesquiterpenes including (E)-3
-caryophyllene and 3-cubebene. The compounds found only in the hexane profile were dubbed the ‘stored’ frac-
tion, as the majority of these compounds are constitutively stored and not emitted; the compounds found only in
the SBSE analysis were called ‘headspace only’ compounds.

Whereas only 28 plants in the field were analysed using the SBSE method, all plants in the field were assessed
using the hexane method. All compounds identified in the hexane extracts of all 176 plants were present in the
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Figure 3. Example of the variation in terpene concentration in three genotypes of three clonally
propagated, greenhouse-reared tansy plants (n=5, +=SD).

subset of plants analysed using the SBSE method, meaning that no compounds were excluded simply because
they were not present in the plants used for the headspace analysis.

Stability of the stored ‘terpene’ chemotype. To analyse the stability of the intrinsic compound pat-
tern in hexane extracts we propagated seven tansy plants in the greenhouse and analysed the concentration and
compound spectrum in five clonal plants of each genotype. The same compounds were detected among clones.
Globally, we observed a variation in the concentrations of individual terpenes of approximately 15% between
clones within a genotype, indicating that chemotypes of the 176 plants collected in the field can be assigned as,
allowing for technical and handling variation, there is a high level of chemical stability in each plant (Fig. 3).

Field survey of tansy chemotypes. Chemotype-level analysis. In the main experiment we analysed the
compound pattern in hexane extracts of 176 tansy plants growing on the field plot (Table S1). Using the intro-
duced classification from above (Fig. 2), i.e. dividing terpenes between ‘stored’ and ‘likely emitted from storage’
VOCs, we statistically classified the 176 plants into chemotype classes using compounds from the ‘likely emitted
from storage’ fraction. The plants clustered into four major classes (Fig. 4a,b). Three of the four groups were char-
acterised by particular dominant compounds (i.e. compounds that make up over 40% of the whole compound
profile), with class 1 dominated by a-thujone, class 2 by camphor, and class 3 by eucaliptol. Class 4 was character-
ised by a slight dominance (i.e. not clearly dominating the compound profile) of (Z)-3-terpineol, however overall
the plants in this class are represented by a mixture of compound concentrations (Fig. 4d).

Plants with similar chemotype profiles were not geographically clustered, instead plants with similar chem-
otype profiles were distributed randomly across the field site (chemical distance to geographic distance: Mantel
test, r=0.05, P=0.112, Fig. S2). In the tansy aphid life-cycle, the main dispersal period occurs at the end of
May/early June (early aphid colonisation) when winged morphs first appear and most plants are unoccupied,
i.e. aphids are free to choose among host plants?**®. Winged aphids are only produced for a few weeks, after
which new colonisations of empty plant patches occurs by walking unwinged aphids (late colonisation, from
late June). The early colonisation of pink tansy aphids varied across these four chemotype classes (X?=17.01,
df =3, P <0.001). In classes 1 and 2, 43-49% of the young plants were colonised by aphids whereas only 17%
of the plants in classes 3 and 4 were colonised (Fig. 4c). There was no effect of plant chemotype class on the new
colonisation of (still) empty plant patches at the end of the season, when colonisation almost exclusively occurs by
walking aphids (X?=5.77, df =3, P=0.124), or on the presence of either of the tending ant species before aphids
colonised the plants (Lasius niger: X?=3.24, df =3, P=0.356; Myrmica rubra: X>=3.06, df =3, P=0.382). When
the plants were clustered in the same way using the overall ‘stored’ terpenes rather than the terpenes ‘likely emit-
ted from storage, we observed no effect of chemotype groupings on any aphid or ant response variables (P > 0.05).

Compound-level analysis. Independent of the classification into chemotypes we performed a correlation anal-
ysis (Fig. S1), comparing the concentration of each terpene ‘likely emitted from storage’ to one other. The results
revealed several pairs of terpenes which showed a high correlation of concentrations among the 176 plants
(Fig. 5). Some obviously chemically related compounds correlated within a plant, for example a- terpinene
and ~-terpinene, which is an indication for a tightly linked biosynthesis. y-Terpinene concentrations were also
strongly correlated to the concentrations of a-thujene, a-terpinene and 4-terpineol, while camphene correlated
to L-camphor. Another cluster of highly correlated concentrations was (Z)-sabinene hydrate to (Z)-3-terpineol
and 4-terpineol. Among sesquiterpenes, (E)-dihydrocarvone was correlated to a-copaene, and 3-cubebene to
a-amorphene.

Aiming to understand the role of less-abundant terpenes in the odour profiles on the response variables, we
applied a Bayesian model averaging approach with each compound as its own explanatory variable. After con-
trolling for the effect of known covariates (i.e. plant size and accessibility from outside the field site) (Senft et al.,
unpublished data) we found that the ‘likely emitted from storage’ terpenes explained significant variation in all
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Figure 4. Results of chemotype clustering. (a) Hierarchical Cluster Analysis of ‘likely emitted from storage’
compound concentrations across 176 individual plants. Four main groups were identified and labelled
Chemotype Classes 1-4, (b) shows a Multidimensional Scaling Diagram (MDS) plot with two artificial

axes where each plant is placed as one point, with similar samples being plotted together, (c) shows that the
probability of early aphid colonisation is significantly higher (P < 0.001) on plants with chemotype classes 1 and
2, and (d) shows real examples of all 4 chemotype classes.

the variables. Those terpenes with the highest effect in the modelling were not the most dominant (Pearson cor-
relation: r=—0.055, P=0.811; Table S2). Further, compounds expressing a higher degree of variation among
the different plants did not have a stronger effect (r = —0.028, P =0.902; Table S2), indicating that the statistical
analysis we used is not biased toward retaining chemicals that are either most dominant or more variable in the
plant odour profiles.

Early aphid colonisation was more frequent on larger plants than on smaller plants and those that were more
accessible from outside the field, indicating immigration by winged aphids. Colonisation was strongly nega-
tively associated with 4-terpineol, and positively with a-thujone, (E)-dihydrocarvone, a-copaene and 3-cubebene
(Fig. 6a, Table S3a). After the main dispersal phase, late aphid colonisation (late June until August) was more
likely on less accessible plants, indicating within-field dispersal, and was strongly enhanced by the presence
of mutualistic ants (Lasius niger and Myrmica rubra) (Fig. 6b; Table S3b). Late aphid colonisation was posi-
tively associated with higher concentrations of o-thujene and ~-terpinene, but lower concentrations of sabinene
(Fig. 6b; Table S3b). Ant mutualists are important for the aphid colonisation of tansy plants, particularly after
the main dispersal phase, and the influence of plant terpenes on the presence of ants before aphid colonisation
varied among the two ant species (Fig. 6¢,d). In particular, L. niger, the ant species most beneficial for the aphids,
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Figure 5. Relationship between top eight correlated terpenes in the 176 tansy plants, indicating a tightly
linked biosynthesis. Panels (a), (b), (c) and (d) show the correlations between ~-terpinene and o-thujene,
~-terpinene and a-terpinene, camphene and L-camphor, and 3-cubebene and a-amorphene respectively.

was found most often on plants containing less (Z)-sabinene hydrate and camphene, but with more
(2)-B-terpineol and a-copaene (Fig. 6¢; Table S3¢), whereas M. rubra was found on plants with higher ~-terpinene
and (E)-B-caryophyllene, and lower a-terpinene and 4-terpineol contents (Fig. 6d; Table S3d).

The statistical analysis revealed that stored compounds not present in the putative odour profile had less effect
on the aphids and ants than the ones ‘likely emitted from storage’ (higher posterior probabilities were obtained
from the compounds ‘likely emitted from storage’ models than the stored compound models; Tables S4a-d).
Nevertheless we saw some weak statistical effects of stored compounds on the associated community. Early aphid
colonisation by the pink tansy aphid was negatively associated with the presence of a-terpinyl acetate (Table S4a),
whereas there was little effect of any other terpene on late plant colonisation; although there was a negative
association with unknown sesquiterpenes (Table S4b). Lasius niger ants were observed more often on tansy
plants with higher concentrations of germacrene B but lower concentrations of verbenyl acetate and berbenol
(Table S4c). Myrmica rubra ants were more often observed on plants with higher concentrations of bornyl acetate
and allo-aromadendrene, but lower content of a-cadinol (Table S4d).

Discussion

We showed that the ‘putative’ chemotypic emission profiles of individual tansy plants influence the colonisation
of aphids (Metopeurum fuscoviride) in the early part of the season, with almost half of the plants in classes 1
and 2 of our four chemotype classes being colonised by aphids, while less than a fifth were colonised in classes 3
and 4. Moreover, we could demonstrate that individual terpenes, particularly those which did not dominate the
chemical composition, influenced the presence of ants on the plants before aphids were present and subsequently
colonised the plants. Lastly, we were able to show that the profile of terpenes ‘likely emitted from storage’ is stable
across clonally propagated tansy plants, which means they are suitable for use in manipulation experiments to
further understand the role of constitutively expressed tansy chemotypes on the tansy-aphid-ant system.

While tansy is well known for its chemotypic variation®*, the methods used to analyse VOCs and to assign the
chemotypes vary greatly in the literature. Previous reports assessed tansy chemotypes by using essential oil analysis®,
analysing only a subset of potential compounds?, or by performing the analysis of terpenes after air-drying of
the samples?®. Therefore the literature information is incomplete, and further, due to the possible loss of com-
pounds either by dilution or inappropriate extraction of volatile compounds, the interpretation of the chemotypic
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Figure 6. Results of Bayesian Model Averaging analyses evaluating the effect of plant emitted compounds on
(a) early colonisation of aphids (during main dispersal phase), (b) late colonisation of pink tansy aphids (after
main dispersal phase), (c) presence of Lasius niger before aphid colonisation, and (d) presence of Myrmica rubra
before aphid colonisation. The width of each column is proportional to the model’s posterior probability, all
retained models have posterior probabilities within a factor of 1/20 of that of the best model. The proportion

of filled space is equivalent to the posterior effect probability of the explanatory variable, with blue indicating a
positive effect and red a negative effect. Full model details can be found in the Table S2a,b,c and d.

importance of tansy in plant-insect interactions is difficult. In the present work we chose to perform hexane
extractions using freshly shock frozen (into dry-ice immediately upon harvest) leaf material that was then stored
—80°C prior to extraction.

We were able to identify 46 compounds in the hexane extracts by GC-MS analysis according to database
searches, retention time indices, and comparison with authentic standards. By comparing these compounds to
volatile compounds collected in the headspace, we were able to identify those volatile terpenes that are stored
in the glands and are likely emitted - i.e. the ‘blend’ of a plant independent of abiotic/biotic stress induced com-
pounds such as GLVs, mono- (MTs) and sesquiterpenes (SQTs), and volatile benzenoids (BZs) (Fig. 1).
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In the field, tansy plants with similar chemotypes were not geographically clustered (Fig. S2), indicating that
each individual plant was indeed an individual genotype and not a vegetative clone. Previous studies show that
minor compounds can also have significant effects on plant-insect interactions®*, thus rather than assigning
chemotype by the most dominant compounds within the blend, we clustered plants into four classes based on
compound concentration*’. We included all detected compounds rather than limiting the analyses to only the few
dominant compounds found in the profile, as has been previously described?, to assess the effects of the whole
chemical profile rather than giving undue weight to dominant compounds.

The extraction by hexane includes all lipophilic compounds contained within the oil storage cavities and the
membranes of the leaf. By contrast, the analysis of headspace from bagged tansy includes all volatile compounds
that are emitted from these storage cavities as well compounds that are typically biosynthesised in the tissue prior
to being induced due to a variety of biotic and abiotic factors. We hypothesise that it is the compounds that are
present both constitutively in the leaf and volatile enough to be emitted to the atmosphere (i.e. the compounds
‘likely emitted from storage’) that influence the aphid’s choice in the tansy-aphid system. We thereby only took
into account these compounds that are part of the unstressed ‘constitutive’ emission bouquet, which are likely to
have an effect on specialists.

When chemotyped according to the terpenes ‘likely emitted from storage’ we found that the chemotypic pat-
tern of the plants had a significant effect on aphid colonisation at the beginning of the season. We disregarded
the ‘headspace only compounds’ as they are ubiquitous across plant species and we are looking at aphid coloni-
zation of uncolonized or freshly colonized plants, for which the elicited profile may be more variable and less
informative.

Some of the constitutively stored compounds are semi-volatile with higher boiling points and low Henry’s law
constants (for example borneol, with a boiling point of and 213 °C and a Henry’s law constant of 6.70E-06 Pa m?
mol~'*!), and are not volatile enough to be emitted from undisturbed tissue to the atmosphere. Similarly to the
compounds found only in the headspace (see Fig. 1), we disregarded these compounds from our analysis as they
do not contribute to the distinguishing emission profile. This restriction was statistically justified since when
chemotyped using all compounds detected in the hexane fraction we observed no effect of chemotype on any
aphid or ant response variable (P > 0.05).

During the main dispersal event (late May/early June) winged aphids may move among host-plants before
deciding which plant to settle on and colonise*. It is likely that the constitutive emission would be most useful
for orientation during this period, particularly since winged aphids have more developed sensory systems than
unwinged aphids®. If aphids display a particular preference for certain terpene chemotypes then it is reasonable
to assume that these chemotypes would be of most benefit to the aphids when they are able to move between
plants in search of an acceptable (in terms of nutrient supply, low toxicity, etc.) plant. Early aphid colonisation was
positively influenced by the monoterpenes a-thujone and (E)-dihydrocarvone, and the sesquiterpenes a-copaene
and 3-cubebene, and strongly negatively influenced by the monoterpene 4-terpineol. After this main dispersal
phase unwinged aphids can still move, but much smaller distances than the winged aphids, and thus new colo-
nisations are more likely on plants close to those already occupied by aphids (Senft et al., unpublished data), and
then plant chemotype ceases to have an effect on aphid plant selection. Indeed, these aphids have been shown in
experimental situations to also preferentially colonise plants already occupied or previously infested with conspe-
cifics, thus strengthening population structuring across different plant chemotypes*:. Alternatively, host-choice
by aphids may be driven by a selective early extinction scenario, whereby aphid colonies can only survive on cer-
tain plants (with some chemotypes conferring low growth rate and/or high predation). As we have seen, the over-
all terpene chemotype also did not have an effect on either of the ant species, whereas individual terpenes could
be associated with ant presence. The beneficial ant species L. niger was found more often on plants with higher
contents of (Z)-3-terpineol and a-copaene, and lower (Z)-sabinene hydrate and camphene concentrations. While
chemotype only had an effect on aphids early in the season (May to June), some individual terpenes explained
significant variation in all our variables. This potentially suggests there is even finer-scaled population structuring
than the level at which we have analysed here.

Less abundant compounds within an odour profile are rarely investigated*, and we did not expect to find that
within a plant VOC blend the volatile compounds with the highest effect on aphids were not the most dominant
ones. However this is unsurprising as insects have highly sensitive olfactory systems, and non-dominant com-
pounds may act as cues to herbivore enemies*®.

To determine if the ‘likely emitted from storage’ chemotype is of statistical relevance in other species, we rec-
ommend testing the method of chemotyping outlined in this paper using other aromatic plants in future work.

Previous findings by other groups report that one or two compounds/terpenes dominate the odour pro-
file of tansy, with chemotypes being assigned to these compounds. The method of air-drying plant material in
order to analyse terpene content, that has been used by other groups'®?, is not optimal as many volatile com-
pounds are lost during the drying process. Another method that has been used to analyse tansy terpenes is
hydro-distillation?*, however this was also performed on air-dried plant material. While essential oil analysis
could give a complex and thorough overview of tansy terpenes it is not practical to measure large numbers of
plants. Hexane extraction using freshly frozen harvested material reduces the likelihood that more volatile terpe-
nes are lost during sample preparation. Hexane extraction also allows all lipophilic compounds within glands and
membranes to be identified and quantified, thus enabling an analysis with all non-dominant as well as dominant
compounds.

To further understand the effect of plant chemotype on the tansy system, it is imperative to have replicate
plants, with the same terpene chemotype, that can be used in manipulated experiments. It has been shown in
kava (Piper methysticum Forst. F) that variation in kavalactone composition (according to which chemotype was
assigned) is very low, and that chemotype remains consistent with clones of the same cultivar®’. Here we confirm
that tansy terpene profiles remain homogenous among daughter clones. This shows that one can split a mother
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plant into daughter clones that can be used as replicates in future laboratory experiments. Tansy is particularly
suitable for this, as it exhibits rhizome growth and therefore we experienced only rare instances of daughter plants
not establishing after plants were split.

Opverall, we could demonstrate that when chemotyped according to the compounds ‘likely emitted from stor-
age, the chemical composition of terpenes had an effect on the early colonisation of tansy by aphids during the
main dispersal event under field conditions. The differential effect of plant compounds on the two ant species also
indicated the potential role of plant chemotype in mediating the interaction between aphids and their mutualistic
ants in this metacommunity system. Our work shows that it is not the most dominant compound within a blend
that has an effect on aphid colonisation, but rather those less abundant in the plants and thus less often studied
in ecological systems. This study furthers our knowledge in the field of chemical ecology by presenting a new
method of chemotyping plants, and demonstrating that this new method yields significant results in Tanacetum
vulgare.

Materials and Methods

Study species and system. Tansy (Tanacetum vulgare L.) plants were sampled from a field site which is sit-
uated north of Freising, Germany. The samplings were performed in July 2013 (for head space analysis) and 2014
(for hexane extraction). All tansy plants were distinguishable from one another and treated as individual ‘islands’
A field survey was conducted in 2014 (Senft et al., unpublished data), with every plant visited once per week from
May until October collecting data, by counting, on the total number of Metopeurum fuscoviride aphids, the pres-
ence of Lasius niger and Myrmica rubra. A plant was considered as colonised by aphids when at least one aphid
was observed feeding on the plant, the maximum number of aphids counted in one single week on one plant was
662. Plant location (GPS coordinates) and size at the middle of the season were also recorded.

Hexane extraction of terpenes and GC-MS analysis. In the 2014 experiment fresh leaves were cut and
immediately frozen on dry ice. In the laboratory the frozen leaf samples were ground into a powder and stored
at —80°C until extraction. One ml hexane was added to approximately 500 mg frozen leaf powder, the sample
was then vortexed and stored at 4 °C for 24 hours. Amber glass, 1.5 ml screw-top vials with silicone/PTFE septum
lids were used to reduce loss of volatiles to the headspace. After 24 hours, 500 ul of the liquid extract was removed
and stored at 4 °C. 500 pl hexane was added to the leaf material, which was then vortexed and stored at 4°C for
24 hours. 500 pl of the liquid extract was again removed and combined with the previously collected extract.
One pl of sample was injected into an empty glass cartridge containing a glass micro-vial that was placed on the
autosampler of the gas chromatography mass-spectrometer (GC-MS) system. The samples were desorbed from
35°C to 240°C at a rate of 120 °C min~! with holding for 2 min in the thermo-desorption unit (TDU, Gerstel,
Miilheim an der Ruhr, Germany) coupled to a GC-MS (GC type: 7890A, MS type: 5975C inert XL MSD with
a triple axis detector, both from Agilent Technologies (Palo Alto, CA, USA) using a 5% phenyl 95% dimethyl
arylene siloxane capillary column (60 m x 250 um x 0.25pum DB-5MS + 10 m DG, Agilent Technologies). After
initial volatilisation the compounds were refocused on a Tenax liner at —50 °C, then desorbed to 250° at rate
of 12°Cmin~". Samples were analysed splitlessly at a constant flow rate of He of 1 mlmin~! and a temperature
program of 40 °C for 0 min, followed by a ramping at 10°Cmin™! to 150 °C, then 80°Cmin~! to 175 °C, then
5°Cmin~! to 190°C, then 80°Cmin™" to 250°C, then 100 °Cmin™" to 300 °C and holding for 6 min.

Headspace collection of VOCs and GC-MS analysis. In the 2013 experiment VOCs were collected
from the headspace of plants in the field using the SBSE (stir bar sorptive extraction) method based on non-polar
polydimethylsiloxane coated stir bars (Twister, film thickness 0.5 mm, length 10 mm, Gerstel, Miilheim an der
Ruhr, Germany).

In the SBSE method VOCs were collected by exposing each twister in the headspace of undamaged leaves
enclosed in transparent bags (40 cm length x 31 cm diameter; Toppits® Bratschlauch, Melitta Group, Minden,
Germany, PET film, secured at each end) for 3 hours during the day (24.07.2013: sampling time 1000-1600;
temperature range 22.7-29.9 °C; Humidity ~60%; no precipitation; from public available data of a weather station
at N 48°24/32/, E 11°43/20’ provided by the Bavarian State Research Centre for Agriculture). VOC samples were
analysed using the same GC-MS system and column as described above. The temperature program of the GC
was set as 40 °C for 2 min, followed by ramping at 6 °Cmin " to 80 °C for 3 min, then 3.4°Cmin~! to 170°C, then
12°Cmin~! to 300 °C holding for 4 min.

Identification and quantification of all VOCs was performed by comparing the obtained mass spectra with
those of commercially available standards (Sigma-Aldrich, Taufkirchen, Germany) or NIST 05 and Wiley library
spectra, and the Kovats retention index library*.

Stability of the intrinsic ‘terpene’ chemotype. In 2013 we propagated seven different tansy genotypes
in the greenhouse and assessed both the composition and concentration of the compounds present in the spec-
trum of three clonal plants of each genotype. Leaf hexane extraction and GC-MS analysis were performed as
described in the methods above.

Statistical models. We tested the effect of plant location on plant chemical profile using a Mantel test, cor-
relating matrices of chemical similarity against geographic distance across each pairwise combination of plants in
the field. Plants were clustered into four chemotype classes in pvclust() in R* using the Ward.D2 method, corre-
lation distance method and 10000 bootstrap replications. We used generalised linear models with binomial error
distribution to test the effect of these chemotype classes on early aphid colonisation during the main dispersal
phase with winged aphids present (up to week 25, 16" June) and late aphid colonisation after the main dispersal
phase with fewer winged aphids present (after week 25). We also used the same method to test for the effect of
chemotype classes on the presence of aphid-tending ants (L. niger and M. rubra) before aphids colonised the
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plant, in order to disentangle effects of aphid-tending. For this we used the cbind() function in R to combine the
number of times ants were present on the plant before aphid colonisation, with the total number of observations.
This accounts for variation among aphid colonisation dates.

To test the influence of plant emitted compounds on the associated invertebrate community we used Bayesian
Model Averaging (BMA) using the function bic.glm (for binomial models, presence absence data) as imple-
mented in the R package BMA*’. BMA provides a method through which to account for correlation among
variables and the uncertainty associated with model choice through order effects, and is preferable compared to
other methods used such as stepwise regression parameters as it accounts for uncertainty in both model selec-
tion and parameter estimates simultaneously. In BMA, multiple models are run and only those retained have
posterior probabilities (that the coefficient for each predictor does not equal 0) within a factor of 1/20 of that of
the best model (Occam’s window), following the methods used in ref. 51. For each explanatory variable, the pos-
terior effect probability (PEP) is then equivalent to the proportion of models in which the variable was retained.
When two chemicals were correlated, only one would be retained in any model. We used the information from
the top five models to infer those compounds that are explaining the greatest amount of variation among our
response variables. Our response variables were the same as used to test for the effect of the chemotype classes
(i.e. early aphid colonisation, late aphid colonisation, presence of L. niger and M. rubra before aphid colonisation).
Additional covariates used in all models were plant size and plant accessibility. The accessibility is defined as the
proportion of a plant that is not surrounded by other tansy plants and ranges from 0-360 degrees; a plant with
an accessibility of 0 is completely surrounded by tansy plants (low accessibility) and a plant with the accessibility
of 360 is not surrounded at all (high accessibility) (Senft et al., unpublished data)). For the aphid models, we also
included a covariate of ant presence before aphid colonisation. We assessed the robustness of this analysis method
by correlating the total amount of influence of each chemical variables (sum of PEP values) firstly to the total
concentration of the chemical (to test for the influence of dominance) and then also to the variance in chemical
concentrations (to test for the influence of highly variable chemicals). These analyses were all run using R v.3.2.0%
and RStudio v.0.98.977%3.

References

1. Pichersky, E., Noel, J. P. & Dudareva, N. Biosynthesis of plant volatiles: nature’s diversity and ingenuity. Science 311, 808-811, doi:
10.1126/science.1118510 (2006).

2. Paré, P. W. & Tumlinson, J. H. Plant volatiles as a defense against insect herbivores. Plant physiology 121, 325-332, doi: 10.1104/
pp.121.2.325 (1999).

3. Agrawal, A. A, Petschenka, G., Bingham, R. A., Weber, M. G. & Rasmann, S. Toxic cardenolides: chemical ecology and coevolution
of specialized plant-herbivore interactions. New Phytologist 194, 28-45, doi: 10.1111/j.1469-8137.2011.04049.x (2012).

4. Baldwin, T. I. & Preston, A. C. The eco-physiological complexity of plant responses to insect herbivores. Planta 208, 137-145, doi:
10.1007/s004250050543 (1999).

5. Boege, K. & Marquis, R. J. Facing herbivory as you grow up: the ontogeny of resistance in plants. Trends in Ecology & Evolution 20,
441-448, doi: 10.1016/j.tree.2005.05.001 (2005).

6. Halitschke, R,, Stenberg, J. A., Kessler, D., Kessler, A. & Baldwin, I. T. Shared signals —‘alarm calls’ from plants increase apparency to
herbivores and their enemies in nature. Ecology Letters 11, 24-34, doi: 10.1111/j.1461-0248.2007.01123.x (2008).

7. Baldwin, I. T., Halitschke, R., Kessler, A. & Schittko, U. Merging molecular and ecological approaches in plant-insect interactions.
Current Opinion in Plant Biology 4, 351-358, doi: 10.1016/51369-5266(00)00184-9 (2001).

8. Degenhardt, J., Gershenzon, ., Baldwin, I. T. & Kessler, A. Attracting friends to feast on foes: engineering terpene emission to make
crop plants more attractive to herbivore enemies. Current Opinion in Biotechnology 14, 169-176, doi: 10.1016/S0958-1669(03)00025-
9 (2003).

9. Gershenzon, J. & Dudareva, N. The function of terpene natural products in the natural world. Nat Chem Biol 3, 408-414 (2007).

10. Pazouki, L., Memari, H. R., Kannaste, A., Bichele, R. & Niinemets, U. Germacrene A synthase in yarrow (Achillea millefolium) is an
enzyme with mixed substrate specificity: gene cloning, functional characterization and expression analysis. Front Plant Sci 6, 111,
doi: 10.3389/fpls.2015.00111 (2015).

11. Davidovich-Rikanati, R. et al. Overexpression of the lemon basil alpha-zingiberene synthase gene increases both mono- and
sesquiterpene contents in tomato fruit. Plant J 56, 228-238, doi: 10.1111/j.1365-313X.2008.03599.x (2008).

12. Starks, C. M., Back, K., Chappell, J. & Noel, J. P. Structural basis for cyclic terpene biosynthesis by tobacco 5-epi-aristolochene
synthase. Science 277, 1815-1820, doi: 10.1126/science.277.5333.1815 (1997).

13. Dudareva, N, Pichersky, E. & Gershenzon, J. Biochemistry of plant volatiles. Plant physiology 135, 1893-1902, doi: 10.1104/
Pp.104.049981 (2004).

14. Loreto, F. & Schnitzler, J.-P. Abiotic stresses and induced BVOCs. Trends in Plant Science 15, 154-166, doi: 10.1016/j.
tplants.2009.12.006 (2010).

15. Huang, S. S., Kirchoff, B. K. & Liao, J. P. The capitate and peltate glandular trichomes of Lavandula pinnata L. (Lamiaceae):
histochemistry, ultrastructure, and secretionl. The Journal of the Torrey Botanical Society 135, 155-167, doi: 10.3159/07-ra-045.1
(2008).

16. Guo, Z. & Wagner, G. ]. Biosynthesis of labdenediol and sclareol in cell-free extracts from trichomes of Nicotiana glutinosa. Planta
197, 627-632, doi: 10.1007/bf00191570 (1995).

17. Martin, D., Tholl, D., Gershenzon, J. & Bohlmann, J. Methyl jasmonate induces traumatic resin ducts, terpenoid resin biosynthesis,
and terpenoid accumulation in developing xylem of Norway spruce stems. Plant physiology 129, 1003-1018, doi: 10.1104/pp.011001
(2002).

18. Kleine, S. & Miiller, C. Intraspecific plant chemical diversity and its relation to herbivory. Oecologia 166, 175-186, doi: 10.1007/
$00442-010-1827-6 (2011).

19. Tholl, D. et al. Practical approaches to plant volatile analysis. Plant ] 45, 540-560, doi: 10.1111/j.1365-313X.2005.02612.x (2006).

20. Bustos-Segura, C., Kiilheim, C. & Foley, W. Effects of terpene chemotypes of Melaleuca alternifolia on two specialist leaf beetles and
susceptibility to myrtle rust. Journal of Chemical Ecology 41, 937-947, doi: 10.1007/s10886-015-0628-0 (2015).

21. Wolf, V. C., Gassmann, A., Clasen, B. M., Smith, A. G. & Miiller, C. Genetic and chemical variation of Tanacetum vulgare in plants
of native and invasive origin. Biological Control 61, 240-245, doi: 10.1016/j.biocontrol.2012.01.009 (2012).

22. Keskitalo, M., Pehu, E. & Simon, J. E. Variation in volatile compounds from tansy (Tanacetum vulgare L.) related to genetic and
morphological differences of genotypes. Biochemical Systematics and Ecology 29, 267-285, doi: 10.1016/S0305-1978(00)00056-9
(2001).

23. Holopainen, J. K. & Gershenzon, J. Multiple stress factors and the emission of plant VOCs. Trends in Plant Science 15, 176-184, doi:
http://dx.doi.org/10.1016/j.tplants.2010.01.006 (2010).

SCIENTIFICREPORTS | 6:38087 | DOI: 10.1038/srep38087 10



www.nature.com/scientificreports/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Rohloff, J., Mordal, R. & Dragland, S. Chemotypical variation of tansy (Tanacetum vulgare L.) from 40 different locations in Norway.
Journal of Agricultural and Food Chemistry 52, 17421748, doi: 10.1021/jf0352430 (2004).

Flatt, T. & Weisser, W. W. The effects of mutualistic ants on aphid life history traits. Ecology 81, 3522-3529, doi:
10.1890/0012-9658(2000)081[3522: TEOMAO]2.0.CO;2 (2000).

Mehrparvar, M., Zytynska, S. E. & Weisser, W. W. Multiple cues for winged morph production in an aphid metacommunity. PLoS
ONE 8, €58323, doi: 10.1371/journal.pone.0058323 (2013).

Benedek, K. et al. Chemotype of tansy (Tanacetum vulgare L.) determines aphid genotype and its associated predator system.
Biological Journal of the Linnean Society 114, 709-719 (2015).

Wolf, V. C,, Berger, U., Gassmann, A. & Miiller, C. High chemical diversity of a plant species is accompanied by increased chemical
defence in invasive populations. Biological Invasions 13, 2091-2102, doi: 10.1007/s10530-011-0028-5 (2011).

Balint, J. et al. Intraspecific differences in plant chemotype determine the structure of arthropod food webs. Oecologia 180, 797-807,
doi: 10.1007/s00442-015-3508-y (2016).

Bruce, T.J. A. & Pickett, J. A. Perception of plant volatile blends by herbivorous insects - Finding the right mix. Phytochemistry 72,
1605-1611, doi: 10.1016/j.phytochem.2011.04.011 (2011).

Guerreiro, K. et al. Pharmacobotanical analysis of leaf and stem of Tanacetum vulgare (L.). Revista Brasileira de Plantas Medicinais
18, 89-95 (2016).

Niinemets, U., Loreto, F. & Reichstein, M. Physiological and physicochemical controls on foliar volatile organic compound
emissions. Trends in Plant Science 9, 180-186, doi: 10.1016/j.tplants.2004.02.006 (2004).

Dicke, M. & van Loon, J. J. A. Multitrophic effects of herbivore-induced plant volatiles in an evolutionary context. Entomologia
Experimentalis et Applicata 97, 237-249, doi: 10.1046/j.1570-7458.2000.00736.x (2000).

Unsicker, S. B., Kunert, G. & Gershenzon, J. Protective perfumes: the role of vegetative volatiles in plant defense against herbivores.
Current Opinion in Plant Biology 12, 479-485, doi: 10.1016/j.pbi.2009.04.001 (2009).

Pare, P. W. & Tumlinson, J. H. De novo biosynthesis of volatiles induced by insect herbivory in cotton plants. Plant physiology 114,
1161-1167, doi: 10.1104/pp.114.4.1161 (1997).

Weisser, W. W. Metapopulation dynamics in an aphid-parasitoid system. Entomologia Experimentalis et Applicata 97, 83-92, doi:
10.1046/.1570-7458.2000.00719.x (2000).

Hendriks, H., Van Der Elst, D., Van Putten, F. & Bos, R. The essential oil of Dutch Tansy (Tanacetum vulgare L.). Journal of Essential
Oil Research 2, 155-162 (1990).

Clavijo McCormick, A., Unsicker, S. B. & Gershenzon, J. The specificity of herbivore-induced plant volatiles in attracting herbivore
enemies. Trends in Plant Science 17, 303-310, doi: 10.1016/j.tplants.2012.03.012 (2012).

Clavijo Mccormick, A., Gershenzon, J. & Unsicker, S. B. Little peaks with big effects: establishing the role of minor plant volatiles in
plant-insect interactions. Plant, Cell & Environment 37, 1836-1844, doi: 10.1111/pce.12357 (2014).

Keszei, A., Hassan, Y. & Foley, W. J. A biochemical interpretation of terpene chemotypes in Melaleuca alternifolia. Journal of chemical
ecology 36, 652-661 (2010).

Copolovici, L. & Niinemets, U. Temperature dependencies of Henry’s law constants for different plant sesquiterpenes. Chemosphere
138, 751-757, doi: 10.1016/j.chemosphere.2015.07.075 (2015).

Powell, G., Tosh, C. R. & Hardie, J. Host plant selection by aphids: behavioral, evolutionary, and applied perspectives. Annu Rev
Entomol 51, 309-330, doi: 10.1146/annurev.ento.51.110104.151107 (2006).

Braendle, C., Davis, G. K., Brisson, J. A. & Stern, D. L. Wing dimorphism in aphids. Heredity 97, 192-199, doi: 10.1038/sj.
hdy.6800863 (2006).

Mehrparvar, M., Mansouri, S. M. & Weisser, W. W. Mechanisms of species-sorting: effect of habitat occupancy on aphids’ host plant
selection. Ecological Entomology 39, 281-289, doi: 10.1111/een.12096 (2014).

Clavijo Mccormick, A. et al. Herbivore-induced volatile emission in black poplar: regulation and role in attracting herbivore
enemies. Plant, Cell & Environment 37, 1909-1923, doi: 10.1111/pce.12287 (2014).

Kessler, A. & Heil, M. The multiple faces of indirect defences and their agents of natural selection. Functional Ecology 25, 348-357,
doi: 10.1111/j.1365-2435.2010.01818.x (2011).

Lebot, V. & Levesque, J. Genetic control of kavalactone chemotypes in Piper methysticum cultivars. Phytochemistry 43, 397-403, doi:
10.1016/0031-9422(96)00209-9 (1996).

van Den Dool, H. & Dec. Kratz, P. A generalization of the retention index system including linear temperature programmed gas—
liquid partition chromatography. Journal of Chromatography A 11, 463-471, doi: 10.1016/S0021-9673(01)80947-X (1963).

Suzuki, R., Shimodaira, H., Suzuki, M. R. & Suggests, M. Package ‘pvclust’. (2015).

BMA: Bayesian Model Averaging (http://CRAN.R-project.org/package=BMA, R package version 3.18.6., 2015).

Peters, M. K., Likare, S. & Kraemer, M. Effects of habitat fragmentation and degradation on flocks of african ant-following birds.
Ecological Applications 18, 847-858, doi: 10.1890/07-1295.1 (2008).

R: A language and environment for statistical computing. (R Foundation for Statistical Computing, Vienna, Austria, 2015).
RStudio: Integrated Development for R. (RStudio, Inc., Boston, MA, 2015).

Acknowledgements

The authors wish to thank Kerstin Koch and Andrea Ghirardo for technical support during VOC analysis.
The study was financially supported by the German Science Foundation (DFG grants SCHN 653/7-1 and WE
3080/25-1).

Author Contributions

M.V.C, S.EZ., M.S., WW.W,, and J.P.S. designed the study. M.V.C., S.E.Z., and M.S. performed the experiments
together. M.V.C. and M.S. did the sampling and M.V.C. performed GC-MS identification and quantification. M.S.
analysed the invertebrate community. S.E.Z. performed the statistical modelling. M.V.C. and S.E.Z. wrote the first
draft of the manuscript and prepared the figures. All authors contributed to interpretation of the findings and
edited and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Clancy, M. V. et al. Chemotypic variation in terpenes emitted from storage pools
influences early aphid colonisation on tansy. Sci. Rep. 6, 38087; doi: 10.1038/srep38087 (2016).

SCIENTIFICREPORTS | 6:38087 | DOI: 10.1038/srep38087 11


http://CRAN.R-project.org/package=BMA
http://www.nature.com/srep

www.nature.com/scientificreports/

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

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

ol oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38087 | DOI: 10.1038/srep38087 12


http://creativecommons.org/licenses/by/4.0/

	Chemotypic variation in terpenes emitted from storage pools influences early aphid colonisation on tansy
	Introduction
	Results
	Comparison of VOC pattern in hexane extracts and headspace collections
	Stability of the stored ‘terpene’ chemotype
	Field survey of tansy chemotypes
	Chemotype-level analysis
	Compound-level analysis


	Discussion
	Materials and Methods
	Study species and system
	Hexane extraction of terpenes and GC-MS analysis
	Headspace collection of VOCs and GC-MS analysis
	Stability of the intrinsic ‘terpene’ chemotype
	Statistical models

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Chemotypic variation in terpenes emitted from storage pools influences early aphid colonisation on tansy
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38087
            
         
          
             
                Mary V. Clancy
                Sharon E. Zytynska
                Matthias Senft
                Wolfgang W. Weisser
                Jörg-Peter Schnitzler
            
         
          doi:10.1038/srep38087
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38087
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38087
            
         
      
       
          
          
          
             
                doi:10.1038/srep38087
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38087
            
         
          
          
      
       
       
          True
      
   




