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The spurge hawkmoth Hyles euphorbiae (Lepidoptera, Sphingidae) is an insect
herbivore feeding exclusively on spurges (Euphorbia). These are toxic due to their
secondary metabolites including diterpene esters with numerous harmful
biological activities, preventing their use by most herbivores. Extracts of frass
from H. euphorbiae and of its main larval food plant in Central Europe, the
cypress spurge (Euphorbia cyparissias L.), were analyzed via liquid
chromatography using a triple-quadrupole (MS/MS) and a high-resolution—
quadrupole time-of-flight mass spectrometer (QTOF-MS). We report for the
first time the finding of the tigliane (phorbol ester) phorbol-13-acetate and two
12-O-tetradecanoylphorbol-13-acetate (TPA) isomers of unknown structure
(compounds 2 and 3) in E. cyparissias. Our data support the assignment of
these two compounds as tiglianes and are therefore referred to by us as “putative
tiglianes”. Additionally, the distribution of the three reported compounds within
the plant parts (leaves, stem and root) was analyzed to gain first insights into the
metabolite conditions H. euphorbiae copes with in nature. Phorbol-13-acetate
was detected in the plant’s root only, while the other compounds were observed
in all three plant parts, although in different distributions. Moreover, our results
indicate that the occurrence of compound 3 rises upon larval feeding. Finally, the
presence of the plant-derived putative tiglianes in frass from E. cyparissias leaves
feeding larvae is confirmed, corroborating the close plant—herbivore interaction.
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Introduction

The spurge hawkmoth species Hyles euphorbiae (Lepidoptera:
Sphingidae) is well known for its big and aposematic larvae.
Whereas the moths are inconspicuous, the larvae are brightly
colored in yellow, green, orange, and red with patches of black
and oval subdorsal spots of white on every segment (Hundsdoerfer
etal., 2011). In organismic interactions, such aposematism has been
developed to protect prey from predators, signaling that they are
toxic upon ingestion. The larvae feed on several spurge species
(Euphorbia, Euphorbiaceae), whereby they utilize cypress spurge
(Euphorbia cyparissias L.) as their main food plant in Central
Europe (personal observation AKH). E. cyparissias is a small
perennial plant with narrow leaves, which is common in a wide
range of habitats in Europe but also occurs in other regions such as
North America (Ott and Hecker, 1981; Lanzotti et al.,, 2015). One
specific characteristic of this and other Euphorbia species is milky
sap or latex (e.g., Metcalfe, 1967), usually leaking from latex vessels
upon damaging the plant (Stankovic and Zlatic, 2014). Plant latex is
known to be a source of diterpenes (Harborne and Held, 1995),
which, in the case of Euphorbia plants, were reported to exhibit
numerous harmful biological activities including tumor-promoting,
cytotoxic, and skin irritant (Shi et al., 2008). Consequently,
Euphorbia diterpene esters from several spurges have been shown
to exhibit molluscicidal and anti-feedant properties (e.g., E.
paralias; Abdelgaleil et al,, 2002) and those of Jatropha curcas
(Euphorbiaceae; Wink et al., 1997) were shown to exhibit
insecticidal activities against several species of, e.g., moths,
butterflies, and aphids. There are only a few other herbivores that
feed on Euphorbia species in Central Europe (Manojlovic and
Keresi, 1997; personal observation AKH), indicating the
effectiveness of their chemical defense against herbivores. A very
biologically active diterpene found in spurges is 12-O-
tetradecanoylphorbol-13-acetate Figure 1B), which was first
described in croton oil (Croton tiglium, Euphorbiaceae, Hecker,
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1968a and Hecker, 1968b) and is the oil’s most irritant and co-
carcinogenic compound. TPA is known to strongly activate protein
kinase C (PKC; Nishizuka, 1984), which takes a central role in
essential intracellular pathways (e.g., Nakamura and Nishizuka,
1994; Ojani et al., 2016).

An isomer of TPA was reported in E. cyparissias (Ott and
Hecker, 1981; see below), which is fed on by H. euphorbiae larvae,
despite its toxicity. The food plant’s milky latex was also reported to
be irritant to humans (Asilian and Faghihi, 2004). Contrary to the
expectation induced by the larval aposematic coloration (Marsh
et al.,, 1984), they do not sequester the toxins from their food plants
for chemical protection against predators (Hundsdoerfer et al,
2005). Hundsdoerfer et al. (2005, 2019) studied the sensitivity of
Hyles larvae to TPA and postulated that the ability to detoxify this
substance represents a plesiomorphic character state in the
phylogeny of the genus. Indeed, the study revealed modulated
levels of TPA sensitivity depending on the organismic
interactions of the species and their food plants in their natural
environment. The study demonstrated highest sensitivity to TPA in
species that do not use Euphorbia as food plants. Hyles species that
include Euphorbia in their food plant spectrum, either as specialists
or as part of a polyphagous feeding strategy, showed lowest
mortalities and thus insensitivity to TPA. To date, it is not known
how H. euphorbiae detoxifies TPA and toxic plant diterpenes. To
pave the way for further understanding of their ecological strategy,
we are highly interested in the diterpene compounds that
H. euphorbiae encounter in their food plant.

A broad number of reviews was published in recent years about
diterpenes occurring in the Euphorbiaceae family in general and the
Euphorbia genus in particular (Shi et al., 2008; Vasas and
Hohmann, 2014; Wang et al., 2015; Xu et al., 2021). One purpose
of many studies was not only the interest in natural products for
drug discovery, but also the protection of human health against
their co-carcinogenicity (Hecker, 1977; Goel et al., 2007; Vasas et al.,
2012). Although E. cyparissias was reported to be a diterpene-rich

g

Ingenane

Jatrophane

Phorbol

(A) Main structure skeletons of diterpenes from E cyparissias. (B) Representatives of tiglianes: TPA, phorbol-13-acetate, and their parent alcohol phorbol.
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species (Vasas and Hohmann, 2014; Ernst et al,, 2019), only a
limited number of studies elucidated specific diterpene compounds
in this species. The latest report published isolated two diterpenes
based on a jatrophane skeleton, named cyparissins A and B
(Lanzotti et al,, 2015) from the plant. Before, Ott and Hecker
described diterpenes of the ingenol type in E. cyparissias root
extract (Hecker, 1977; Ott and Hecker, 1981), namely, diesters of
13-hydroxyingenol and triesters of 13, 19-dihydroxyingenol, which
were named by them Euphorbia factors (e.g., Cys, Cy11, and Cy1y).
The compound Cy;; (3-O-(2,3-dimethylbutyryl)-13-O-iso-
decanoyl-13-hydroxyingenol) was described to be at least as
active as TPA and as a structural TPA-isomer but was not
disclosed as the same substance (Ott and Hecker, 1981). To our
knowledge, this was the first and, to date, the only evidence of a
TPA-related compound in E. cyparissias, and therefore, our only
basis for the assumption that H. euphorbiae is faced with a
compound similar to TPA in nature. Nevertheless, the data in
that study show that Cy;; is an ingenane and thus of a clearly
different chemical structure than TPA (tigliane), since ingenanes
and tiglianes are two diterpenoid classes, which are characterized by
unique structural skeletons (Figure 1A).

The tiglianes are based on a 5/7/6/3-tetracyclic ring system
consisting of five methyl, five methylene, and nine methine groups,
as well as one quaternary carbon (Wang et al., 2015). This skeleton
is also the basic structure of phorbol (Figure 1B), a common tigliane
diterpene and the parent alcohol of an own tigliane subgroup, called
phorbol esters. TPA and most tiglianes commonly known belong to
the phorbol esters, but we here refer to those substances with the
more general term tiglianes, as it includes a broader number of
compounds, such as phorbol itself. The common parent alcohol of
ingenanes on the contrary is ingenol, a compound also occurring in
Euphorbia plants, but not included in this study. As a consequence
of the structural differences, Cy;; and TPA also differ in functional
groups, as ingenanes are characterized by a ketone bridge between
C-8 and C-10 (Vasas and Hohmann, 2014), whereas TPA holds a
hydroxyl group at C-9 (see Figure 1A). Moreover, Cy;; and TPA are
esterified partly at different positions (Cy;; oppositely at C-3 and
C-13, whereas TPA at C-12 and C-13 are adjoined) and with side
chains of different lengths (esterification of Cy,;; with 10-carbon-
long decanoic acid and of TPA with 14-carbon-long myristic/
tetradecanoic acid at C-12; both have acetic acid at C-13) leading
to a different spatial arrangement and extent of both compounds.
Whether the structural differences between TPA and Cy;; lead to
different detoxification strategies in Hyles is unknown to us, but
appears possible. For this reason, and since neither TPA nor
another tigliane was reported for E. cyparissias to date, our first
aim was the re-analyses of this plant species’ diterpene spectrum,
regarding the presence or absence of TPA or other tiglianes.

The occurrence of such secondary metabolite compounds can
vary within plants depending on their function (e.g., Harborne and
Held, 1995; Borges et al., 2017). Moreover, distribution of defense
compounds in the plant can change as reaction to herbivore feeding.
It was further described that the high amount of diterpene diversity
for Euphorbia species is associated with Euphorbia-feeding larvae
(Ernst et al., 2019). We thus additionally investigate the effect that
this herbivore treatment, in the form of feeding H. euphorbiae
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larvae, would have on plants of E. cyparissias. The three plant parts,
leaves, stem, and root, experience a different exposition to herbivore
stress and function within the plant system and thus need to be
studied separately. Our second aim was, thus, to study the
occurrence of TPA and other tiglianes in different parts of E.
cyparissias plants and to investigate if the plant produces those
compounds only upon herbivore stress or whether they can be
found in different (expectedly higher) amounts.

The feeding experiments by Hundsdoerfer et al. (2019) are
based on the finding by Hundsdoerfer et al. (2005) that TPA is
70%-90% metabolized by the larvae, whereas 10%-30% was
recovered in the feces untransformed. For the experimental setup,
toxic tigliane TPA as a model standard compound was chosen, due
to its well-investigated biological activity, but most importantly
because of its availability as a commercial standard. Only few
tiglianes can be purchased as standard compounds and many of
them are used in the work at hand. Although phorbol ester
sequestration was reported previously for Pachycoris klugii (Wink
et al., 2000), neither previous study analyzed the disposition of
plant-derived tigliane diterpenes in insect frass. Our third aim of the
work reported here was therefore to broaden the finding of TPA in
the frass from artificial feeding experiments to additional analyses
of such compounds in the frass from H. euphorbiae larvae feeding
on their natural food plant E. cyparissias.

Summarizing, our studies were driven by the motivation to
broaden our understanding of tiglianes occurring in E. cyparissias
native plants as well as plants exposed to herbivore feeding, and
thereby to contribute to elucidating the plant-herbivore interaction
in this model system.

Materials and methods

The experiments were conducted at the Senckenberg Natural
History Collection Dresden (SNSD; plant and larvae breeding,
feeding and herbivore stress experiment, extraction of frass and
plant samples) and instrumental analytics at the Max-Planck-
Institute for Chemical Ecology Jena (MPI-CE; establishment and
development of methodological approach) and at the Technische
Universitdt Dresden (TU Dresden; transfer and optimization of
method and analyses of frass and plant samples by LC-MS/MS and
LC-QTOF-MS), Germany.

Putative tiglianes in E. cyparissias

Plant samples

Plant samples of E. cyparissias were taken from an Euphorbia
food plant garden in the SNSD institute (Supplementary Figure S1);
the plants originate from natural habitats within ~100 m vicinity of
the garden. Various individuals of E. cyparissias plants were
sampled, to gain experimental matrix for method establishment,
including one individual plant for conduct of standard addition
experiments (June 2020). For consecutive targeted and non-targeted
analyses of tiglianes, we additionally sampled an extra set of non-
flowering E. cyparissias plants in July 2020 as part of the herbivore
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stress experiment (see below). Furthermore, two complete plants of
E. cyparissias were sampled in early summer 2022 (beginning of
June) for verification. For sampling, the entire plants including
roots were unearthed carefully—washed and dried if necessary—
and immediately frozen at —80°C.

Plant sample preparation and extraction

The entire frozen plants were sectioned into fractions according
to the compartments “leaves” (including the part of the stem to
which the leaves were attached), “stem” (the part without attached
leaves, cut into pieces of about 0.3 cm thickness), and “root” (also
cut into pieces of about 0.3 cm) and then prepared by lyophilization
(freeze drying). For this, the three plant parts (leaves, stem, and
root) were frozen again at —40°C immediately before lyophilization.
Subsequently, samples were freeze dried for 24-48 h at -56°C and a
target pressure of 0.04 mbar. The dry samples were then ground by
a hand mill with a ceramic grinder to a fine powder. Extraction was
preferably performed immediately after milling. If this was not
possible, the milled plant material was stored at —80°C.

The sample material (50 mg of dry plant powder or caterpillar frass,
see below) was extracted in five consecutive steps via liquid extraction by
use of Eppendorf tubes equipped with metal beads (3 mm). Work was
performed under dark conditions for the samples, as far as possible to
prevent degradation by light. In each step, 900 pl of solvent was added—
methanol:water (50:50, v/v) in steps 1-3, acetonitrile in steps 4-5. The
mixture was shaken strongly in a MixBlock for 10 min and then
centrifuged (13 min; 20°C; 9,636 %g/13,000 rpm in a Thermo pico). The
residues were extracted by the consecutive steps and the clear
supernatants of each step were combined and centrifuged (2 X
13 min; 20°C; 3,853 x g/4,700 rpm in a Thermo Multifuge 1 S-R with
arotor for 5 ml tubes). In a final concentration step, 1,000 pl of that clear
supernatant was evaporated under compressed air flow (without heat
and light) until dryness and redissolved again in 250 ul of water/
methanol/acetonitrile (15:15:70, v/v/v).

LC-MS/MS (triple-quadrupole) analysis

Analyses of our set of plant samples (see Supplementary Table
S1) were performed on a Thermo Scientific Ultimate 3000 high-
performance liquid chromatography (LC) system (Waltham, MA,
USA) coupled to an API 4000 triple-quadrupole mass spectrometer
(MS/MS) (AB Sciex, Framingham, MA, USA). The LC-System was
equipped with a vacuum degasser, two binary pumps, a high-
pressure gradient mixer and a temperature-controlled column
compartment. For the LC method, the following settings were
applied: column temperature was held at 40°C and a sample
volume of 20 ul was injected. A C-18 reversed-phase core-shell
column (Kinetex C18, 100 x 3 mm, 2.6 um; Phenomenex,
Aschaffenburg, Deutschland) was used and a water-acetonitrile
gradient at a flow rate of 0.5 ml/min was applied. The
constitution of the mobile phases was as follows: mobile phase A:
acetonitrile/2 mM ammonium acetate solution/formic acid (3/97/
0.05, v/v/v); mobile phase B: acetonitrile/2 mM ammonium acetate
solution (95/5, v/v). The gradient was as follows: 0-1.6 min 0% (v/v)
solvent B; 1.6-4.0 min linear gradient to 80% (v/v) B; 4.0-14.5 min
linear gradient to 95% (v/v) solvent B; 14.5-14.6 min solvent B was
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raised to 100% (v/v) and held at 100% (v/v) B until 15.0 min; 15.0-
15.1 a steep gradient of solvent B to 0% (v/v) and hold at 0% (v/v) B
until 18.0 min.

The mass spectrometer was equipped with an electrospray ion
source operated in negative mode. Detection parameters for each
analyte were optimized separately by infusion of a standard solution
of 0.1 ug/ml for phorbol-12,13-diacetate and of 1 pg/ml for the
other standard compounds (in a mixture of eluent A and B, 50/50,
v/v) at a flow rate of 50 ul/min and using an infusion pump. General
parameters were fixed as follows: source temperature 450°C,
desolvation temperature 400°C, curtain gas flow 30 L/h, and
collision gas flow 6 L/h. Nitrogen was used as nebulizer and
collision gas. The applied scan modes were multiple reaction
monitoring (MRM) and product ion scan. MRM measurements
were conducted for identification of tigliane compounds in the
biological samples by comparison of retention times and MRM
transitions, using the two most intense transitions of the respective
standard compound as quantifier and qualifier (see Supplementary
Table S2). Standard compounds were dissolved in methanol,
combined to a standard mix solution and diluted before injection
into the LC-MS/MS (20 pl injection volume). For additional
verification of identification and screening for possible matrix
effects on detection, standard addition was performed, by spiking
leaves and root extracts with standard mix solution (target
concentration: 50, 500, and 2,500 ng/ml). To gain further
structural information of the detected compounds 2 and 3 in
comparison to TPA, product ion scans with precursor ion mass
(Q1 target mass) 661 Da were performed. Fragmentation of the
other tigliane standard compounds was analyzed by product ion
scans with precursor ion mass set to 409 Da (phorbol), 451 Da
(phorbol-13-acetate), 493 Da (phorbol-12,13-diacetate), and 435
Da (prostratin). In those MS experiments, Q1 target masses were set
to respective formate adduct masses ((M+HCOO]™ = Mr + 45 Da),
as optimization experiments established that, in our setup, tiglianes
are best ionized in their formate adduct form.

Data acquisition, exploration, and quantification were
conducted in AnalystTM (AB Sciex, Framingham, MA, USA).
Further data processing and visualization were performed in
LibreOffice Calc (v 6.0.7.3, The Document Foundation, Berlin,
Germany), Microsoft Excel (Microsoft Corporation, Redmond,
United States of America), Inkscape (v3; Inkscape Project, 2007),
and R Statistical Software (RStudio, v1.2.5033; R Core Team, 2020)
using the packages tidyverse (Wickham et al., 2019) and
RColorBrewer (Neuwirth, 2022).

LC-QTOF-MS (quadrupole time-of-flight) analysis

For further verification of LC-MS/MS results, high-resolution
mass spectrometry analysis of representative plant samples (leaves,
stem, and root samples; see Supplementary Table SI) were
performed. Samples were analyzed using an Aquity I-class ultra-
performance liquid chromatography (LC) system (Waters,
Eschborn, Germany) coupled to a high-resolution quadrupole
time-of-flight mass spectrometer (QTOF-MS) (Vion IMS QToF,
Waters). LC-settings were chosen identically to LC-MS/
MS analyses.
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The volume of 5 pl of TPA and phorbol-13-acetate standard
solution mix was injected into the LC-QTOF-MS to determine
analyte-specific characteristics. In addition to a specific retention
time (RT), TPA and phorbol-13-acetate were detected by using
high-definition data acquisition mode (HDMSE) that includes the
determination of an accurate precursor, respective fragment ion
mass screening of all ions, and ion mobility separation in
conjunction with collision cross section (CCS) data. The observed
mass range included mass-to-charge ratios between 50 and 700 Da.
Total scan time was set to 0.3, of which 40% of the time a collision
energy of 6 eV (low energy) was applied before collision energy was
ramped up from 15 to 200 eV (high energy) for the remaining 60%
of the time. Repeated injections of a Leucine-Enkephalin solution
served as reference for mass correction. For respective data
processing, the Waters UNIFI Software package (Version 2.1.2)
was used.

Chemicals

The following standard compounds (reference substances) were
used for comparisons: 12-O-tetradecanoylphorbol-13-acetate
(TPA, also known as phorbol-12-myristate 13-acetate, PMA) was
purchased from Alfa Aesar (Thermo Fisher, Kandel, Germany).
Phorbol-13-acetate (13-acetylphorbol) and phorbol-12,13-diacetate
were bought from Santa Cruz Biotechnology (Dallas & Heidelberg,
USA and Germany). Phorbol (43-Phorbol) was purchased from
TRC (Toronto Research Chemicals, Toronto, Canada) and
prostratin (12-deoxyphorbol-13-acetate) was bought from
Cayman Chemical Company (Michigan, USA). As solvents,
methanol (299.9% p.a.) from Carl Roth (Karlsruhe, Germany)
and acetonitrile (ACN; 299.9% HPLC LC-MS grade) from VWR
(Darmstadt, Germany) were used. Formic acid (Optima, LC/MS
Grade) was obtained from Fisher Scientific (Fisher Chemical;
Schwerte, Deutschland) and DMSO (299.9%) was purchased
from SIGMA (Sigma-Aldrich, Taufkirchen, Germany).

Distribution of tiglianes within the native
plant and upon herbivore stress

Herbivore stress experiment

As part of a “herbivore stress” experiment, we sampled a set of
E. cyparissias plants that were exposed to feeding by H. euphorbiae
larvae in July 2020. The experiment consisted of the placement of
one individual 5th instar larva (see below) on one individual non-
flowering plant each. Experimental conditions were chosen to
correspond to natural conditions; July is the season in which H.
euphorbiae larvae can be found on their food plants in Central
Europe. The larvae were left to feed under supervision on the plant
in the institute food plant garden for 2 h under shaded and humid
conditions to avoid stress of the caterpillars. They remained on the
same individual plant during the entire experiment. After feeding
was interrupted, the entire plant was sampled and stored as
described above (see the first section—Putative tiglianes in
E. cyparissias—of this part). Three plants treated with this
herbivore stress and three non-treated plants (native plants,
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identical to plant individuals from July 2020 described in the first
section of this part) were sampled at the same time. Plants of similar
sizes were chosen from the same locality (within 2 m?).

Plant samples of the herbivore stress experiment were prepared,
extracted, and analyzed via LC-MS/MS and LC-QTF-MS as
described above in the first section of this part (for sample set,
see more in Supplementary Table S1), with the exception that
herbivore stress samples were extracted and analyzed in duplicates.

Breeding of H. euphorbiae larvae

Hyles euphorbiae larvae from Berbisdorf (Germany) were
collected from their food plant E. cyparissias and reared to the
adult stage in captivity. The larvae of the F1 generation were reared
in the laboratory (in an incubator with long-day conditions: 16.5 h
light at 25°C, ramp time of 1 h, 7.5 h darkness at 23°C, see Daneck
et al,, 2021) on E. segetalis and E. myrsinites (Euphorbiaceae) from
the institute Euphorbia food plant garden (Supplementary Figure
S1) until the 4th instar and were subsequently used for the
experiments after 2-3 days in 5th instar.

Tiglianes in H. euphorbiae frass from
feeding experiments with TPA and E.
cyparissias

For the feeding experiments with TPA, the 5th instar larvae
were kept on an agar-agar-based artificial diet including wheat
germ and leaf powder from E. segetalis (recipe was originally
developed for larvae of the family Sphingidae with leaf powder
sourced from the respective food plants by Harbich, 1994; see also
Hundsdoerfer et al., 2019; Table 1 in Hundsdoerfer et al., 2005).
As part of the series of feeding experiments conducted by
Hundsdoerfer et al. (2019), three individuals were fed with
artificial diet containing 2 mg of TPA dissolved in DMSO (100
pug TPA/ul). Three additional individuals were fed with E.
cyparissias leaves for 2 h in between feeding on the diet. All
frass samples were collected in the time interval between 4 and 6 h
after start of the feeding. This time interval was shown in own
previous studies (unpublished) to be the one with highest content
of excreted TPA. After sampling, frass samples were stored at -80°
C until further analyses.

Frass samples were extracted and analyzed via LC-MS/MS and
LC-QTOF-MS (sample set see more in Supplementary Table S1) in
the same way as described above for the plant samples.

Results

Phorbol-13-acetate and two putative
tiglianes in E. cyparissias

We investigated the plant extracts of E. cyparissias via LC-MS/
MS and LC-QTOE-MS for the presence of tiglianes through
comparative analyses with five commercially available tigliane
standard compounds (TPA, phorbol-13-acetate, phorbol-12,13-
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diacetate, phorbol, prostratin). By means of the two instruments, we
identified phorbol-13-acetate (Figure 1B) in E. cyparissias root
extracts. In LC-MS/MS, the identification of the underlying peak
(peak 1; Figure 2) was based on mass spectrometry-derived signals
(same quantifier and qualifier MRM transitions, see Supplementary
Table S2) and consistent retention times (phorbol-13-acetate
standard: 4.73 min, peak 1: 4.76 min). Additional verification was
performed there via standard addition measurements, confirming
similarity of retention times (see Supplementary Figure S2). In LC-
QTOEF-MS, identification was reinforced by determination of the
same exact mass (expected mass: 406.1991 Da, median observed m/
z of signal 1: 406.1988) and the same CCS values (expected CCS:
207.06 A%, median observed CCS of signal 1: 205.16 A*) compared
to phorbol-13-acetate standard compound, with mass errors below
+2.0 ppm and CCS delta values below +2%, as well as a median
retention time error of 0.01 min (for detailed information, see
Supplementary Table S2).

None of the other analyzed standard compounds could be
detected in the plant samples. This reveals that no proof of
presence of TPA in early summer E. cyparissias was found.
Nevertheless, driven by our question if caterpillars are faced with
TPA or, in its absence, with related compounds, when feeding on E.
cyparissias, we broadened our search to compounds with similar
analytical characteristics as TPA (e.g., same accurate mass,
similarities in fragmentation spectra). Respective LC-MS/MS and
LC-QTOF-MS analyses revealed two compounds of interest, named
here compounds 2 and 3 (see Figure 2). Of both compounds,
compound 3 drew most of our attention, as it is represented by the
most prominent peak in chromatograms captured by both
instruments (retention times LC-MS/MS: 11.32 min, LC-QTOEF-
MS: 8.88 min) and the retention time of compound 3 was close to
the retention time of TPA (LC-MS/MS: 11.09 min, LC-QTOF-MS:

Frontiers in Ecology and Evolution

8.71 min). Nevertheless, with a retention time shift of 0.23 min, the
two compounds did not elute at the same time, which was also
demonstrated in the consecutive standard addition experiments in
LC-MS/MS (Figure 3). The second compound of interest,
compound 2 is represented by a rather small peak in the
chromatograms (peak 2 in Figure 2; retention times LC-MS/MS:
9.82 min, LC-QTOF-MS: 7.66 min), but is still a characteristic
signal of the E. cyparissias root extracts.

Both compounds showed interesting analytical characteristics.
In LC-QTOF-MS accurate mass screening, the detected neutral
mass of the unknown compounds 2 and 3 was the same as that of
TPA, with a mass error < 2.0 ppm (expected mass: 616.3975 Da,
median observed m/z of compound 2: 616.3980, compound 3:
616.3976; for detailed information, see Supplementary Table S2).
It can be assumed that compounds 2 and 3 have the same elemental
formula as TPA (C36H5608), and are thus isomers. Additionally, a
high-energy mass spectrum of standard compound TPA was
acquired, including fragmentation patterns. As LC-QTOF-MS
analyses allow high-resolution measurements of the observed
fragment ion masses, theoretical chemical structures could be
assigned by the software to the theoretical fragments of TPA
(Supplementary Data S2). As expected, theoretical fragments of
the phorbol skeleton (observed m/z 327.1602) and its cleavage
products (observed m/z 309.1490, m/z 291.1388, and m/z
279.1395) were determined. High-energy mass spectra with
theoretical fragmentation patterns were also determined for
compounds 2 and 3, with the aim of comparing theoretical
fragments to those determined for TPA. At first sight, the mass
spectra of both compounds show clear differences to the one
determined for TPA. However, some theoretical key fragments of
TPA are also present in the high-energy mass spectra of compounds
2 and 3 (see Supplementary Data S2). In particular, the fragment
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masses of the theoretical main phorbol skeleton (observed m/z
327.1602) were present in both compound 2 and compound 3 mass
spectra, while two masses of phorbol cleavage products (observed
m/z 309.1490 and m/z 279.1395) were also present in the
compound 3 mass spectra.

The results of LC-QTOF-MS were substantiated by LC-MS/MS
analyses. The signals of both compounds are formed by the same
MRM transitions as determined for TPA (see Figure 3). The
underlying masses of the MRM transitions can be assigned to the
TPA molecule ([M-H]™ = 615) and the formate adduct product ([M
+HCOO]™ = 661). Additionally, the mass 309, which we know from
LC-QTOF-MS analyses as the theoretical phorbol skeleton mass, is
present in TPA and compound 2 and 3 MRM transition masses. To
gain further structural insight, additional product ion scan
measurements (of the respective [M+HCOO]™ precursor ion, see
methods) were performed, to obtain LC-MS/MS fragmentation
mass spectra. We expected to find mass signals of the phorbol
skeleton in the LC-MS/MS mass spectra of the tigliane standard
compounds. This hypothesis was confirmed as the masses m/z 327,
309, 279, and additionally 291 were present. Furthermore, we
observed that the LC-MS/MS mass spectra of compounds 2 and 3
were also characterized by these specific four masses (see
Supplementary Figures S3-5).

Distribution of tiglianes within the native
plant and upon herbivore stress

To understand where phorbol-13-acetate and compounds 2 and
3 are located in E. cyparissias plants, we analyzed their occurrence in
the single plant parts leaves, stem, and root via LC-QTOF-MS
(verification of occurrence in the respective plant parts) and LC-
MS/MS (determination of peak areas). All three compounds
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exhibited a different pattern of distribution in the plants (see
Figure 4A). Whereas phorbol-13-acetate was only detected in the
root samples, and not in leaves and stem (see Figure 2;
Supplementary Figure S6), compounds 2 and 3 were present in all
parts of the plant (Figure 4A). Compound 2 was detected with
considerably higher peak areas in the root fractions than in leaves
and stem. For compound 3, no clear differences in occurrence
between the three plants parts were found.

Our data of the plants, which were exposed to Hyles feeding,
show that the even distribution of compound 3 changes upon
herbivore stress. A clear increase in occurrence of the substance
in the stem and a slight increase in the root was induced, as the peak
area ranges of non-stressed plants do not overlap with those of the
stressed plants (see Figure 4A). However, for compound 2 and
phorbol-13-acetate, no clear differences upon herbivore stress were
observed (Figure 4A; Supplementary Figure S6). Moreover, we
screened the samples for additional occurrence of the other
tigliane standard compounds and TPA-related compounds, as
production of those substances might be induced by herbivore
stress, but such substances, being only present in stressed but not in
native plants, were not found.

Tiglianes in H. euphorbiae frass from
feeding experiments with TPA
and E. cyparissias

As a third methodological approach, we investigated the frass
from 5th instar H. euphorbiae larvae feeding either on E.
cyparissias leaves or on artificial diet containing TPA for the
presence of the plant-derived compounds 2 and 3, as well as of
phorbol-13-acetate and TPA. Both LC-MS/MS and LC-QTOF-MS
analyses demonstrated compounds 2 and 3 to be present in frass
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(A) Occurrence of the reported compounds 2 and 3 in the plant parts of E. cyparissias, with (yes) and without (no) herbivore stress. Single points represent
the averages of duplicate measurements for one individual plant each. (B) A 5th instar larva of H. euphorbiae feeding on E. cyparissias during the herbivore
stress experiment (for photographic recording, the light protection and the insect cage from the experimental setup were removed).

samples from all leaf-fed larvae. Furthermore, measurements
using both instrumental approaches showed no signal of
phorbol-13-acetate in the frass from leaf-fed insects (see
Figure 1; Supplementary Tables S2, S3).

As expected, TPA was detected in the frass samples of larvae
that had fed on artificial diet spiked with TPA (see Supplementary
Figure S7 and Supplementary Table S2). However, compounds 2
and 3 were not detected as possible TPA by-products in these
frass samples.

Discussion

Phorbol-13-acetate and putative tiglianes
in E. cyparissias

Phorbol-13-acetate and two compounds of unknown structure
but with TPA-related mass spectrometric characteristics, named
compound 2 and 3, were detected in E. cyparissias plant extracts.
Identification of phorbol-13-acetate was verified by both LC-MS/
MS including standard addition and LC-QTOF-MS analyses
(see Results).

Additionally, our data provide evidence of a phorbol skeleton of
both compounds 2 and 3, due to the detection of mass
spectrometric masses, which are assigned to theoretical fragments
of phorbol, the parent alcohol of the phorbol esters, a subgroup of
the tiglianes (e.g., Wang et al., 2015). These fragment masses of the
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phorbol skeleton not only were detected by us (see Results) but also
had already been reported for phorbol esters (tiglianes) of Croton
tiglium and Jatropha curcas and were applied in their detection via
LC-MS/MS (although in positive ionization mode and therefore
with respective mass values, e.g., m/z 311 in positive mode instead
of here reported m/z 309 in negative mode; Vogg et al, 1999;
Ichihashi et al., 2010; Punsuvon et al., 2012; Insanu, 2014). Through
this classification as a phorbol, and by the definition of a tigliane
skeleton, we hypothesize that compounds 2 and 3 are tiglianes. The
identification of the specific chemical structures of both compounds
will be the purpose of further studies to be conducted, including 'H-
NMR analyses. Until final data of their structural identity are
present, we intermediately refer to compounds 2 and 3 as
putative tiglianes.

To our knowledge, this is the first time that phorbol-13-acetate
and tiglianes in general are reported for E. cyparissias. Before, only
diterpenes of the ingenane and jatrophane type were described for
this species (Ott and Hecker, 1981; Lanzotti et al., 2015). The
ingenanes, jatrophanes, and tiglianes are characterized by different
structure skeletons, with different parent alcohols each. From those
three diterpenoid classes, only the tiglianes are based on a 5/7/6/3-
tetracyclic ring system, which is also the basic structure of phorbol
(see Figure 1). Considering previous studies (Vasas et al., 2012;
Ernst et al., 2019) promoting E. cyparissias as a diterpene-rich
species, the additional occurrence of the diterpene class of the
tiglianes in E. cyparissias is not unexpected. A broad number of
tiglianes was already identified in the family of Euphorbiaceae,
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including numerous reports in plants of the genus Euphorbia (Shi
et al., 2008; Vasas and Hohmann, 2014; Wang et al.,, 2015).
Correspondingly, the tigliane phorbol-13-acetate had also been
reported before for other species of the genus, namely, in E.
fischeriana (roots; Wang et al, 2017) and in E. tirucalli (aerial
parts; Weng et al., 2022). In addition, it was described in croton oil
(Croton tiglium, Euphorbiaceae; Marshall and Kinghorn, 1984).
Further steps to identify further tiglianes in E. cyparissias are
thus promising.

Moreover, our data demonstrate both compounds 2 and 3 to be
isomers of TPA, whereby we clearly exclude that compound 2 or 3 is
identical with TPA (due to different retention times and different
fragmentation patterns, see Results). The presence of another TPA
isomer in E. cyparissias root [c.f. 3-O-(2,3-dimethylbutyryl)-13-O-
iso-decanoyl-13-hydroxyingenol, named Euphorbia factor Cy]
was described before by Ott and Hecker, 1981. However, Cy;; is
an ingenane and thus of a different structure as the TPA isomer
compounds 2 and 3 reported here (for comparison, see Figure 1,
Introduction, and Ott and Hecker, 1981, page 90).

Distribution of tiglianes within the native
plant and upon herbivore stress

Since we expect the amount of secondary plant metabolites to
vary within the plant (e.g., Harborne and Held, 1995; Borges et al.,
2017), we explored the distribution of the tigliane plant compounds
reported here in the respective plant parts of summer season E.
cyparissias. Through LC-MS/MS standard addition experiments, we
showed that comparison of peak areas in the three different matrices
(plant parts) is possible, although limited, as differences of matrix
effects were between 20% and 40%. Comparison of the influence of
herbivore stress can be carried out without limitations, as it is
evaluated for each plant part (matrix) separately. From the stem
samples of the stressed plants, only data from two individuals
(instead of three) could be evaluated, as the amount of stem
material of one stressed E. cyparissias was too low for comparable
analyses (E. cyparissias stems are very thin and light weight, as can
be seen in Figure 4B). We thus refer to the findings reported here as
first insights, which will be corroborated and tested by further
studies to follow.

Despite the limitations of the experimental setup, we clearly
found phorbol-13-acetate and compound 2 to be mainly present in
the roots, irrespective of herbivore treatment. The detection of
phorbol-13-acetate only in the root, which was further verified by
LC-QTOF-MS analyses, could have several explanations. One
would be to protect the roots from general herbivore attack,
although this specific species H. euphorbiae does not feed on the
root, but there are others, such as rodents, that feed on plant roots.
It is also possible that phorbol-13-acetate is stored in the root and
transported for protection to other plant parts when herbivory takes
place, since phorbol-13-acetate is known to be acute toxic to
humans (fatal if swallowed, in contact with skin, and inhaled;
National Center for Biotechnology Information, 2023) and was
described in the literature as a protein kinase C activator (Bessa
et al,, 2018), just like TPA (Nishizuka, 1984). Although we did not
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observe this effect of mobilization through herbivore stress, it could
take place under different circumstances than applied in our
experimental setup (see below). An additional possible ecological
role could be that this compound is a precursor to other tiglianes in
the plant. Longer fatty acid chains such as the myristic acid side
chain in TPA would be added after synthesis of the main skeletal
tigliane structure and acetylation of C-13. Transcriptomics has
shown phorbol ester production (in this case of 12-deoxyphorbol-
13-acetate, commonly known as prostratin) to take place in the
roots of E. fischeriana plants (Barrero et al., 2011). The finding of
phorbol esters primarily in roots corresponds to findings of other
studies (e.g., Ernst et al, 2019 for E. horrida and E. milii var.
hislopii). It is very likely that phorbol ester production and storage
also occurs in the roots of E. cyparissias and in this case holds for
phorbol-13-acetate. Additional analyses (e.g., transcriptomics)
would be necessary to verify the locality of production.

The interpretation of why compound 2 occurs in all parts of the
plants but in clearly higher amounts in root samples would be
similar, in that we suspect it to be primarily produced and stored in
the roots. However, since diterpenoids can also be produced in
other plant parts such as young stems in the European Euphorbia
subgenus Esula (e.g., E. lathyris; Ernst et al., 2019) and toxic defense
compounds are known to be located in the latex of milky sap-
containing plants (Harborne and Held, 1995), the localization of
diterpenoid production certainly needs further study. Despite not
knowing anything about its toxicity, the low amounts of compound
2 in stem and leaves could theoretically provide a first immediate
defense against herbivore stress.

Our expectation about the effect of herbivore feeding on the
tigliane distribution in E. cyparissias was to find that some
substances are only present after herbivore treatment and that
amounts of others are increased (c.f. Harborne and Held, 1995;
Borges et al, 2017). With rising herbivore stress, further toxic
compounds would become mobilized. The first expectation was
not met, since we did not encounter new tigliane or TPA-like
substances in the herbivore-treated plants only. One reason for this
could be that as a specialist, these hawkmoth larvae do not produce
particular herbivory cues. Plants exhibit a reduced induction as a
response to specialists if these sequester the toxins, as defense may
only be indirect in that low toxin levels lead to low protection of the
herbivore (Ali and Agrawal, 2012). Another reason could be as
simple as not having been able to detect unexpected new
compounds with the method applied. Also, in future experiments,
the growth conditions will be varied, as well as time of induction,
the number of larvae and plants will be increased, and the possible
sequestration will be revisited.

We can, however, report observations meeting the latter
expectation: compound 3 was measured to occur in higher
amounts in parts of the plants upon exposure to larval leaves
feeding, as it clearly increases in the stem and slightly in the root
extracts analyzed. This finding suggests that compound 3 is indeed
produced by the plants as a defense compound. It was detected in all
parts of E. cyparissias; thus, the insect is confronted with the
compound directly when starting to feed on the plant. We thus
hypothesize compound 3 to be toxic. Although H. euphorbiae
preferably feeds on the leaves and not on the roots, as they are
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not reachable for the larvae in nature, compound 3 could be
produced by the plant with a generalistic defense purpose.
Amounts in the roots would rise due to induced production for
further mobilization within the plant and, e.g., amounts in the
leaves would rise during longer feeding. Additional experiments
have to be carried out, to verify our first observations and
additionally characterize its biological activity beside its structure.

The experiments conducted here did not reveal an influence of
herbivore feeding on the distribution of phorbol-13-acetate and
compound 2. This could have several explanations, one being that
the herbivore stress time, i.e., the time the larva was allowed to feed
on plants before they were analyzed (in this case 2 h), was not
sufficient. It is also possible that tigliane diterpenes produced in the
root would be transported to the stem and leaves later on
(Engelberth, 2015). An extension of the herbivore stress
experiment to corroborate the effects observed would be to apply
different time intervals of induced feeding on the plant. Finally, it
also cannot be excluded that the compounds reported here are
produced by E. cyparissias for other reasons, such as modulating
numerous PKC cascades, since the interaction of phorbol ester with
PKC affects activities of several enzymes, biosynthesis of protein,
DNA, polyamines, cell differentiation processes, and gene
expression (Goel et al., 2007). Our first experimental observations
open a large field for further studies.

Tiglianes in H. euphorbiae frass from
feeding experiments with TPA
and E. cyparissias

As a last step, the occurrence of the here reported plant-derived
tiglianes and standard compound TPA in the frass from H.
euphorbiae larvae feeding on either E. cyparissias or TPA-
containing artificial diet was explored. Phorbol-13-acetate was not
detected in the frass from leaf-fed insects, which is not surprising,
since this compound only occurs in the root, whereas the larvae feed
on the leaves. Nevertheless, we cannot exclude that the larvae might
need to cope with this compound when feeding on the plant for a
longer period than investigated. Our analyses show that both
putative tiglianes found in E. cyparissias leaves—compounds 2
and 3—are excreted in the larval frass after consumption. Thus,
the putative tiglianes are not fully metabolized by the larvae. The
same has previously been shown for TPA (Hundsdoerfer et al,
2005). However, the laboratory experimental setup was rather
artificial, since the standard compound TPA had not been
demonstrated to have occurred in the food plant E. cyparissias
before. To date, the only description of a TPA-related compound in
E. cyparissias was the TPA isomer Cy;; from Ott and Hecker, 1981,
but this ingenane has a different skeletal structure to TPA and thus
possibly deviant detoxification paths (see Introduction). Here, we
show that additional putative tiglianes related to TPA are not only
found as secondary metabolites in the food plant E. cyparissias but
can also be detected in the herbivore frass. More specifically, the two
TPA isomers compound 2 and 3 are very probably based on a
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tigliane skeleton, just like TPA, and are thus chemically much more
similar to TPA than Cy,; of the ingenane type.

We firstly show that putative tiglianes and phorbol-13-acetate,
being structurally very close to TPA (except for the missing myristic
acid side chain, see Figure 1A), occur in E. cyparissias. We also
demonstrate leaf-originating substances to be excreted in the frass
of H. euphorbiae, just like TPA in the artificial feeding experiments.
These findings support the experimental setup of TPA
detoxification studies (Hundsdoerfer et al., 2005; Hundsdoerfer
et al,, 2019) to be close to the natural plant-herbivore interaction
and thus to hold in a broader setting, than could only be
assumed previously.

Conclusions and outlook
We found out the following:

1. The tigliane phorbol-13-acetate was identified in E.
cyparissias. Additionally, two compounds of yet unknown
structure, compounds 2 and 3, were detected in the plants.
Our data support the assignment of both compounds as
tiglianes and are therefore referred to by us as “putative
tiglianes”.

2. First experiments indicate that phorbol-13-acetate only
occurs in the roots of summer season E. cyparissias
plants. A mobilization of the compound to other plant
parts due to herbivore feeding was not observed, but cannot
be excluded. Compounds 2 and 3 were additionally
detected in stem and leaves of the plant. Herbivore
feeding by H. euphorbiae increased the occurrence of
compound 3 in the stem and slightly in the root.

3. We show that the putative tiglianes—compounds 2 and 3—are
excreted by the larvae after feeding on E. cyparissias leaves, just
like TPA in artificial feeding experiments, supporting the idea
that the results of these can be transferred to understand the
mechanisms in the natural setting.

The results reported here pave the way for further analyses
towards the understanding of the hawkmoth adaption strategies to
food plant defense compounds. Numerous questions remain and
larger experiments will be undertaken to strengthen the hypotheses
put forward. We plan to study whether, how, and to what extent the
plant-derived tiglianes are metabolized by the larvae upon ingestion
and metabolization products are excreted. Last but not least, the
structure elucidation of compounds 2 and 3 plus possible tigliane
metabolites remains a challenge to be met.
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