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The main article characterises PA-pharmacophagy and provides practical tips for PA-baiting according to
the maxim "As simple as possible and as complex as necessary", and by referencing the literature for many
details. Some generalisations have been made, although the many gaps in knowledge make generalising
challenging and, in part, a risky and provisional endeavour. We think a pragmatic approach is justified. The
subject is not yet fully understood, but gaps in knowledge add to its fascination as much as the facts do. In
the following sections, we discuss some details and additional aspects that would have made the main text

too complex but deserve attention.

SI 1: PA-pharmacophagy

The majority of the knowledge on PA-pharmacophagy comes from Lepidoptera. Little information exists
about other orders which is clearly due to insufficient investigation (see Tables 1, S1, S2).

In Orthoptera, two species (Zonocerus elegans, Z. variegatus) are so far known to be PA-pharmaco-
phagous (Boppré et al. 1984). They differ from Lepidoptera in various respects: it is not only the adults but
also the nymphs that are attracted to PAs, and grasshoppers possess chewing mouthparts as opposed to
proboscides, i.e. they (as well as beetles) are able to gather PAs from living as well as from dead plants and
take up not only PAs but also plant tissue containing potential nutrients; thus, a distinction between primary
and secondary hostplants is difficult to make. In Lepidoptera that obtain PAs from nectars (see SI 5), it is
also difficult to determine if they primarily go for nutrients or PAs.

When Orthoptera and Coleoptera gather PAs from living plants, they act as parasites and can harm a
hostplant (see SI 2). Rajesh et al. (2012) observed adult Tirumala limniace butterflies scratching for PAs
with their feet at buds of Crotalaria retusa and killing plant individuals in the process; this seems to be an

exceptional case and the authors did not provide details.

I © 2023 The Authors. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/?lang=en), which permits unrestricted use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original authors and the source, provide a link to the Creative Commons license, and indicate if changes were
made.



Boppré & Monzén: Baiting insects with PAs; Neotrop Entomol 52 (2023); Supplementary Information —2 —

Recently, Tea et al. (2021) reported of adult Danaini harassing PA-sequestering caterpillars of Idea
leuconoe butterflies. It is likely that the caterpillars had been injured and thus became attractive to the
butterflies just like plants only become attractive when injured or withered (see main text). Tea ef al. (2021)
have proposed a new term for this relationship: "Since the larvae appear to be unwilling participants in this
presumed exchange, we suggest this behavior be termed 'kleptopharmacophagy'." We consider this—as
well as their "alternative neologisms kairopharmacophagy (feeding on defensive chemicals from wounded
caterpillars detected via “eavesdropping”) or necropharmacophagy (feeding on defensive chemicals from
dead caterpillars)"—obsolete and confusing, simply because pharmacophagy implies an association of
organisms with certain chemicals that are taken from any source. PA-pharmacophagous insects gather PAs
not only from plants but also from faeces, dead insects, dishes with crystalline PAs etc (see main text).
Many terms that relate to the source but not the target can be coined—but are they any more meaningful?

Despite searching for them intensively, species of Gabonia beetles, whose males visit PA-baits in
large numbers (Scherer & Boppré 1997; Fig. 4A), were not found in the habitat, except at PA-baits. Their
females are unknown; nothing is known about their general behaviour. Males from baits kept in captivity
did not survive on living PA-plants, i.e. their primary hostplants seem not to be PA-plants (Boppré unpubl.);
they can also be parasitic to PA-plants (see above). The males possess elaborate glands on their antennae,
elytra or legs but it is unknown whether they produce PA-derived pheromones or use PAs as nuptial gifts,
like many Lepidoptera do.

While, typically, primary and secondary hostplants are taxonomically unrelated, the larvae of Tith-
orea butterflies (Ithomiini) feed on various species of Prestonia, which are PA-plants s./. The adults are
attracted to various sources of PAs, including the roots of the larval hostplants. Why do the adults go for
PAs when their larvae feed on PA-plants? A hypothesis is that certain Prestonia possess PAs in the roots
only and the larvae cannot take up PAs. Similarly, adults of some Nyctemera moths and several Euploea
butterflies are PA-pharmacophagous as adults although their larvae may feed on PA-plants. Adult beha-

viour may depend on the plant on which a larva developed. Detailed studies are missing.

Pharmacophagy with chemicals other than PAs

Insect relationships with cantharidin (see main text) is also under-investigated. Research has been con-
ducted sporadically in only a few habitats and for short periods of time, and neither the entire range of
canthariphilous species nor all natural sources of cantharidin (particularly in tropical habitats) are known.
It is worth noting that cantharidin-seeking insects with chewing or piercing mouthparts might be parasites
of cantharidin-producing host species and take up nutrients, too (see above).

Other cases of pharmacophagy are less complex than PA-pharmacophagy and involve single species
and/or specific chemicals only (e.g., Nishida & Fukami 1990; Amano et al. 1999; Thallamy et al. 1999;
Nishida et al. 2004; Aldrich et al. 2016; Singh et al. 2022).
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PA-Pharmacophagy somehow resembles self-medication (e.g., Abbott 2014), although it is not
necessarily related to a disease. In milkweed butterflies, PAs might act as medicine against their protozoan
parasite Ophryocystis elektroscirrha (Lawson et al. 2021; Boppré et al. 2022).

Extraction of minerals from mud puddles, dung or carrion (e.g., Downes 1973, Molleman 2010) or
drinking of tears from the eyes of vertebrates (e.g., Plotkin & Goddard 2013) is related to food and primary

metabolism but shows some parallels to PA-pharmacophagy, too.

Mimicry

Several arctiine moths bear a striking resemblance to wasps (e.g., Moss 1947; Weller et al. 2000; Simmons
& Weller 2002), including yellow-black bodies morphologically modified to show a petiole-like waist (or
colours presenting a pseudo waist) and transparent wings, with the forewings sometimes longitudinally
folded at rest. This might not only reflect Batesian/Miillerian mimicry but also masquerade (Boppré et al.
2017). Some (but not all) wasp-like moths take up PAs, a detail deserving of further study.

Many more Arctiini moths seem to be involved in Batesian and/or Miillerian mimicry with other
moths, butterflies, beetles and other insects (see Simmons 2009), but for most taxa it can only be guessed
at who the model and who the mimic or co-mimic is (see also de Jager & Anderson 2019). Faunistic data
on insect communities and the biology of the species involved in putative mimicry relationships is largely
lacking. Knowledge on PA-pharmacophagy can contribute much to the understanding of chemical
defences.

In general, PA-pharmacophagy highlights an issue that to date has been missing in the discussion of
mimicry (see Speed et al. 2012): biospecies are seen as the entities of models and mimics or co-mimics,
but biospecies are defined as a group of individuals that interbreed, not as individuals that share the same
characters. The individuality of PA-pharmacophagous insects due to their defensive endowment with PAs
(see main text) implies that they comprise ecological entities with individual and even temporally dynamic
defensive traits; this goes beyond the issue of automimicry (e.g., Turner 1984; Guilford 1994; Svennungsen

& Holen 2007) and requires attention.
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SI 2: Parasites of PA-plants

Many insects of various orders use a wide range of PA-plants as primary hostplants, but this aspect of the
ecology of PAs has not been studied extensively except for several species that were investigated in some
detail (e.g., Rothschild et al. 1979; Dobler et al. 2000; Pasteels et al. 2003; see also Witte et al. 1990;
Klitzke & Trigo 2000; Loaiza et al. 2007; Wei et al. 2015).
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Figure SI 2. PA-insects sequester 1,2-dehydropyrrolizidine ester alkaloids. Some obtain them from living larval (primary)
hostplants, while others are PA-pharmacophagous and gather them from secondary hosts as adults. (After Boppré 1995:
fig. 15.)

Studies on Lepidoptera show that some degrade or excrete PAs, while others are not only adapted to
ingesting PAs without being harmed but can even sequester them for their own defence (e.g., Trigo et al.
1993; Boppré 2011: fig. 2; Martins & Trigo 2016). Yet others—including the well-studied Utetheisa moths
(Eisner 2005; Conner 2009)—in addition use PAs to synthesise male courtship pheromones (Edgar 1972;
Schneider ef al. 1982; Krasnoff & Roelofs 1989; Davidson et al. 1997; see Schulz 2009); as in PA-
pharmacophagy in such species, PAs interlace intra- with interspecific chemical communication.
Strikingly, many Arctiini seem to produce hydroxydanaidal (Fig. 2K) only. In Creatonotos and Estig-
mene (and other species?), PAs also serve as morphogens that trigger the growth of the coremata (male
scent organs) (Schneider et al. 1982; Boppré & Schneider 1985; Davenport & Conner 2003; Jordan &
Conner 2007; Conner & Jordan 2009), which is yet another effect PAs can have for insects although it

cannot be generalised.
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Many insects that use PA-plants as primary hosts relate to PAs "unconsciously', i.e. their choice of a
hostplant is not mediated by PAs or derivatives thereof but by other PSMs. Their relationship with plants
can be more or less specific, i.e. a given species of PA-insects uses one or several specific PA-containing
hostplants but not just any PA-plant, or the range of hostplants may also include non-PA-plants.

This is in accord with the majority of insect-plant relationships where insects use and benefit from
PSMs (including cardenolides, cyanogenic glycosides, terpenes, and phenolic compounds; e.g., Opitz &
Miiller 2009).

Again, the details are complex. For instance, the larvae of Creatonotos consume glass-fibre filter
discs when they have been impregnated with PAs (Boppré 1995); this clearly meets the definition of PA-
pharmacophagy, but larvae naturally never have the opportunity to ingest PAs except in combination with
food. The cannibalism that Bogner & Eisner (1991, 1992) reported for eggs and pupae of Utetheisa ornatrix
is also in the context of obtaining PAs.

All species that either feed on PA-plants as immatures and utilise ingested PAs or gather PAs as
adults in a pharmacophagous way are PA-insects. Although at first glance no large differences may be
observed concerning the functional roles of PAs for the two kinds of PA-insects (see Fig. SI 2), from an
evolutionary perspective it is fundamental to make a distinction. It implies various consequences including
different sensory and metabolic adaptations, specificity, processing of the chemicals, motivation, etc.

The examples above (even more examples abound, and many more will likely be discovered)
demonstrate that studying the relationships between insects and PAs in the wider context of the ecology of
PAs is a rewarding field of research, and there is need to further investigate not 'only' PA-pharmacophagy

but insect-PA relationships in general.
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SI 3: Chemistry of PAs

Currently, more than 600 structures of 1,2-dehydropyrrolizidine ester alkaloids have been identified (e.g.,
Bull et al. 1968; Mattocks 1986; Rizk 1991; Hartmann & Witte 1995; Moreira et al. 2018; Tamariz et al.
2018; Schramm et al. 2019; JECFA 2020), and many more may still be found. Small modifications in PA-
molecules such as isomers or enantiomers, although technically discriminable, might but do not necessarily
need to be biologically relevant for sensory systems and/or for metabolic processing, i.e. insects might treat
certain structurally different PAs as equally (see, e.g., Macel ef al. 2002). Nevertheless, structurally similar
PAs can differ in their effects (e.g., Silva & Trigo 2002). Attractiveness does not reflect an intrinsic charac-
ter of a chemical but an effect on a receiving organism.

In chemical nomenclature, several PA-like molecules found in orchids or grasses are also called PAs
but they have no relevance for insects. PA-pharmacophagy appears to be restricted to 1,2-dehydro-

pyrrolizidine ester alkaloids.

Toxicity of PAs

Retronecine- and heliotridine-based tertiary PAs are pro-toxic. Their bioactivation by vertebrate
metabolism forms pyrroles that cause (dose-dependently) incurable and often lethal hepatotoxic, mutagenic
or carcinogenic effects (e.g., JECFA 2020). PAs provide chemical defence for PA-producing plants since
they act as deterrents in a dose-dependent manner and render PA-plants unpalatable for unadapted animals;
however, livestock may consume PA-plants when alternative forage is unavailable. Because unadapted
insects do not voluntarily ingest PAs, it is difficult to establish whether they would suffer toxic or even
lethal effects. Insects cannot suffer from hepatotoxicity but may experience genotoxicity (see Frei et al.
1992) or other harm (e.g., Narberhaus et al. 2005). Are assays that involve injection of PAs into insect
bodies (e.g., Nuringtyas et al. 2014) biologically meaningful? Note that adapted insects can enzymatically
convert tertiary PAs into metabolically safe N-oxides (Lindigkeit et al. 1997; Sehlmeyer et al. 2010). In
any case, PAs provide protection for plants and insects against many vertebrate and invertebrate antagonists
although it is not absolute and consumers adapted to PAs do exist.

Many plants that produce PAs are used as traditional medicines (e.g., Roeder 1995, 2000; Roeder &
Wiedenfeld 2011, 2013; Dash & Abdullah 2013; Neumann et al. 2015; Fu et al. 2022). This may not distract
from the fact that the pro-toxicity of PAs has detrimental effects and poses serious health concerns. The
positive medicinal effects ascribed to PA-plants, in cases in which they have been proven, are due to PSMs

other than PAs.
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Sensing PAs

PA-molecules are not volatile, but their ester bond(s) are susceptible to hydrolysis (Fig. 2A) which yields
the necine base plus necic acid(s) that are both volatile. When plant parts wilt or become injured, cells break
open and PAs are exposed to ambient conditions under which they hydrolyse more or less easily, depending
on the strength of the ester bond(s) which relates to their overall molecular architecture.

The derivative(s) that make up the odour of PAs ('PA-odour') for adapted insects have, unfortunately,
despite many efforts, not yet been identified. Apparently, PA-odour is sensed by specialised antennal
chemoreceptors in trace amounts (similar to female sex-attractants) and is likely short-lived because of its
vulnerability to oxidation. As the diversity of PA-molecules involves a few necine bases only but hundreds
of esterifying necic acids, many of which show only little structural differences, evidence suggests that PA-
odour probably represents one or several necine base derivatives, i.e. dihydropyrrolizines, which are similar
to pheromones made from retronecine- and heliotridine-based PAs (Fig. 2K—M). Hydroxydanaidal (Fig.
2K)—or a derivative thereof—is a candidate molecule: it attracts insects searching for PAs (Krasnoff &
Dussourd 1989; Fig. 5F); there is a dedicated receptor for it (Bogner & Boppré 1989); Edgar et al. (1973)
could wash hydroxydanaidal from Heliotropium amplexicaule after moistening it.

Although it is difficult to imagine a receptor that can detect the diverse acids, receptors for certain
necic acids are not ruled out, and some PA-insects may sense them: for instance, ithomiine butterflies are
not attracted to some PA-containing Eupatorium species (Trigo et al. 1996), to H. angiospermum and
Tournefortia volubilis Pliske (1975a), nor to the roots of Emilia or Erechtites (Boppré unpubl.) that are
highly attractive for many other PA-insects. For Ithomiini plants containing monoesters are most attractive
(Trigo et al. 1996). In contrast to Danaini and Arctiini, Ithomiini produce male pheromone components not
only from necine bases but also from certain necic acids (Fig. 2K,N,O; Edgar et al. 1976; Schulz et al.
2004). It is unknown whether ithomiines generally respond to different volatiles compared to other PA-
insects. The findings of Pliske et al. (1976) in this regard are doubtful due to the decomposition of their test
compounds and require verification. Regardless, hydrolysis appears to be essential in rendering a PA olfac-
torically detectable but the matter is still open as long knowledge about the reactions of both dehydropyrro-
lizidines and dihydropyrrolizines under ambient conditions is insufficient.

Techniques for analysing PAs in plant matter are steadily optimised to detect medicinally relevant
compounds (e.g., Kopp et al. 2020) but the elucidation of full bouquets, including minor compounds and/or
derivatives, is not the focus. It may well be that volatile derivatives of attractive PAs are not solely produced
via hydrolysis but rather are present per se: a few studies did find non-dehydro PAs as minor components
(boveinine [Reina et al. 1998]; loroquine [Borges del Castillo et al. 1970]; parsonsine [Abe & Yamauchi
1987], Fig. 2P) that share the characteristics of dihydropyrrolizines (Fig. 2K—M). Are such molecules
common in PA-plants but escape detection when extraction techniques tailored to the detection of toxic

PAs are applied?
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It is not only extraction but also analytical methods that cause a preselection of analysable chemicals;
therefore, adequate means need to be employed to find volatile derivates that adapted insects consider
attractive. Analysis of head-space air appears to be the method of choice; however, it reveals an overwhel-
ming number of peaks and there are difficulties associated with the selectivity of adsorbents and problems
with the desorbing and detection procedures (Boppré et al. unpubl.). Another issue involves the quick oxi-
dation of many dihydropyrrolizines (see Culvenor et al. 1969, 1970; Edgar et al. 1973) which makes
chemical characterisation (see Stamm et al. 2019) as well as the conduction of bioassays demanding.

Unfortunately, characterisation of the PA-odour, is highly challenging. Bioassays performed in capti-
vity with a 'cooperative' species of PA-insects and a wide range of PA-plants might contribute to finding

the best kind of plant material for chemical analyses but even this is difficult to conduct accurately.

Stability of PAs

Much is known about the 'behaviour' of PAs in plant and animal metabolism but almost nothing about their
reactivity in ambient conditions. Generally, chemists keep natural products in a fridge and avoid exposing
them to conditions that may cause their degradation by oxidation or UV light and temperature. When
conducting baiting, conditions are always unique, all the PAs which the bait contains may not be known,
and the behaviour of the PAs may not be fully understood. Moreover, the attractiveness of dried PA-plants
declines over time (see main text). Then, PAs are still present within the tissue and can be extracted with
solvent although they escape hydrolysis and for insects are thus undetectable. For studies on the roles of

PAs in ecology, data on reactions of PAs under ambient conditions is needed.
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SI 4: PA-plants

There is quite a large number of publications on the chemistry of PA-plants. Understandably, analytical
chemists focus on the identification of new structures in natural products, particularly those with medicinal
and/or veterinary relevance. Thus, from an ecological perspective, the literature on PAs suffers from signifi-
cant limitations: 1) a general screening is missing; ii) mostly entire plants were extracted, although it is
known that PAs are not always distributed equally in a given plant individuum; iii) often only major
compounds are structurally elucidated, i.e. we have insufficient knowledge of full bouquets; iv) often PAs
are not quantified in detail; v) use of a huge array of extraction and analytical methods provide incom-
parable results; vi) little information exists on intraspecific / seasonal variation; vii) ongoing taxonomic
changes in plant names and viii) inadequate determination as well as ix) inconsistent use of chemical
terminology cause confusion.

Many more PA-plants will be discovered, and some may be more attractive than the currently known
ones. The majority of analysed PA-plants are from ruderal habitats. Knowledge of PA-plants from tropical
forests that are particularly relevant to insect-PA relationships is scant. PA-insects can be employed as
biodetectors (see SI 7).

Concerning the systematic distribution of PAs in the plant kingdom, knowledge of the variation and
diversity of PAs in plant taxa is complex and incomplete (see SI 3). Simple generalisations are impossible
to make at present.

PA-plants each have qualitatively and quantitatively different bouquets of PAs. This makes it
impossible to find out exactly which PAs are relevant to the attractiveness of the given plant material to
PA-pharmacophagous insects. Only from finding that the insects are attracted to pure PAs do we know that
the attractiveness is directly related to PAs and not to any other plant chemicals. Not all PAs can be tested
in their pure form; many do not crystallise and, in particular, the uncertainties with respect to their degrada-

tion under ambient conditions persist.
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SI 5: PAs in floral nectar

A peculiar issue concerns flowers. The nectar of most PA-plants apparently does not contain PAs, which
deter insects that are not adapted to them (Masters 1991). However, it appears that there are at least some
PA-plants that have PAs in their nectar and, in this way, recruit a specific guild of pollinators:

In Argentina, Jorgensen (1913) wondered at masses of Arctiini (as Syntomidae) visiting flowers of
Senecio brasiliensis but also injured green parts and wilted stems; this plant was later found to produce PAs
(Hirschmann et al. 1987; Klitzke & Trigo 2000; Sandini et al. 2013). Flowers of some Eupatorium spp.
also contain PAs in their nectar and seem to be exclusively visited and pollinated by PA-insects (e.g., E.
xestolepis, Pliske 1975b). Brown (1987) found that Ithomiini gather PAs mainly from flowers; he assumed
that PAs are synthesised in the roots and transferred to the inflorescences. Unfortunately, the roots have
never been bioassayed or chemically evaluated. In Africa, the flowers of Gynura scandens were found to
be exclusively visited by Gabonia beetles and Danaini, the latter exhibited the same sex bias as at PA-baits
(Boppré 1990). In Argentina, Malcolm & Slager (2015) found "thousands" of Danaus erippus nectaring at
flowers of Chromolaena arnottiana (as E. arnottianum), which contain PAs. Flowers of Gymnocoronis
might also contain PAs in their nectar.

PA-insects have often been found on flowers of Ageratum conyzoides (Fig. 3F, Tables 1,S1), one of
the most common pantropical ruderal weeds that contain PAs (Wiedenfeld & Rdoder 1991; Bosi et al. 2013;
Almeida & Ravindran (1988) doubted that Ageratum contains PAs but they used inappropriate analytical
methods). Close observation shows that PA-insects often do not take up nectar but rather extract PAs from
tiny dry parts of an inflorescence. Even if PAs are chemically detected in extracts of inflorescences (Brown
1984, 1987; Trigo et al. 1996), this is not conclusive proof that PAs are constituents of the nectar.

Detailed studies are needed to elucidate the question of the presence of PAs in nectar. When flowers
are suspected to contain PAs in their nectar, tests with withered flowers as well as other tissues are strictly
necessary for verification. Examining the guild of flower visitors may also help; PA-pharmaophagous
moths should be included in any such study. Note that, in general, it is difficult to experimentally collect
nectar from small flowers without wounding the nearby tissue. Allowing PA-insects to consume floral
nectar of inflorescences devoid of wounds and dry parts and analysing the insects for PAs seems like a
simple test, but it requires a culture of appropriate insects and plants as well as chemical analyses.

A particularly interesting case involves flowers of Epidendrum paniculatum, E. anceps and E. densi-
florum orchids which appear to be pollinated exclusively by PA-insects although they produce neither
nectar nor PAs and thus do not provide a reward; rather, these flowers appear to deceit PA-insects with de
novo synthesised PA-odour or a volatile that is mimicking PA-odour and which the insects' chemoreceptors
cannot distinguish (Wagner 1973; Adams & Goss 1975; Goss & Adams 1976; DeVries & Stiles 1990;
Pansarin 2003; Silveira et al. 2023; Boppré manuscript). Unfortunately, the observations have not been

followed up in a systematic way. Silveira et al. (2023) did not study flower visitors at night; our
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considerations on volatiles rendering PAs olfactorically detectable for adapted insects (SI 3) put their
hypothesis "... the flowers of E. densiflorum (and related species) mimic the fragrances of plants that are
the actual alkaloid sources for these Lepidoptera" into context. The role of PA-insects in pollination of
Epidendrum species is another subject that requires more attention. In order to identify the PA-odour,
perhaps, the composition of head-space air of fresh Epidendrum flowers contains less chemicals than head-

space air of decaying PA-plants and is therefore less difficult to analyse.
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SI 6: PA-baiting

Specificity of attraction

Most observations on PA-pharmacophagy were made using species of Heliotropium, which obviously are
prime plants for PA-baiting. Indeed, PA-baiting mostly focusses on Heliotropium, although the context
with PAs often is not appreciated and other sources of PAs remain unconsidered. Definitely, Heliotropium
is a genus that guarantees baiting success; however, it is all but justified to assume it attracts the (yet
unknown) full range of PA-insects.

Baiting with different plants in parallel whenever and wherever possible is urgently needed on a large
scale to learn about the specificity of attraction. That Ithomiini are attracted only to certain PA-plants (see
the subsection on sensing in SI 3) might also be true for certain Arctiini and other taxa.

When insects are given a choice between several baits made from the same plant species they may
prefer one over the other, but we cannot know whether their choice is due to individual PAs or the bouquet
of PAs or the type or amount of volatiles, and it may change over time. When two or more different plants
are placed next to each other as baits, the same uncertainties apply, and a quantitative evaluation of such
simple choice tests appears impossible. However, choice tests are very informative when different insect
species are attracted in meaningful numbers. In general, documenting the attraction of a certain species or
the attractiveness of a given plant/bait is straightforward, while demonstrating non-attraction or non-
attractiveness is challenging. Information on specificity is highly demanded and might set a milestone for
understanding PA-pharmacophagy and its evolution. It makes much sense to continue to use Heliotropium
as baits in many habitats and in different seasons, but PA-baiting should not be restricted to this plant but

be complemented with others.

Commercially available PAs

A few milligrams of pure PAs offered in dishes do attract PA-insects (Fig. 4A—D); however, according to
our experience, plant material is usually more attractive than pure chemicals or extracts, although this
cannot be fully explained yet. Also, pure crystals can quickly be consumed by insects, and they are
expensive. For example, 250 mg of heliotrine from Latoxan currently is EUR 400 (Latoxan 2023), while
10 mg from SIGMA-ALDRICH is EUR 402 (SIGMA-ALDRICH 2023); 20 mg of monocrotaline from
Extrasynthese is EUR 112, 10 mg of Senecionine is EUR 186 (Extrasynthese 2023), while 25 mg from
Selleck is USD 127 (Selleck 2023). The companies recommend to store PAs at +4 to -20° C!
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Habitats for PA-baiting
It is assumed that PA-insects will be found in all kinds of (sub-)tropical habitats. However, habitats likely
differ with respect to presence of PA-plants and PA-insects; a qualified statement can only be made when

more habitats have been investigated.

See also SI 7 "Conditions for PA-baiting".
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SI 7: Comments on selected publications that require verification

Diversity of insects found at PA-baits

Occasionally, a specimen of an unexpected taxon (e.g. pyralid or geometrid moths, cockroaches and other
insects) is found on a bait. These insects may visit baits not because of PAs but for other ingredients or
contaminants such as salty sweat from handling. Only when a taxon not yet known to exhibit PA-pharma-
cophagy is found repeatedly and in good numbers on PA-baits is there an indication of a new valid record
of a PA-insect.

In this vein, Hagmann (1938) stated: "unpleasing is the fact that fedegoso [Heliotropium] attracts
mosquitoes (Culicidae) that mercilessly pursue the collector. During the day, the fedegoso lick is frequented
by many wasps that gnaw it on the lance, on the leaves and on the panicle and it is mainly in the wounds
that form there that the butterflies take advantage of it to suck the fedegoso's sap." Similarly, Jorgensen
(1913) found stingless bees (Trigona amalthea) and wasps (spp. of Polistes and Polibia [sic, recte Polybia])
biting holes in Senecio brasilienis plants and drinking the exuding sap. Large numbers of Trigona recursa
were observed consuming fruits of Crotalaria micans (Santos et al. 2013). Moss (1947) found, most re-
markably, attraction of drying Heliotropium also "for wasps of many kinds, for a few beetles, for grass-
hoppers, for bugs, mosquitoes and flies of all sorts." Pliske (1975a) collected Orthoptera (Tettigoniidae,
Gryllidae), Dictyoptera (Blattellidae, Blattidae), and Coleoptera (Cerambycidae) on PA-baits in Venezuela.

Unfortunately, all these papers do not provide enough details, most do not even give the names of the
observed species. Thus, whether the diverse insects reported on baits (or some of them) are PA-pharmaco-
phagous or rather use the plants for food (see SI 2) needs to be verified. None of the mentioned taxa have
been found by us in Kenya, Costa Rica or Peru, but it may well be that in certain habitats there are specific
wasps and insects of other orders that gather PAs in a pharmacophagous way. Indeed, many new records
are quite conceivable and even expected with additional PA-baiting, and further studies in many different
regions will enrich our currently incomplete knowledge and perhaps make PA-pharmacophagy an even
more significant subject than it is currently is.

Pliske (1975a) also collected Diptera (Chloropidae) on PA-baits. Chloropidae definitely go for PAs
because they were also found to be attracted en masse to dishes containing pure PAs in Africa (Boppré &
Pitkin 1988), Costa Rica and Peru (Boppré & Monzén, unpublished; Fig. 4K); they preferably visit just
before dawn and appear a good indicator of the quality of a bait. However, an idea on the role(s) PAs play

for them is missing; their taxonomy is challenging.

Incidental observations and follow-up testing

Among the relatively many incidental observations of insects on withering PA-plants several are most
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impressive by reporting hundreds of individuals (see Tables 1,S1). Unfortunately, most reports deal only
with acute situations, with no follow-up observations (e.g., observations in the following days and nights
or testing of plant organs separately and in different habitats) and subsequent chemical analyses. Thus,
more in-depth studies need to be conducted on the numerous plants which were found to be attractive when
injured or withering.

For example, many field observations were made with Heliotropium foertherianum (Tables 1,S1) in
the daytime. Apparently, nobody has ever checked this plant for insects at night or in distant habitats. It
would be rewarding to take samples (seeds, twigs, bark, roots) as baits to other habitats and check them
during the day and at night. Heliotropium foertherianum is one of the few PA-plants with a tree habit; thus,
it is available all year and widely distributed on the tropical shores of the Pacific and the Indian Ocean.
(Chemical analyses [Edgar 1982; Ogihara et al. 1997] are insufficient; a modern re-investigation is wanted
that considers the full bouquet of PAs and differentiates between organs.)

About 20 publications reported Danaini visiting buds, pods and (rarely) leaves of Crotalaria species
(Tables 1,S1), mostly in high numbers, however, all observations were made during the day; the attractive
plants were never checked at night, and baiting tests (also involving roots) have not been conducted yet. It
should be a general rule that plants that were incidentally found to be attractive are kept under observation
for some days and also tested in other habitats during the day and at night (as Hagmann [1938] and Zerny
[1931] did with great success but with Heliotropium only). PA-containing exudates seem unique for Crota-
laria but this character requires more detailed studies.

Incidental observations of Lepidoptera with extended proboscis on withering or damaged plant parts
will lead to greater knowledge on the richness of PA-plant species. So far, PA-pharmacophagous insects
have served as bioindicators for finding PAs in some plants (Echites panduratus, Parsonsia spp., Gynura
scandens, Prestonia amabilis, Chromolaena odorata, C. arnottiana, Gymnocoronis spilanthoides, Alafia
cf. caudata, Amphineurion marginatum — see Table S3); several attractive taxa (including Neomirandea
sp., Senecio burkartii, Adelocaryum coelestinum) require confirmation of the presence of PAs by chemical
analyses.

In general, it would be very helpful if entomologists who engage in PA-baiting reported, in addition

to their target species, on other insects they find on baits and on the abiotic context.

Conditions for PA-baiting

Hagmann (1938) states that "absolutely negative [for baiting success] are the moonlit nights"; this contra-

dicts all our experience—we rather enjoy baiting when the moon is shining because our general orientation

is facilitated. Several other of the early publications also make statements which we cannot confirm.
Pliske's (1975a) paper, published at a time when the topic of PA-pharmacophagy was still in its

infancy, is a pioneering and seminal work. It not only compares several PA-plants but also habitats and
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reports and discusses many basic details (including sex bias, attractive cues and functional aspects). Pliske
collected 257 species of Lepidoptera and some other taxa but of many only small numbers; considering that
he used different plants in habitats with different faunas without stating the baiting durations, a comparative
and detailed evaluation seems impossible. However, his records remain highly valuable but some of his
conclusions require modification in the light of advanced knowledge.

Ramos et al. (2020) concluded from their experiments that "Danaus butterflies of the Americas do
not perform leaf-scratching", implying that they do not sequester PAs (see also Ramos et al. 2019). Their
approach needs to be questioned because, unfortunately, they wrongly assumed that "butterfly species and
not plant condition serve as the explanatory variables" for attraction to fresh compared to withered (Cro-
talaria) plant material and the "underlying mechanisms that mediate this interaction [PA-pharmacophagy]
have not been explored". They also were not aware of and did not consider many other principal aspects
related with PA-pharmacophagy and necessarily came up with doubtful results.

Ancajima & Neyra-Hidalgo (2021) used Heliotropium baits at 21 spots in Peru, which were checked
frequently for three months. They collected 39 specimens of 16 species of Arctiini—a very poor gain for a
big effort. Probably, they were not aware of the variables that need to be considered when performing PA-
baiting; likely their baits were not in good condition and/or their traps did not retain all specimens attracted.

Unfortunately, not enough details are provided in the study's Material and Methods section.

Sex ratio and physiological state of specimens attracted

Some reports (e.g., Pliske 1975a) suggest that PA-insects can be categorised on the basis of which sex is
attracted by PA-plants. For a few species it is clear that attraction is sex-biased, however, on most species
data are missing and on others too few specimens were checked. Extensive data is much wanted on as many
species as possible—it will be important for drawing functional conclusions.

The study of Goss (1979) is the only one which analysed the age (based on fat body) and mating
status (based on presence of spermatophore(s)) of specimens attracted to Eupatorium capillifolium baits in
Florida, USA. Unfortunately, his data is too little to allow for making up categories, however, such physio-
logical data, in combination with data on sex ratio permit more extensive interpretation and should be

collected on a larger scales.
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SI 8: Epilogue

Although the first observation of PA-pharmacophagy dates back more than a century, we are only at the
beginning to understand the syndrome with all its facets. For several decades, counterintuitive sightings of
flocks of butterflies sucking at dry plant matter were puzzling, and the occasional taking advantage of the
attractiveness of PA-baits for collecting certain arctiine moths was a means that had no explanation. Note
that the early authors reported butterflies at PA-plants long before PAs were initially characterised by
natural product chemists (see Bull ez al. 1968).

In recent decades the issue has become a complex subject with many intertwined aspects which made
it a topic of Integrative Biology. The interest in PAs as a health risk for humans and livestock resulted in
many studies on PA-chemistry and presence of PAs in plants from which entomologists could benefit a lot.
The increasing knowledge over time requires 'correction' of some statements made in the literature.

We have tried to draw attention to the relevance of PA-pharmacophagy and untangle and explain the
complex context by reviewing and structuring background facts in order to constructively demonstrate the
avenue to go.

Much of the information is directed towards a holistic understanding of PA-pharmacophagy. We
inform colleagues interested in insect-plant associations, chemical ecology, and ecology, biology, and evo-
lution in general as well as students of scientific natural history about a research topic with great research
potential in various aspects. For authors who published observations of insects at PA-plants but obviously
being not aware of the context, we provide a framework to accomodate their findings.

For colleagues with a strict focus on taxonomy and faunistic aspects, many details might be irrelevant,
however, they can extract the practical tips given. Long before the luring capacity of PA-plants was under-
stood, collectors employed PA-baiting with success, and until today, PA-baiting can be successfull without
considering all the context which is now available. However, we think it is helpful to have in mind some
principal knowledge on PA-chemistry, PA-plants and PA-insects; if collectors are aware of the factors that
influence baiting success and, for example, use plant material of optimal condition and a wider range of
plant species for baiting, they will obtain more insect species and specimens—at the same time they can
also contribute to general aspects if they publish details of they work.

In particular, the understanding of PA-pharmacophagy suffers greatly from rarity and patchyness of
records and that mostly a few specimens only were recorded. The many reports of incidental observations,
often made at a single site, on a single day and of a few specimens do not provide robust data although they
do stimulate follow-up studies. We plea for PA-baiting at many more sites, using many more plant species
as baits, and conducted for longer periods of time to obtain more specimens of species that occur in low
abundance as typical for tropical ecosystems.

Individual studies can contribute much, however, since we are dealing with biodiversity s. s¢tr. what

is really required is that circumtropically in as many habitats and at as many times as possible PA-baiting
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is conducted to contribute to increase knowledge on the diversity of PA-plants and PA-insects and bring
the subject to a higher state of knowledge.

With PA-baiting alone, knowledge on attractive plant species and attracted insect taxa but also on
specificity, sex-ratio, mating status etc can be gained. This is a lot but not all. Eventually, contributions by
scientists from various disciplines, natural product chemistry in particular, are needed, too. Both fieldwork
and laboratory-based studies should be conducted. A comprehensive study of the topic is like a challenging
jigsaw puzzle that requires many different players who complement each other.

Several aspects seem easy to investigate, but his is easier said than done. For example, it would be
most interesting to investigate the attractivity of the Old World H. foertherianum (see above) in Latin
America where the diversity of PA-pharmacophagous Arctiini is highest. This is not possible due to
meaningful restrictions on the import of plant material. Also, comparison of the use of different pure PAs
as baits is supposed to be easy, but pure PAs are mostly unavailable, expensive, and degrade easily.

Many questions could be answered if breeding cultures of several PA-pharmacophagous species in
confinement were available; however, we hardly know a valid name for many of these species and only
know the larval hostplants for a few. One not only needs appropriate conditions to breed a given insect
species but also to cultivate its hostplant, which is an obvious challenge. To have different plants available
for baiting at the same time is easy to plan but ensuring the right condition for the plants at a place where
many insects are abundant and where there is little competition with natural PA-sources is difficult; one
needs to be lucky to be able to perform quite simple tests. The many gaps in knowledge on basic natural
history of insects such as hostplant relationships—another field which requires many studies.

Let us end by saying: You grow with the challenge. Despite the many uncertainties and limitations
discussed, we hope to have motivated many colleagues, particularly those who live in the tropics, to

contribute to PA-pharmacophagy.
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Table S1

Publications complementing Table 1. Chronology of original reports on incidental observations (column type: I) and experimental bating (column type: E) on insects attracted to
sources of pyrrolizidine alkaloids (PAs) that do not show pincipal news and, therefore, are not mentioned in Table 1; in combination, to the best of our knowledge, Tables 1 and
S1 comprise all published reports. For abbreviations see Table 1.

zoogeogra- inse

reference phic realm country type | plant ct

major news, quotes, comments

p. 15: Euploea schmeltzi"is found in flocks of many hundreds on Toumefortia argentea L. [H. foertherianum]" "About 150 on one
Hopkins (1927) . Samoa dead branch below the tree, all males." p. 16: "... many hundreds of Euploea schmeltzi on the fruit-clusters of T. argentea in
Oceanian DAN | savaili, but even in this case it was the dead and withered clusters that were preferred.”

Poulton (1932) Fiji "... it is difficult to imagine in what the attraction lies; no exudation of any sort was observed."
. . French BOR Found (in 1914) Syntomidae (ARC) at Heliotropium (as Heliophytum) and at uprooted plants which were identified with
Benoist (1933) Neotropical Guyana ARC uncertainty (and likely errorneous) as Cacoucia coccinfla Aubl. (Combretaceae). [No details.]
Solomon | "... Euploeas feeding on the recently dead, flaccid leaves of Tournefortia. Their proboscides were fully extended and they were
Lever (1934) Oceanian Islands DAN | actively engaged in feeding on the surface of the leaf." "... first definite observation of their actual feeding and the use of the
proboscis".
Hoffmann (1936) Neotropical Brazil AST ARC | Mentions some ARC at "foul Seneciobushes" without any surprise. [No details.]
Poulton (1936) Oceanian Z?;zrgsn Euploea taken on a broken-off branch of a H. foertherianum (as T. argentea).
DAN
. . Plants of Cynoglossum denticulatum "completely covered with Danais melissa"... engaged in vigorously scratching the surface
Barnes (1939) Oriental India of the leaves with the ‘claws’ of their front legs and drinking the sap thus made available ...".
ARC Tested, based on personal information by Hagmann (1938), H. indicum as bait and "found that the leaves, stalks, even the roots
M (1947) Brazil E DAN and especially the long seed racemes constitute a most remarkable attraction" "on one plant ... as many as 40 or 50 specimens".
0ss a Some species appear only in one sex, male or female as the case may be; the opposite sex in a few kinds occasionally turning
ITH . . ; ) N
up as a rarity, in others, like Aethria leucaspis, one of the commonest, all males, never once a female." [See Sl 7.]
Le Moult (1955) French LE ITH Incidentally noticed a plant, Heliotropium sp., with great numbers of "Synthomides" and "lthomides", planted it in his garden and
Guyana ’ ARC | "was able to collect hundreds" specimens. [No details on species.]

BOR

Nine species of ARC at "Heliotropium indicum Linnaeus is a common weed which, when uprooted and allowed to shrivel,

. exercises a remarkable selective attraction for several lepidopteran families including the Ctenuchidae. For some unknown
Beebe & Kenedy (1957) | Neotropical reason, however, only certain species appear to be attracted to it, while other species common in the same locality ignore it
completely." "Pseudosphex kenedyae [Myrmecopsis] is a common visitor to H. indicum, but it has not been seen elsewhere nor

ARC had we ever seen a specimen before using the attractant".
Fleming (1957) Trinidad E Pseudosphex kenedyae sp. nov. [now Myrmecopsis] collected at Heliotropium indicum.
Fleming (1959) Aclytia leucaspila sp. nov. and some other ARC collected at Heliotropium.

DAN Baiting with H. jr_)dicum: "We were impressed that this_plant gt_tracted not <_Jn|y very large nur_n_be_rs of _male ithomiines (/thomia
Gilbert & Ehrlich (1970) ITH drymo, Hymenitis andromica, Tithorea harmonia, Melinaea lilis, Hypothyris euclea, Mechanitis isthmia, and others), but also large

numbers of males of the danaine, Lycorea ceres." [No data.]

Edgar et al. (1973), Edgar (1975), and Schneider et al. (1975): recognition that attractiveness is due to the presence of 1,2-dehydropyrrolizidine ester alkaloids (PAs)

ITH Used Heliotropium to collect ITH and ARC; found 3 female Heliconius cydno (Helioconiinae) as a surprise.

Masters (1971) Neotropical Venezuela E ARC | First and only observation of a Heliconius butterfly is dubious.

Owen (1971) Afrotropical Kenya BOR Danaus chrysippus at Heliotropium sp., previously damaged by browsing Zonocerus grasshoppers.

| DAN
Edgar et al. (1973) Australasian | Australia Danaus plexippus, D. hamatus and D. affinis at H. amplexicaule. Mention that Cynoglossum amabile is also attrractive.
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Epidendrum anceps is exclusively pollinated by Eucereon carolina, Lymire edwardsii and Cisseps fulvicollis and Oxydia vesulia

Adams & Goss (1975) Nearctic USA: Florida ORC ARC (Geometridae). [See SI 5]

Tirumala limniace (as Danaus) and Danaus chrysippus at H. indicum. "At first | assumed that the butterflies were feeding on the
flowers, but closer inspection revealed that all of them were clinging to, and feeding on, a dead and decaying inflorescence
Amladi (1975) Oriental India BOR DAN | drooping from the plant." "I crushed an inflorescence bearing few flowers of this latter plant, sufficient to extract the plant juice
without distorting its rigidity, and waited. In a few minutes all the 5 specimens of D. limniace transferred their attention to this
plant and within seconds of arrival settled and avidly fed on the bruised portion of the plant." [Photograph.]

Schneider et al. (1975) Afrotropical Kenya L E BOR DAN | Many male D. chrysippus at withered Heliotropium steudnerii.
Goss & Adams (1976) Nearctic USA: Florida ' ORC ARC | Pollination experiments with Epidendrum anceps. [See S| 5.]
Bernays et al. (1977) Afrotropical Nigeria DAN | Frequently witnessed Danaus chrysippus feeding on the juices of moribund Zonocerus variegatus.
Chathurvedi & India Many DAN (Euploea core, Tirumala limniace (as Danaus), D genutia, D. chrysippus) sucking withering leaves of Crotalaria
Satheesan (1979) | retusa, also 4 males of Hypolimnas bolia which is a surprise and dubious.

h & Jon Oriental FAB DAN
‘(J1° ggg)ton Johnston Hong Kong All local DAN found at Crotalaria retusa.
Lamas & Pérez (1981) Neotropical Peru E :DT':N 25 of the 42 local DAN and ITH in Madre de Dios attracted to Heliotropium indicum baits. 94 % males.

. Solomon APO , , . .

Edgar (1982) Oceanian Island | BOR DAN | Species of Danaus and Euploea at Parsonsia spiralis and H. foertherianum.

DAN Scratching behaviour of Danaus, Tirumala and Amauris on living leaves of H. pectinatum that had been previously injured by leaf
Boppré (1983) Afrotropical Kenya I,E BOR ARC beetles. "Leaves scratched with fingernails or damaged by squeezing, instantly attracted Danainae and Rhodogastria [Amerila],
respectively, but intact leaves offered simultaneously were always neglected."

Boppré (1984): coining of the term "pharmacophagy”

Larsen (1986a) Papua New APO Clusters of Euploea on dried vines of Parsonsia lata. Existing clusters appeared to act as visual cues for those that joined.
Oceanian - | DAN
Larsen (1986b) Guinea AST Danaus chrysippus at flowers, cut stems and roots of Ageratum conyzoides were almost invariably males.
Boppré & Pitkin (1988) Afrotropical Kenya pPA DIP Hundreds of Chloropidae of 4 genera (Melanochaeta, Chlorops, Eutropha, Oscinella) at dishes with pure PAs. [Photographs.]
Krasnoff & Dussourd . . E pPA ARC | Pure PAs, derivatives of PAs, and roots of E. maculatum attracted ARC.
(1989) Nearctic USA: Florida
Dussourd et al. (1989) Male D. gilippus are readily lureable with wilting Eupatorium capillifolium and consume offered crystalline monocrotaline N-oxide.
Boppré (1990) Afrotropical | Kenva | AST DAN | "Flowers of the PA plant Gynura scandens are exclusively visited by PA-insects, and these exhibit the same sex bias as at
PP p Y withered plants or artificial baits; other Lepidoptera completely ignore these flowers."
DeVries & Stiles (1990) Panamanian | Costa Rica E ORC ,IATF?C Several ITH and ARC at flowers of Epidendrum paniculatum. [See S| 5.]
Davis & Barnes (1991) Afrotropical Mauritius Danaus_chrySIppus, Euploea 'euphon and Amauris phaedon "imbibe exudations from the ends of broken branches" of H.
foertherianum (as Tournefortia argentea).
Haribal (1992) Oriental Indi | BOR DAN | DAN attracted to Adelocaryum coelestinum (as Paracaryum).
rienta ndia
Chaturvedi (1994) DAN attracted to Trichodesma indicum and A. coelestinum (as Paracaryum).
Calhoun (1996) Nearctic USA: Florida — Danaus eresimus and D. gilippus apparently gathering PAs around the cut stem of an unidentified plant.
AST
Boppré & Fischer (1997) | Afrotropical Ghana BOR ORT | All stages of Zonocerus variegatus attracted to Chromolaena odorata and other PA-baits. [Little context on PAs.]
pPA
- E
Hauser & Boppré Panamanian ggrslja;lca, BOR ARC More than 1,000 specimens of 98 species of ARC attracted to dry Heliotropium and dishes with pure PAs, extracted and purified
(1997a) Neotropical P pPA from Crotalaria scassellatii. [List of species only for specimens from Costa Rica.]

Guyana
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Hauser & Boppré

17 species of Amerila (including 5 sp. nov.) collected at PA-baits, recognition of a comb. nov. based on PA-baiting. [Little context

(1997b) on PAs.]
Afrotropical Kenya AST . . . :
Scherer & Boppré BOR coL 13 Gabonia sp. nov. and a Nzerekorena sp. nov. collected at Heliotropium bait, at Ageratum, Gynura and at pure PAs. [Little
(1997) context on PAs.]
pPA
Jafer Palot et al. (1997) Oriental India Eg% DAN | Aggregating DAN on C. peduncularis and H. indicum. [Not seen, quoted by Nair (2003).]
Boppré (1999) Afrotropical Kenya AGA | Digama, Asota (as Aganais) at various PA-baits. [Photographs of DAN, ARC, AGA at PA-sources. Little context on PAs.]
Grados (1999) Neotropical Peru BOR ARC | Survey with light and Heliotropium parallely. List of species provided but not differenciated.
. . . Congreation of E. core on dry roots of C. odorata. "Is it possible that Euploea core acquire some alkaloids from the roots of
Karthikeyan (1999) Oriental India AST DAN Chromolaena odorata like they do by visiting Heliotropium indicum and other plants?" [No context.]
Conner et al. (2000) Nearctic USA: Florida ARC | Cosmosoma myrodora collected at E. capillifolium.
Brevigonon (2003) gf;::a ITH Ithomiines at roots of Heliotropium on a freshly ploughed field. [Brief mention of "alkaloids".]
Neotropical — BOR - — - - - - - —
Cock (2003) Trinidad, ARC Mentions baiting with Heliotropium with reference to Beebe (1955) and provides colour photographs of Dinia eagrus and
Tabago Pseudsphex kenedyae at bait. [No mention of PAs, no details or context.]
Repeatedly observed Euploea core and T. limniace wihich "seemed to rub their proboscids against the withered roots and
Nair (2003) Oriental India DAN | appeared imbibing some substances, possibly alkaloids" of the roots of a fallen tree, determined as Hopea parviflora (Diptero-
carpaceae). [First and only report re Hopea, which is not known to contain PAs; interesting report which requires verification.]
DAN
Freitas et al. (2003) Neotropical Brazil ITH Brief mention that Heliotropium plants can be used for baiting DAN, ITH, ARC. [Photographs of ITH at Heliotropium.]
ARC
BOR
Einem (2004) Nearctic USA: Texas DAN | Danaus gilippus and D. eresimus at damaged Heliotropium. [Photographs.]
Grados (2004) Neotropical Peru ARC | Pitane sp. nov. collected at Heliotropium baits. [No mention of PAs.]
. . At C. retusa: "D. genutia spends more time on unopened flowers, by comparison to open flowers." [Study focusses on nectar
Bhuyan et al. (2005) Oriental India FAB DAN host plant selection, no mention of PAs ]
Araujo (2006) Neotropical Brazil BOR ITH Study on community of ITH mainly based on regular baiting with Heliotropium.
Planted a garden "with butterfly aggregation plants such as Heliotropium keralense and Crotalaria retusa in order to facilitate
Mathew & Anto (2007) roosting of danaid butterflies". "... the danaids formed large aggregations with populations ranging from 150 to 600 on C. retusa
India FAB DAN | (Figure 5) and H. keralense". [PAs are mentioned but context incomplete.]
Prasad et al. (2008) Oriental Congregations (up to 60 specimens) of DAN (Danaus, Euploea, Tirumala) at C. retusa. "... the main purpose of aggregaton on
’ Crotalaria retusa may be to imbibe the sap containing such [pyrrolizidine] alkaloids ...". [Context superficial.]
Honda (2008) Japan AST DAN General discussion on'DAN and PAs. Photographs of Ideopsis similis at E. chinense, Parantica sita at H. foertherianum (as M.
BOR argentea) and E. mulciber at an asteraceous plant.
Krauska (2009) Nearctic kJ/IiSsgiauri AST Many D. plexippus at withering roots of Gymnocoronis spilantoides. [No mention of PAs.]
Das (2010) India ? Striking colour photographs of Tirumala at Heliotropium. [No mention of PAs.]
. BOR Mentions adults of several DAN to visit H. indicum, C. retusa, Trichodesma indicum and Adelocaryum coelestinum (as
Mathew (2011) India N .
DAN Paracaryum) for pyrrolizidine alkaloids. [No context.]
ButterflyCircle (2012) Oriental Singapore AST Pictures of DAN at trimmings of Artemisia scoparia.
Studied interactions of insects with C. retusa. "D. chrysippus and E. core visit the mature buds and flowers to collect nectar while
Rajesh et al. (2012) India FAB T. limniace in huge aggregations collect sap from the stem and leaf petioles before flowering and after fruit set." "More than 800

individuals of this butterfly were found to aggregate on C. retusa plants for the collection of sap." Plants subsequently withered.
[See Si 1]
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Three spp. of Euploea and T. hamata "in large numbers imbibing pyrrolizidine alkaloids from dead and damaged leaves and

Lambkin (2013) Oceanian CPE‘?J‘iJnu:aNeW flowers of Heliotropium foertherianum". Tirumala hamata attracted to flowers and leaves of C. retusa. [Colour photographs; no
BOR context on PAs.]
Revathy & Mathew FAB "Roosting of Danaid butterflies on Crotalaria retusa ... Aggregations of large populations of Tirumala limniace, T. septentrionis,
(2013) Y India Parantica aglea, and Euploea core etc., ...ranging from 250-500 on C. retusa and H. keralense." [Likely not roosting but
Oriental gathering PAs; no mention of PAs.]
. AST Danaus genutia scratching on C. retusa, Parantica sp., Ideopsis sp., Euploea sp. at withered A. scoparia.
Chow (2014) Singapore FAB [Colour photographs; little context on PAs.]
Kenva AST (in 1975) "many hundreds of danaines ... all showing a fervid interest in Crotalaria retusa."
Smith (2014) Afrotropical Ghaﬁa, I, E BOR [Chapter on PAs and Danaus with several original observations; context, in part, too generalising; on p. 392 a table quoted as
FAB "from Gordon et al. 2010" which is not published in Gordon et al. (2010) but data is correct (Gordon, pers. comm.).]
Malcolm & Slager (2015) | Neotropical Argentina | AST "Thousands" of D. erippus nectaring at flowers of Chromolaena arnottiana in which PAs were found.
Mudai et al. (2015) Oriental India "Euploea doubledayi ... visiting flowers of Heliotropium indicum even the dried plant of the species." [No mention of PAs.]
. ) BOR
?Z%Tg)ndez Baz et al. Neotropical Colombia E ARC | Trichura spp. collected at Heliotropium sp. [No mention of PAs.]
Tan (2017) Oriental Singapore | FAB DAN Danaus chrysippus attracted"to H. /nd/cqm and C. retusa L., at the latter they "claw the pea pod and then feeds on the fluids that
the damaged pea pod exude". [No mention of PAs.]
Grados & Mantilla Neotropical Peru E BOR ARC Baited a Theages sp. with Heliotropium and mention several other ARC of which exclusively males were attracted. [No mention
(2018) of PAs.]
Hawkeswood & Oriental Thailand | | FAB | DAN | D hrysi td d st dl f Crotalari tabilis. [Re PAs ref to Smith (2014) onl
Sommung (2018) rienta ailan anaus chrysippus at damaged stems and leaves of Crotalaria spectabilis. [Re PAs reference to Smith ( ) only.]
Boppré et al. (2020) Neotropical Peru E BOR ARC | Vanewrightia kiesela gen. et sp. nov. collected at Heliotropium and other PA-baits. [Little context on PAs.]
Butterflies of Singapore Oriental Singapore | FAB DAN Colot_Jr photographs of DAN gathering PAs from Crotalaria retusa but other local species of Crotalaria appear not attractive. [PAs
(2020) mentioned briefly.]
Grados et al. (2020) Neotropical Peru BOR ARC | Corematura spp. collected at Heliotropium sp. [No mention of PAs.]
Udaya et al. (2020) Oriental India FAB DAN Plant_ed C. re_tusa in a garden and observed congregations of Tirumala, Parantica, and Euploea. [Colour photographs; PAs
E mentioned briefly.]
(C;r;‘; 10)3 & Mantilla Neotropical Peru BOR ARC | Centronia melanitis collected at Heliotropium sp. [Context of PAs superficial.]
Lawson et al. (2021) Nearctic kjllify:lan d | AST DAN | Danaus plexippus at withered leaves of E. serotinum in a garden. [Review on D. plexippus and PAs.]
(C;r;‘zd 10)3 & Ramirez Several ARC baited with Heliotropium. [No context of PAs.]
Ancaiima & N Neotropical Peru E ARC
ncajima eyra- . . . . . . .
Hidalgo (2021) BOR Baited ARC with Heliotropium but with seemingly little success. [See S| 7 for comment.]
Badon (2021) Oriental Philippines | DAN | Pictures of Euploea at infructescences of Heliotropium. [Butterflies are not nectaring (as stated) but gathering PAs.]
Freitas et al. (2021) E ﬁ_ﬁN Practical tips for baiting DAN and ITH with Heliotropium. [Context incomplete.]
Silveira et al. (2023) Neotropical Brazil I(E) | ORC :IATF?C Found Epidendrum densiflorum being pollinated exclusively by PA-pharmacophagous ITH and ARC. [See SI 5 for comment.]
Boppré (unpubl.) Panamanian | Costa Rica AST DAN Roots of Emilia spp., Erechtites hieracifolius, Prestonia sp., and Echites panduratus are highly attractive.
. . E
Monzén & Boppré Neotropical Peru APO ARC | Senecio burkartii and Prestonia sp. are highly attractive.

(unpubl.)
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Table S2

Insect taxa confirned to be attracted to pyrrolizidine alkaloids (PAs) as adults (see Tables 1 and S1) and their distribution. Comparing the distribution and the records clearly
documents under-investigation which makes the list definitely provisional. Note that for the majority of the countries listed the currently available records are patchy: many represent
incidental observations from a single habitat, often made on a single day, and mostly only a few specimens were recorded. See Sl 7 for non-Lepidoptera that have hardly received

attention.

order family subfamily tribe sample taxa distribution records available from
Amauris Kenya
Afrotropical
Kenya, Ghana
Egggﬁgﬁﬂh Argentina, Costa Rica, Peru
Danaus Nearctic Florida, Missouri, Texas
Oceanian Salomon Islands, Samoa, Tonga
Oriental India, Hong Kong, Papua New Guinea, Singapore, Sulawesi, Thailand
Australasian Australia
Oceanian Fiji, Papua New Guinea, Solomon Islands, Samoa, Tonga
Danaini Euploea Oriental India, Philippines, Singapore, Sulawesi
Nymphalidae Danainae Australasian Australia
Ideopsis Oriental Malaysia, Sulawesi, Singapore, Japan
Lepidoptera Lycorea Egggﬁgﬁﬂh Costa Rica, Ecuador, Guyana, Panama, Peru, Trinidad, Venezuela
Parantica Oriental India, Singapore, Sulawesi
Afrotropical Kenya
Tirumala Oceanian —
Oriental India, Singapore, Sulawesi
Australasian Australia
Ithomiini most genera Egggﬁgﬁﬂh Brazil, Costa Rica, Ecuador, French Guyana, Panama, Peru, Trinidad, Venezuela
Afrotropical Kenya
Amerilini Amerila Oriental Malaysia
Erebidae Arctiinae Australasian —
Arctin many Nearctic USA: Florida
Euchromiina Afrotropical Kenya, South Africa
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Oriental

Solomon Islands, Singapore

Australasian

many
Ctenuchina

some
Phaegopterina

Neotropical,
Panamanian

Argentina, Brazil, Columbia, Costa Rica, Ecuador, French Guyana, Panama, Peru,
Trinidad, Venezuela

Argentina, Costa Rica, French Guyana, Peru, Trinidad

Afrotropical

Kenya, South Africa

Aganainae Asota, Digama | Oriental Malaysia, Singapore, Solomon Islands
Australasian —
Orthoptera Pyrgomorphidae Zonocerus Ghana, South Africa
) ) o Gabonia, Afrotropical
Coleoptera Chrysomelidae Galerucinae | Alticini Nzerekorena Kenya
Diptera Chloropidae most spp. not worldwide Costa Rica, Kenya, Peru, Venezuela

yet indentified
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Plants reported to be attractive for PA-phamacophagous insects (references in Tables 1,51; Boppreé et al. unpubl.) with vernascular names, global distribution, and references to
selected chemical analyses. Due to under-investigation the Table is incomplete; other members of a given genus likely are attractive, too, and many more genera that produce 1,2-
dehydropyrrolizidine ester alkaloids are known but observations related PA-pharmacophagy have yet not been made. PA-content often differs between organs. Additional
vernascular names apply. The taxonomic status of many species has been in flux over the years and this will continue.

family | tribe / subfamily genus / species Fig. ' vernascular name(s) distribution sample references for chemistry
Apocyneae Amphineurion marginatum Oriental Colegate et al. (2016)
Echites panduratus ;
° (syn. Fernaldia pandurata, Urechites loroco Panamanian I(32cg1gee)s. del Castilo et al. (1970), Colegate et al.
s karwinskii)
[&] .
o Echiteae Parsonsia spp.
& (eucalyptophylla, lata, spiralis, silkpod Oriental, Oceanian, Australian Edgar & Culvenor (1975), Edgar et al. (1980)
8 straminea)
<
Prestonia spp. . .
(amabilis and others) Neotropical Trigo & Brown (1990), Brehm et al. (2007)
Nerieae Alafia spp. Afrotropical Colegate et al. (2016)
. Artemisia spp. . .
Anthemideae (capillaris, scoparia) false dill temperate climates Chen et al. (2019)
Adenostemma spp. pantropical Brown (1987)
; goat weed, tropical . . . Wiedenfeld & Réder (1991), Bosi et al. (2013),
Ageratum conyzoides 3F Whiteweed pantropical, partly invasive Wiedenfeld & Andrade-Cetto (2001)
Aristeguietia gayana asmachilca parts of Neotropics Colegate et al. (2015)
Chromolaena odorata 30 Siam weed Panamgnlan, naturalised Biller et al. (1994), Zachariades et al. (2009)
pantropical
g(’;gg}g’aignjr%;;a“)pator um) Americas Malcolm & Slager (2015)
® | Eupatorieae 2 prS,
o) Eupatorium 3 spp. . .
[&]
© (capillifolium, chinense, coelestinum, boneset, mistflower, | temperate regions of Northern Brown (1985), Colegate et al. (2018)
[} : dogfennel hemisphere
E maculatum, serotinum and others)
. . . Senegal tea plant, Neotropical, naturalised in parts of .
4
Gymnocoronis spilanthoides 3P,Q jazmin del bafiado USA, Australia, Asia, and Europe Boppré & Colegate (2015)
Neomirandea sp. Neotropical —
Trichogoniopsis adenantha .
(as Trichogonia gardeneri) Brazil Brown (1984)
Emili _ .
(f(,;?sltfarzei?sonchifolia) 3L,K tasselflower, pualele | pantropical Hsieh et al. (2015), Freitas et al. (2020)
Senecioneae ® i i I fireweed, American .
Erechtites hieraciifolius 3G,H burnweed, pilewort Americas Manske (1939)
Gynura scandens Afrotropical Wiedenfeld (1982)
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Senecio 8 spp.
(brasiliensis, burkartii)

ragwort, groundsel

almost worldwide

Hirschmann et al. (1987), Klitzke & Trigo (2000),
Sandini et al. (2013)

Solanecio mannii
(syn. Crassocephalum)

Afrotropical

Asres et al. (2008)

Boraginoideae 7

Cynoglossum spp.
(amabile, denticulatum)

hound's tongue

Old World, some in USA

El-Shazly et al. (1996)

Myosotis spp.

forget-me-not

largely restricted to Western
Eurasia, some spp. in Neotropics

Pedersen (1975), Resch et al. (1982)

Adelocaryum (syn. Paracaryum)

(anceps, densiflorum, paniculatum)

o) coelestinum India -
§ Trichodesma indicum pantropical Ahmad et al. (2018)
c
k) velvetleaf soldier- . o
g Heliotropium foertherianum® 3AB | bush, octopus bush, | Sanas and coasts of Pacificand | qq. (19g2), Oginara et al. (1997)
) ndian ocean
m tree heliotrope
Heliotropium spp. elephant tusk, crista
Heliotropoideae (amplexicaule, angiospermum, de galo, fedegoso °, .
curassavicum, indicum, keralense, 3CE rabo de alacran, pantropical Agnese et al. (1995), Souza et al. (2005)
pectinatum, steudnerii) scorpion's tail
Tournefortia spp. . .
(gnaphalodes) 3D soldierbush Neotropical Brown (1985), Roque-Albelo et al. (2002)
! Crotalaria spp. . -
LI . . . Wiedenfeld et al. (1985), Williams & Molyneux
o ® _ ,
S8 Crotalarieae (Ianceolg}‘a, pe_duncular/s, retusa, 3L-N | rattlebox pantropical (1987), Flores et al. (2009), Scupinari et al. (2020
spectabilis, striata)
H 10
Orchidaceae Epidendrum ™ spp. Neotropical —

1in main article; 2 Dominguez (1977); 3 The taxonomy of "Eupatorium" has often changed and is in flux; * USDA (2017); ® Langel et al. (2011); ® "Senecio" is one of the best investigated genus for PAs, taxonomy is in flux;

7

El-Shazly (2014); 8 see Manner & Elevich (2006); Tournefortia argentifolia is a Linnean herbarium name of 1777 which was never validly published; the respective plant is Heliotropium foertherianum Diane & Hilger 2003
which was originally described in 1782 as Tournefortia argentea and has homotypic synonyms (Argusia argentea, Messerschmidia argentea) and a recent heterotypic synonyme (H. arboreum, based on Tournefortia arborea);
® name is also used for Cassia occidentalis (Leguminosae) which is not a PA-plant; '° complex taxonomy in flux.
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