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Relationships between insects and plants are by 
no means restricted to the nutritional dimen sion. 
Plant secondary metabolites not only play a ma-
jor role in host specifi city by mediating host rec-
og ni tion and host localization, but many in sects 
also sequester them as defensive com pounds 
for che mi cal protection against anta gonists. If 
secon dary che micals are utilized by specia-
lists, they alone usually do not modify in sect 
behaviour, and their ingestion usually occurs 
incidentally, in the course of feeding – although 
physiological adaptations are required to avoid 
noxious effects for the spe cia list itself.  

 In contrast, the special kind of rela-
tion ship between insects and plants called 
"phar ma   co phagy“ is non-nutritional and exclu-
sively me diated by and directed towards plant 
se con dary com pounds. Here, a brief charac teri-
za tion of phar  ma cophagy and its diverse facets 
(be ha      vioural, chemical, physiological, ecological 
and ta xo nomic) is provided to demonstrate the 
chal lenge of comparative studies for gaining in-
sight into, e.g., mechanisms of insect-plant rela-
tion  ships, chemoreceptor specifi  cities, chemical 
de  fence and chemically mediated mate-choice, 
all in an evolutionary perspective.

Pharmacophagy

Insects are called pharmacophagous if they 
search for certain secondary substances 
di rectly, take them up and utilize them for a 
spe  ci fi c and fi t ness-increasing purpose other 
than primary meta bolism or merely host recog-
ni tion.  

 Pharmacophagy in adult Lepidoptera 
usu al ly involves plants taxonomically unrelated 
to the nutritional host plant(s) of a given species, 
i.e. it refl ects an insect-plant relationship sepa-
rate from those plants which provide nutrients 
for larvae or adults. For example, adults of 
numerous Dana inae, Ithomiinae, Arctiinae, and 
Ctenuchinae are at tracted to dry parts of plants 

which contain pyrro lizidine alkaloids (PAs). With 
their pro bosci  des they apply a fl uid onto the 
dry plant ma te rial to extract PAs for uptake as 
solu tion. The same behaviour can be elicited by 
pure PAs, showing that the target compounds 
also represent the source of the luring stimula-
tory cues and that there are no other chemicals 
in volved in eliciting this re   sponse; long-range 
attraction is mediated by vo latile breakdown 
pro ducts of the non-volatile PAs.

 PAs are generally repellent to non-adap-
ted animals and serve as protective de vices for 
the plants that produce them.  By se ques tration 
and storage of PAs many, if not all, PA-phar-
maco phagous taxa gain protection from preda-
tors, and this is refl ected by the aposematic 
co l ora tion and life style of many of the species 
in question. In addition, males of several lepido-
pterans use PAs as precursors for the biosyn-
thesis of major sex pheromone components 
re quired for the accep tance of a courting male 
by a female. Such sexual com munication can 
also relate to chemical de fence: with his sperma-
to phore a male can transfer large amounts of 
PAs as a nuptial gift to the fe male, which then 
gains protection for her self and also protects her 
offspring by incor porating PAs into her eggs. In 
some species it is like ly that the strength of the 
male pheromone stimulus permits a female to 
assess the amount of PAs she can expect to 
receive during copulation. Thus there can be a 

direct connection between in  tra specifi c sexual 
com munication and chemical defence. The 
ene rgy-consuming, non-nutritional rela tion ship 
to 'sup plementary host plants' al though they 
are not re  quired to maintain life can therefore 
in crease the insects’ fi tness in two ways: PAs 
serve to ex pand survival prospects and the 
chan ces of repro duc tive success.

 The above statements are generalized 
and quite superfi cial – a more detailed look re-
veals much greater complexity. Diversity occurs 
in almost every aspect studied: taxo nomic, mor-
pho lo   gical, chemical, beha vioural, ecological; 
and whether related to proximate or to ulti mate 
as pects. Apart from the special way of gathering 
PAs, storage of PAs for defence ap  pears to be 
the only common deno minator of all the taxa 
in   volved.

Taxonomic and functional diversity

• PA-pharmacophagous insects are found in a 
va   riety of terrestrial habitats, predominantly 
in tro pical ecosystems.

• Insect species concerned belong to unrelated 
taxa, indicating that PA-phar ma co phagy has 
evolved independently several times. Often 
only the males are pharmacophagous, but 
there are others of which only females or both 
sexes ex  hibit this trait.

• PAs serve as precursors for the bio syn thesis 
of male pheromones in some butterfl ies and 
moths, but not all PA-pharmacophagous spe-
cies pos  ses sing androconial organs utilize 
PAs in this respect.  

• PA-derived pheromones are employed in 
dif ferent courtship strategies; chemically 
iden ti cal compounds can have quite diverse 
meanings in different taxa.

• The pheromone-releasing structures are 
mor pho   logically diverse, too. They can be 
pneu ma    ti   cally or hydraulically expandable 
brush-like organs in the abdomen, or hair tufts 
on the wings or legs.  

Diversity in specifi city

• Pyrrolizidine alkaloids are a large group of 
che mi cals with diverse structures, in nature 
usually occurring as N-oxides. PAs utilized by 
insects represent only a fraction of the com-
pounds which chemists call PAs. The most 
relevant PA-sources for insects include plants 
of the genera Heliotropium and Tournefortia 
(Bora ginaceae), Cro talaria (Fabaceae), and 
Senecio and Eupa torium (Asteraceae). PAs 
of these plants are mixtures of mo no- or di- or 
cyclic esters, mostly made up by the necine 
alcohols retronecine and helio tri di ne.

• PA-pharmacophagous insects exhibit more 
or less wide specifi city in their behavioural 
re sponse to sources of PAs; some species 
dis cri mi nate between a given set of PAs or 
between plants containing these chemicals, 
others don't. 

• There is diversity also in the specifi city of PA-
storage, i.e., there is often selective storage 
of cer    tain PAs out of the mixture present in 
the plants visited. In addition, several species 
che mi    cally modify in part some of the ingested 
plant PAs.

• There is specifi city in conversion into phero-
mo nes. So far, 10 PA-derived pheromone 
com    ponents are known, but one only, hy-
droxy  dana id al, is widespread, occurring in 
numerous un re  lated species.
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Leaving qualitative aspects of PA-chemistry 
aside, con siderable quantitative variation at 
dif fer ent levels is a major basic character inti-
ma te ly linked  with pharmacophagy.
• Inter-specifi c variation is to be expected in 

a poly  phyletic phenomenon, due to different 
bio lo gies and different degrees of adaptation 
of the taxa concerned.

• Intra-specifi c variation is simply a result of the 
sex-bias in PA-phar ma co phagy.

• Individual variation in aquisition of different 
amounts of chemicals results neces sarily 
from the active search for and ingestion of 
certain sub   stan ces, the sources of which vary 
in availa bi lity in the environment as well as in 
their con tent of PAs; also, the insects' ability to 
fi nd and process the compounds is variable.

• There is also temporal intra-individual varia-
tion with respect to defensive chemicals and 
to phe ro mones. Species transferring PAs 
via sper ma   to phores exhibit a sudden loss in 
males and a sudden gain in females – per-
haps fol lowed by 're charging' in males with 
new visits to PA-sour ces; females lose PAs 
when laying eggs and re ceive new loads by 
ad ditional matings. Respec ti vely, phero mones 
are pro duced, dissemina ted during court ship 
– and, at least in some spe cies, per haps syn-
thesized again.

Conclusions and prospects

In summary, PA-pharmacophagy is a multi-
fa cetted syndrome, and there are no prime 
exam ples which illustrate the entire range of 
adaptive features. To date, we only understand 
in some de  tail a few aspects in a limited number 
of species, and we cannot generalize much, or 
make any spe cifi c predictions. This situation will 
pro bably re main, even if many more cases are 

studied in some depth. However, basic mecha-
nisms have been dis covered and techniques for 
detailed in vesti ga tions on different aspects are 
available. Thus there is good reason to as sume 
that, from comparative ap proaches to PA-phar-
macophagy, we can gain deeper insights 
into ecological factors governing evolution of 
che mical defences and chemical com munica-
tion. Because pharmacophagy is not re lated 
to pri mary metabolic processes and ordi nary 
host plants, qualitative as well as quantitative 
mani pu lations of defensive potency and/or phe -
ro mo nal outfi t are possible without any ar ti fi  cial 
distur bance of the insects. For example, re levant 
ex per i mental approaches to female mate-choice 
and mimicry are possible; quantitative bio chemi-
cal studies on storage and conversion can be 
under taken; because of the uniformity of both 
stimuli and behavioural responses, compa ra  tive 
electro phy siological studies of PA-insects can 
provide basic data on the evolution of (ol fac tory 
/ gus ta tory) chemoreceptor specifi city;  etc.  

 PA-pharmacophagy is not restricted to 
adult Lepidoptera. The larvae of several taxa 
are known to sequester PAs (cf. Creatonotos, 
above); some incidentally, others phar maco-
phagously. In both cases the use of PAs for 
phe romone bio synthesis and/or for defence 
can be demonstrated. PA-phar maco phagy also 
occurs in other orders of in sects (Orthoptera, 
Co leo ptera, Di ptera) in a si  milarly com plex 
phe no     me no logy, and more and more cases of 
phar ma cophagy to other se con dary products 
are being recog nized. Consi  dering the entire 
spec trum of cases of (PA-)phar  ma cophagy 
reveals com  plex systems, well-suited to assist 
our under  standing of diversity in an evolutionary 
context.Amerila
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Some Lepido ptera 
having a re lation to 
PA-containing plants.  
All have an apose ma-
tic col ora tion; of some 
only adult indi viduals 
visit dry PA-plants (A), 
of others the larvae 
feed on PA-Plants 
(B), and for yet others 
PA-plants are both 
larval hosts and sour-
ces of PAs for adults 
(C).

Schematic representation of the relation between Creatonotos transiens and PAs. The ca-
terpillars are polyphagous and utilize a wide spectrum of pri mary hosts. If these contain PAs, 
they are being stored. In males PA de termine the size of the androconial organs (coremata) 
and serve as precursors for the pheromone hydroxy-danaidal. Courtship behaviour remains 
an enig ma, pro bably multiple mate-fi nding strategies exist which might depend on the PA 
status of the individual. 

Schematic representation of the relation between Danaus chrysippus and se condary plant 
metabolites. The caterpillars obtain cardiac glycosides from some primary hosts. Adult males 
pharmacophagously gather PAs from se con dary hosts; only then (and after establishing con-
tacts between abdominal and alar androconial glands) males can produce danaidone and have 
a chance with females. During copulation males transfer PAs as nuptial gifts to females.

Molecular struc -
tures of PAs (A  
ly cop s amine; B 
mo   no cro taline) 
and di   hydro pyr-
ro lizi nes used as 
male phe ro  mo nes 
(C da    naid one;  D  
hy  droxy-da naid-
al).
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Caterpillar of Creatonotos transiens consuming a glass-fi bre 
disc impregnated with PAs
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