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THE CYCAD HERBIVORES

par Alberto Prado

period - dominated by huge Cycad plants. These woody

plants, distinguished by their pinnate compound leaves
and their huge cones filled with brightly colored seeds, still
exist today in the understory of tropical rainforests (Fig. 1).
Cycads survived the millennia because of their potent toxici-
ty. In fact, human consumption of Cycad flour has been link-
ed to endemic types of Alzheimer and Parkinson diseases
in the Pacific Islands (Borenstein et al. 2007). Paradoxically,
throughout the tropics Cycad seeds, stems and roots have
been ancestrally used as a source of sustenance and some
communities still collect and use this food resource today
(Thieret 1958). Even though cooking techniques may reduce
some of the toxicity, there are residual effects since intoxica-
tion from over ingestion of Cycad plants is well known. How
people have been able to survive on Cycads is still a mystery
but one that may be unravelled by looking at parallelisms
between the Cycad-human story and that between Cycads
and insects.

Imagine how the world looked like during the Jurassic

The fossil record of Cycads (order Cycadales) reaches back
over 270 million years (Mamay 1969; Zhifeng and Thomas
1989). This striking plants are believed to have reached peak
abundance and diversity in the Mesozoic Era (150 mya)
(Jones 1998). During these millions of years of evolution,
they have established important relationships with insects
some of which are still present today.

Figure 1. Female Dioon edule (Cycadales: Zamiaceae) plant exhibiting
a cone bearing toxic (but edible) seeds. Note the heavily damaged
leaves by Eumaeus debora (Lepidoptera: Lycaenidae).
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According to the fossil record, plant-herbivore interactions
were established early in the evolution of insects. Fossils
showing insects with mandibles capable of feeding on pol-
len, spores or ovules appeared as early as the Carboniferous
period (Crepet 1979; Jolivet 1998). In this intertwined evol-
utionary arms-race, plants have protected themselves from
insect herbivory by structural and chemical defenses, and
yet, in many cases, pollination is insect-mediated (Vovides
et al. 1993). Insect pollination has existed since the Mesozoic
Era and beetles where probably among the earliest pollina-
tors (Jolivet 1998). Pollen is nutrient-rich, so a trade-off exists
in the nutritional value of the pollen and its toxicity as the
plant benefits from attracting and rewarding pollinators, but
it will also benefit by protecting the pollen from non-pollina-
ting herbivores. In many systems, pollen is protected with
the plant’s secondary metabolites (Praz et al. 2008).

In contrast to most gymnosperms, Cycads are insect-
pollinated (Terry 2001) with most evidence involving weevils
(Curculionidae) (Vovides 1991), and less commonly, members
of other beetle families (Tenebrionidae, Languriidae, Anth-
ribidae, Boganiidae, and Nitidulidae) (Jones 1998). Thrips
(genus Cycadothrips: Thysanoptera) also play a major role in
the pollination of the Australian Cycad, Macrozamia (Terry
et al. 2007). Similarities in the vectors and the pollination pro-
cedures between species of different genera and on different
continents suggest that these pollination systems were esta-
blished long before the break-up of the super-continent of
Gondwana (Jones 1998). Cycad-associated Boganiidae beet-
les have phylogenetic links back to the Lower Cretaceous
Period (about 100 mya) when Africa and Australia were still
joined, and are still intimately associated with these plants
in both Africa and Australia (Labandeira 2000). Thrips, and
some beetle pollinators reported so far, belong to basal linea-
ges within their specific phylogenies, suggesting the possi-
ble antiquity of important insect-Cycad relationships (Jones
1998).

In the Cycad-pollinator paradigm, which is an example of a
primitive pollination interaction, plant volatiles attract pol-
linators that congregate, mate and oviposit on the plant’s
reproductive structure (Jones 1998; Vovides et al. 1993).
Schneider et al. (2002) speculate that this pollination strategy
evolved from a situation of “accidental pollen transfer” into
a symbiotic relationship where initially beetles would visit
cycad cones to feed on their nutrient-rich pollen.
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Figure 2. Aulacoscelinae beetles feeding voraciously on Zamia elegan-
tissima (Cycadales: Zamiaceae).

However, Cycads do not represent a source of food to all, as
they are protected with highly toxic compounds. Only the
insects that have the ability to detoxify or control the plants
compounds can feed upon them. This toxicity has always
been regarded as a defense strategy towards herbivores.

Cycad Toxicity

Cycads contain two major classes of defensive compounds
against herbivory: azoxylglycosides (AZGs) which are
produced as secondary metabolites, and non-protein ami-
no acids, such as BMAA, produced by cyanobacteria on
the cycads roots (Cox and Windsor 1999a; Cox et al. 2003;
De Luca et al. 1980; Kisby et al. 1992; Yagi 2004).

Azoxyglycosides

Cycad-associated AZGs have a common aglycone named
methylazoxymethanol (MAM), which is the toxic compound
(Kobayashi and Matsumoto 1965). MAM is highly reactive
and has the ability to alkylate nucleic acids, such as DNA,
which leads to potent mutagenic properties (Laqueur and
Spatz 1968). These neurotoxin and carcinogenic properties
have been well documented in numerous animal models
(Laqueur and Spatz 1968; Matsushima et al. 1979; Seawright
et al. 1990; Smith 1966; Teas and Dyson 1967).

The two most common Cycad AZGs, cycasin and macroza-
min, are found in the seeds and leaves of all Cycad genera
(De Luca et al. 1980; Yagi 2004; Yagi and Tadera 1987). These
glycosylated (sugar bound) storage forms are less toxic, and
MAM is released by the action of either endogenous plant
glycosylases upon herbivory or enzymes in the herbivore
digestive system (Schneider et al. 2002; Yagi 2004). In the
herbivore gut, enzymes may be of insect or microbial origin
(Laqueur and Spatz 1968).

Several butterfly species belonging to the Taemaris, Luthrodes
and Eumaeus genera and also the pollinating weevil Rhopa-
lotoria mollis Sharp, which are Cycad specialists, have been
shown to sequester the AZG toxins (Castillo-Guevara and
Rico-Gray 2002; Nash et al. 1992; Rothschild 1992; Schneider
et al. 2002). Once sequestered, the toxins are now used by
the insects as a defense mechanism against predators. Cater-
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pillars of the tiger moth Seirarctia echo (J.E. Smith), when
reared on MAM-enriched food, catalyze the conversion of
MAM back to the less-toxic cycasin form using a gut gly-
cosyltransferase and store the cycasin in their haemolymph
(Teas 1967). This suggests a specialized mechanism involved
in the control and translocation of the toxins.

Non-protein amino acids (BMAA)

The second important class of toxic compounds found in
Cycad is the non-protein amino acid f-methyl-amino-alanine
(BMAA) which acts on neural systems (Seawright et al. 1990).
This metabolite originates from cyanobacteria that form a
symbiotic relationship with the Cycad coralloid roots (Cox et
al. 2003), and is believed to be produced by all cyanobacteria
lineages in symbiosis or free-living (Cox et al. 2005). BMAA
is known to accumulate in the plant tissue, and has been
identified in idioblasts in Cycad cones (Vovides et al. 1993);
however, the presence of this amino acid and other Cycad
secondary metabolites in the pollen is unknown. BMAA is
known to accumulate in the tissue of seed predators like bats
(Cox et al. 2003), but no Cycad specialist insect has ever been
analyzed for its presence.

Insect adaptations to Cycads

The insect mechanisms involved in detoxifying and/or
sequestering the Cycad toxins are evidence of the ancestral
arms-race between herbivores and plant defense. One of
the least studied Cycad specialists are the Aulacoscelinae, a
basal linage of leaf beetles (Chrysomelidae sensu lato) (Cox
and Windsor 1999b). The aposematically colored Aulacos-
celinae beetles, voraciously feed on young Cycad leafs (Fig.
2), and when threatened they can reflexively bleed cycasin
and macrozamin (Prado unpublished). The reflexive bleed-
ing mechanism consists of exposing heamolymph between
the tibia and femur. More information on the nature of the
Aulacoscelinae-Cycad relationship is needed to support the
idea that these beetles have been related to Cycads since the
Jurassic period, as suggested by fossil evidence (Crowson
1991; Zhang 2004). A key aspect in resolving the nature of the
herbivore beetle-Cycad story is the mechanism involved in
controlling the Cycad toxicity.

One important strategy used by insects to cope with plant
defensive compounds is preferential excretion of the toxic
compounds and/or detoxification (Després ef al. 2007).
When the cycad is fed upon, plant or insect-derived glyco-
sidases cleave the sugars from cycasin and macrozamin to
generate MAM, which may then be converted to the alde-
hyde (MAMAId) by an NAD(P)+-dependent alcohol dehy-
drogenases and/or choline dehydrogenase, present in the
insect saliva and/ or gut increasing the compounds solubility
(Candas et al. 2003). However, specialist herbivores, such as
these Aulacoscelinae beetles, feeding on the Cycad may have
a myriad of enzymatic mechanisms to metabolize the AZGs.
Like in the Lepidopteran Cycad-specialist, a glycosyltransfe-
rase enzyme may add a sugar back to the toxic MAM convert-
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ing it back to its safe cycasin and macrozamin form. Another
possibility is a direct uptake of the compounds from the gut
to the haemolymph through an active transport mechanism.

The different adaptations to Cycad toxicity by the specialist
herbivores not only determine their relationship with the
plant, as pollen or leaf predators, but also limit the possible
uses the plant’s secondary metabolites can gain in the insect’s
life cycle after sequestration.

Final Remark

How does this relate back to humans? Cycads have formed
an important part of the diet of many tropical indigenous
groups for thousands of years (Thieret 1958). The steps and
primitive tools involved in Cycad flour production are exact-
ly the same of those used for maize flour. So, ethnobotanists
are now relating the human process involved with Cycad
seed detoxification with the origins of maize flour production
(Fortanelli, personal comm. 2008) The mechanisms insects
are using for the detoxification of the Cycad tissues could
prove to be as informative as the cooking techniques that
relieve the tissue from its toxicity. From these ancestral cook-
ing techniques, ethnobotany has now essential clues about
the origins of flour production. We hope to gain insights on
the origins of the Cycad-herbivore relationships by studying
their different detoxification mechanisms.
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