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Abstract 

The genus Amorphophallus (ca. 237 species) is one of the largest genera of the Araceae and 

morphologically very diverse. The high species number and the high morphological variation 

make the understanding of the evolutionary history of the genus challenging. Therefore, in Publ. 

1, a new molecular phylogenetic analysis using nuclear (ITS1) and plastid (rbcL and matK) 

sequences based on 157 species is conducted and the resulting phylogenetic tree is used to 

delimit four subgenera. Moreover, several morphological and biochemical characters, some of 

which are related to mimicry, are explored in the phylogenetic context, demonstrating the 

congruence between molecular and some morphological and biochemical traits. However, 

several species complexes are difficult to resolve. Subsequently, the species boundaries are 

explored in Publ. 2 through the creation of artificial hybrids. As for the traits related to mimicry, 

at least two types of mimicry are encountered in several Amorphophallus species. One is a 

unique type of defensive colouration, petiolar lichen mimicry, providing the fleshy petiole the 

look of an old woody stem. Lichen mimicry in Amorphophallus has been previously described; 

however, in a few species only. Therefore, in Publ. 3, defensive colouration is explored in 138 

Amorphophallus species, with an emphasis on lichen-like patterns. Mimicry of specific lichen 

types is identified in 69% of the investigated Amorphophallus species and the results are 

discussed in the context of the phylogenetic analysis. Deceit flowers, more precisely 

oviposition-site mimicry, is the second type of mimicry. The inflorescences mimic substrates, 

usually decomposing organic matter, which are used by Coleoptera and Diptera for feeding or 

breeding. Amorphophallus species are assumed to have specialised plant-pollinator 

interactions, involving specific pollinators, which in turn have contributed to the species 

richness of the genus. However, the available information about Amorphophallus pollinators is 

scarce; moreover, several reports are anecdotal. Therefore, the observations on visitors and 

pollinators in Amorphophallus are compiled, reviewed and discussed and the specificity of the 

plant-pollinator interaction is explored in Publ. 4. The key element of oviposition-site mimicry 

are the scent compounds. In previous investigations, the scent compounds of 92 

Amorphophallus species have been identified and categorised to explore the evolution of floral 

odours in Amorphophallus. However, only few distinct evolutionary trends could be identified. 

One possible cause that has not been previously discussed, is intraspecific odour polymorphism. 

Consequently, the emitted scent compounds in Amorphophallus and the subjective odour 

classifications are reviewed and screened for odour polymorphism in Publ. 5. Significant odour 

polymorphism is identifiable in some Amorphophallus species, underlining the necessity for 

more investigations assessing the intraspecific variation of emitted scent compounds. Publ. 6 

addresses thermogenesis, a floral temperature increase assumed to enhance scent volatilisation 
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during anthesis. The floral temperature of 80 Amorphophallus species has been measured and 

the resulting temperature curves have been used to explore and discuss the impact of 

thermogenesis on the evolution of the genus. The temperature curves show an unprecedented 

variation within the genus; moreover, the functionality of thermogenesis remains contentious, 

calling for further investigations. Lastly, using 36 Amorphophallus species, a phylogenomic 

study is conducted in Publ. 7, investigating the interrelationship between the main clades and 

providing a timeline for the evolution of the genus. For the first time, a phylogenetic hypothesis 

is presented that resolves the interrelationship between the African and the Asian clades. In a 

final chapter, the morphological variation is discussed in regard to the molecular phylogeny and 

evolutionary constraints. Moreover, further aspects of defensive colouration, odour 

polymorphism, thermogenesis and the plant-pollinator interaction are discussed. 
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Introduction to the Araceae 

The oldest phylogenetic lineages of angiosperms comprise the ANA grade (Amborellales 

Melikyan et al., Nymphaeales Salisb. ex Bercht. & J. Presl, Austrobaileyales Takht. ex Reveal), 

the Chloranthales Mart., the magnoliids and the monocots (Chase et al., 2016; Cole et al., 2019; 

Li et al., 2019). The basalmost orders of the monocots are the Acorales Mart. and the 

Alismatales R. Br. ex Bercht. & J. Presl; and the largest taxon within the latter is the Araceae 

Juss. (Christenhusz & Byng, 2016; Cole et al., 2019; Li et al., 2019). 

 

To date, the Araceae comprise 150 genera and ca. 4,599 species (Boyce & Croat, 2023) and 

form the fourth largest family of monocots. However, the family is estimated to comprise over 

8,000 species (Boyce & Croat, 2023). Most species occur in the Palaeotropics and the 

Neotropics, South America and Asia in particular, but also in Africa (Mayo et al., 1997). 

 

The inflorescence is the most distinctive feature of the family, consisting of a fleshy axis, the 

spadix, bearing the flowers. The flowers are usually reduced to carpels or stamens and are spi-

rally arranged on the spadix, which is subtended or partially enclosed by a modified leaf, the 

spathe. The combination of a spathe and a spadix gives the visual impression of a large single 

bloom; moreover, the spathe can be distinctly coloured, probably mainly serving the purpose 

of pollinator attraction (Mayo et al., 1997). Furthermore, the spathe can simultaneously serve 

as landing platform or as a trap, depending on the type of plant-pollinator interaction (Brö-

derbauer et al., 2012). Most Amorphophallus species have simple floral chambers (Bröderbauer 

et al., 2012) and the visitors or pollinators are usually not trapped (van der Pijl, 1937; Grimm, 

2009; Punekar & Kumaran, 2010; Chaturvedi, 2017; Sites, 2017; Moretto et al., 2019; Chai & 

Wong, 2019). That said, in some cases, floral trap characteristics, such as the slippery and 

sometimes overhanging spathe, as well as the broadened appendix base, were identified as 

means of temporary pollinator trapping until pollen shedding (van der Pijl, 1937; Sivadasan & 

Sabu, 1989; Beath, 1996; Chai & Wong, 2019; Moretto et al., 2019). 

 

Araceae flowers are either bisexual or unisexual. If bisexual, the flowers are uniformly arranged 

on the spadix. If the flowers are unisexual, the spadix bears pistillate (female) flowers on its 

basal part and staminate (male) flowers above them (Mayo et al., 1997). All Araceae are 

protogynous, and when the pollen is released by the staminate flowers, the pistillate flowers are 

no longer receptive. The floral zones may be flanked by sterile zones or by sterile flowers, 

pistillodes or staminodes. In several genera, the distal part of the spadix consists of a sterile 

appendix which can serve multiple purposes that are not mutually exclusive, such as landing 
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area for potential pollinators, scent volatilisation or thermogenesis (Vogel, 1963, 1990; Mayo 

et al., 1997). 

 

The Araceae, or more colloquially the arum family or aroids, show exceptional variation in leaf 

morphology, leaf venation, stem and root modifications as well as in the features of their 

underground storage organs, which are usually rhizomes or tubers (Mayo et al., 1997; Boyce & 

Wong, 2019; Croat & Ortiz, 2020). These features represent adaptations to the wide variety of 

habitats occupied by Araceae, ranging from aquatic (floating, submerged, emerged or 

rheophytic) via terrestrial or lithophytic to epiphytic; mostly in tropical regions but also 

extending to subtropical regions and to temperate zones (Mayo et al., 1997; Cabrera et al., 2008; 

Boyce & Wong, 2019; Croat & Ortiz, 2020). 

 

Wolffia globosa (Roxb.) Hartog & Plas and the famous Amorphophallus titanum (Becc.) Becc. 

ex Arcang. represent two extremes of the morphological and anatomical diversity within the 

aroids. One extreme is the smallest angiosperm, Wolffia, a hydrophyte whose floating thalli are 

less than 1 mm in length (Beigel, 2020). At the other end of the scale is the species 

Amorphophallus titanum, known as the “Titan Arum” (Bown, 1988), which has the largest 

unbranched inflorescence known, reaching well over 3 m in height, rarely up to 3,70 m 

(McPherson & Hetterscheid, 2011; Gibson, 2018; POWO, 2024a). Moreover, A. titanum 

produces the largest and heaviest non-woody tubers of the plant kingdom, weighing up to 150 

kg (Claudel et al., 2017). 

 

This morphological diversity obscures the taxonomic relationship of the Araceae to other plant 

families, a topic that has been extensively discussed in the past, for example with respect to 

Arecaceae Bercht. & J. Presl, Cyclanthaceae Poit. ex A. Rich., Pandanaceae R. Br., Typhaceae 

Juss., Asparagaceae-Nolinoideae Eb. Fisch. & Mwachala; Acoraceae Martinov, and Alismatales 

(see Mayo et al., 1997 and references herein). However, with the advent of molecular tools, i.e., 

the polymerase-chain-reaction (PCR) (Saiki et al., 1988), new data resources became available. 

In particular, the analysis of restriction fragment length polymorphisms (RFLP), amplified 

fragment length polymorphisms (AFLP), and the comparison of homologuos DNA sequences 

provided new approaches (Patwardhan et al., 2014). Consequently, the affiliation of the Araceae 

to the Alismatales could be established based on molecular markers (French et al., 1995; 

Cabrera et al., 2008; Cusimano et al., 2011; Nauheimer et al., 2012; Chase et al., 2016; Li et al., 

2019; Tippery et al., 2021; Haigh et al., 2023; Zhao et al., 2023). 
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The Araceae can be subdivided into three major lineages representing eight subfamilies. The 

three major lineages are defined as proto-aroids, lemnoids, and eu-aroids or true Araceae 

(Cusimano et al., 2011; Low et al., 2020). The proto-aroids consist of the two basalmost sub-

families within the Araceae: the Gymnostachyoideae Bogner & Nicolson and the Orontioideae 

Mayo, Bogner, & Boyce. The former is represented by the monotypic genus Gymnostachys 

R.Br. that grows exclusively in western Australia, whereas the latter contains three small gen-

era, Lysichiton Schott, Orontium L. and Symplocarpus Salisb. The genus Orontium is mono-

typic, whereas Lysichiton contains two species, and Symplocarpus five species (Boyce & Croat, 

2023). The members of the Orontioideae are not found in tropical biomes but occur in the 

Northern hemisphere in eastern Asia, western North America and eastern North America (Nau-

heimer et al., 2012; Lee et al., 2019). 

 

The second lineage, the lemnoids, includes plants with an extremely reduced Bauplan, basically 

consisting of small and free-floating thalli (Landolt, 1986). In extreme cases, such as the above-

mentioned Wolffia globosa, the whole plant measures less than 1 mm (Beigel, 2020). Vegeta-

tive propagation is dominant in lemnoids and even if flowers develop, they are extremely re-

duced, often consisting of one single pistil and/or one stamen (Landolt, 1986). These extremely 

reduced dimensions obscured the relationship to other plant taxa and the lemnoids were previ-

ously considered to form a family of their own, the Lemnaceae (Mayo et al., 1997). However, 

with the advent of molecular tools it was demonstrated that the lemnoids are nested within the 

Araceae, and consequently they have been assigned the rank of a subfamily, the Lemnoideae 

(French et al., 1995; Cabrera et al., 2008; Cusimano et al., 2011; Nauheimer et al., 2012). Sim-

ilar to the Gymnostachyoideae and the Orontioideae, the Lemnoideae are a small subfamily 

containing only five genera with a total of 37 or 38 species (Boyce & Croat, 2023; Sree et al., 

2016). However, despite the low species number and the extremely reduced Bauplan, they have 

the widest geographic distribution of all Araceae (Landolt, 1986; Sree et al., 2016). Moreover, 

they have the fastest vegetative reproduction rates (Sree et al., 2016). The inclusion of Lemnoi-

deae within Araceae has not remained undisputed. The proto-aroids and the lemnoids are con-

sidered phylogenetically and morphologically distinct from Araceae by some authors (Tippery 

et al., 2021). Consequently, it has been proposed to restore the Lemnaceae and the Orontiaceae 

family, the latter encompassing the Gymnostachyoideae and the Orontioideae (Tippery et al., 

2021). However, this proposal has been rejected by other authors (Haigh et al., 2023). 

 

The third main lineage, the eu-aroids or the true Araceae represent the vast majority of the aroid 

species (~99%) (Boyce & Croat, 2023; Cusimano et al., 2011; Low et al., 2020). Of these, some 

95% occur in the tropics (Cabrera et al., 2008). The eu-aroids are subdivided into five 
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subfamilies, the Pothoideae Engl., the Monsteroideae Engl., the Lasioideae Engl., the Za-

mioculcadoideae Bogner & Hesse, and the Aroideae Arnott. The main characteristic of the three 

relatively early divergent phylogenetic lineages, the Pothoideae, the Monsteroideae and the La-

sioideae, are bisexual flowers (Mayo et al., 1997; Cusimano et al., 2011; Nauheimer et al., 

2012). These are highly reduced and spirally arranged on the spadix. In between these lineages 

and the Aroideae, in the “transition zone” (Cusimano et al., 2011), are the genus Stylochaeton 

Lepr. and the Zamioculcadoideae. The latter consists of the genera Gonatopus Hook.f. ex Engl. 

(five species) and Zamioculcas Schott (monotypic) (Mayo et al., 1997). The phylogenetic place-

ment of these three genera has been consistently considered a challenge, as they present an array 

of morphological characters that is unique amongst the Araceae (Mayo et al., 1997; Bogner & 

Hesse, 2005; Cusimano et al., 2011). Particularly, perigoniate flowers and pinnatisect leaves 

are characteristic of the Zamioculcadoideae (Bogner & Hesse, 2005). This led Bogner and 

Hesse (2005) to conclude that the Zamioculcadoideae form an “… ancient group of aroids, 

which has no close relationship to any other living genus …”. In contrast, the flowers of the 

Aroideae, the last of the five subfamilies of the eu-aroids, are unisexual, forming a pistillate 

flower zone with an adjacent staminate flower zone (Mayo et al., 1997; Cusimano et al., 2011).  

 

The progression of life forms within the Araceae is somewhat mirrored by the eight Araceae 

subfamilies. Most members of several families within the Alismatales live in aquatic environ-

ments, some completely submerged and Nauheimer et al. (2012) concluded that water-associ-

ated life forms within the Araceae represent the plesiomorphic character state. Indeed, most 

proto-aroids (Orontium, Lysichiton, Symplocarpus) are aquatics or helophytes. Similarly, the 

Lemnoideae are all free-floating hydrophytes. In contrast, the eu-aroids include all the lush 

subtropical and tropical herbs, climbers, rhizomatous and tuberous geophytes, displaying an 

unrivalled morphological diversity as well as various life forms, ranging from aquatic to terres-

trial and epiphytic (Mayo et al., 1997; Croat & Ortiz, 2020). 

 

This plasticity is reflected by aroids that are commonly cultivated as houseplants. These 

include: members of the genus Anthurium Schott, which are cultivated for their ornamental 

inflorescences (Croat & Ortiz, 2020); the very popular Monstera deliciosa Liebm., which is “… 

one of the most instantly recognizable plant images of the world …” (Mayo et al., 1997); other 

foliage plants, such as philodendrons; and genera such as Anubias Schott, Bucephalandra 

Schott. and Cryptocoryne Fisch. ex Wydler, which are grown in the majority of freshwater 

aquariums worldwide. Last but not least is the famous Amorphophallus titanum, the corpse 

flower, which is cultivated in botanic gardens worldwide for its equally compelling attraction 
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as a spectacular foul-smelling inflorescence (Lobin et al., 2007; Kite & Hetterscheid, 1997, 

2017). 

 

It is no coincidence that the occurrence of “monstrous” generic names and synonyms is 

comparatively high in the aroid family (Nicolson, 1987; Genaust, 2013). In the case of 

Monstera, it has not been reported if the name chosen by Adanson (1763) refers to the fenestrate 

leaves or the abundant growth of the plant. However, several generic names explicitly refer to 

the foul smell or mythological creatures associated with snakes and dragons. These include 

amongst others Dracontium Blume ex Decne. (dragon, snake); Gorgonidium Schott (gorgon); 

Typhonium Schott (Typhṓn, the mythological creature with countless dragon and snake heads); 

Hydrosme Schott (refering to the mythological Hydra in combination with foul smell); and 

Pythonium Schott (derived from greek “python”, dragon, snake) (Nicolson, 1987; Genaust, 

2013). Significantly, the two last generic names represent synonyms of the genus 

Amorphophallus, another form of monstrosity which, referring to Schott's illustration (1858a) 

“approaches pornography” according to Nicolson (1987) (Fig. 1). 
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Figure 1. The illustration of Amorphophallus campanulatus Blume (now a synonym of A. paeoniifolius (Dennst.) 

Nicolson) in the Genera Aroidearum Exposita (Schott, 1858a). 
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Introduction to Amorphophallus 

Amorphophallus plants are perennial geophytes, consisting of an underground tuber or rarely a 

rhizome storing carbohydrates, usually bearing a single compound leaf during each growing 

season (Hetterscheid & Ittenbach, 1996). The leaf increases in size with each growing season 

until the plant reaches maturity. The tubers are variable in form, size and weight. They can be 

depressed-globose, broadly to thinly elongate, slightly branched in the lower parts, form a chain 

of tubers or be rhizomatous (Hetterscheid & Ittenbach, 1996). One aspect that is particularly 

well suited to exemplify morphological flexibility in Amorphophallus is plant size and weight. 

In this regard, the two extremes of the genus are A. obscurus Hett. & M. Sizemore and A. tita-

num. The leaves of A. obscurus reach a height of ca. 6 cm (Hetterscheid & van der Ham, 2001) 

whereas the leaves of A. titanum reach “the size of a small tree, up to 7 m tall” (POWO, 2024a). 

In other words, A. titanum is more than a hundred times taller than A. obscurus. The tuber 

weight varies between a few grams in the smallest species and up to 150 kilograms in A. titanum 

(Claudel et al., 2017). 

 

The tubers accumulate different starchy carbohydrates, e.g., glucomannan, which are used for 

nutritional and/or industrial purposes. In particular, A. albus P. Y. Liu & J. F. Chen, A. konjac 

K. Koch, A. muelleri Bl. and A. paeoniifolius are of commercial interest as they generate high 

glucomannan contents and have a long history of selection and breeding (Srzednicki & 

Borompichaichartkul, 2020). In addition to the tubers, the leaves of some species are sold on 

local food markets in Asia (Sookchaloem et al., 2016). However, they need to be processed 

carefully, as most Amorphophallus species contain calcium oxalate, accumulated in all tissues 

as raphide crystals, which may cause very unpleasant sensations (Mayo et al., 1997; Prychid et 

al., 2008). 

 

The Amorphophallus leaf is composed of a petiole and a compound tripartite lamina (Hetter-

scheid & Ittenbach, 1996; Mayo et al., 1997; Sookchaloem et al., 2016). It consists of one an-

terior and two posterior divisions or leaflets (Mayo et al., 1997; Sookchaloem et al., 2016) that 

are usually more or less equal in size and appearance. The three main divisions of the lamina 

can be further divided into leaflets of second or even third order in some species (Sookchaloem 

et al., 2016). Once fully unfolded, the lamina gives the plant an umbrella-like appearance (Het-

terscheid & Ittenbach, 1996). The vernation of the bud is a defining trait of the genus, in that 

all parts of a newly developing leaf are pointing upwards (Hetterscheid & Ittenbach, 1996; 

Mayo et al., 1997). Similarly, the size of the peduncle, which bears the inflorescence, varies 

considerably among the species, in dwarf and giant species alike (Hetterscheid & Ittenbach, 
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1996). For example, in dwarf species, such as A. obscurus and allies (Claudel et al., 2017) the 

inflorescence is partly buried in the soil and no peduncle is visible, whereas in A. pulchellus 

Hett. & Schuit. and its close relatives, the height of the peduncle exceeds the vegetative plant 

parts. At the other end of the scale, the two giants of the genus, A. gigas Teijsm. & Binnend. 

and A. titanum, present the largest inflorescences of the genus; A. titanum on a short peduncle 

and A. gigas on a peduncle that reaches up to 3.5 meters high (Hetterscheid, 1994; Hetterscheid 

& Ittenbach, 1996; Hejnowicz & Barthlott, 2005; McPherson & Hetterscheid, 2011; POWO, 

2024a). 

 

Naturally, variation is more pronounced in the inflorescences than in the vegetative parts (Fig. 

2). The Amorphophallus inflorescence consists of a spadix surrounded by a spathe (Fig. 2 A-

G) The spathe is triangular or ovate, often cymbiform or campanulate, more rarely funnel-

shaped (Hetterscheid & Ittenbach, 1996) (Fig. 2 A-E). It can be constricted (Fig. 2 F & G), and 

is, at least in its upper part, usually tightly wrapped around the spadix during inflorescence 

development. It unfolds at anthesis, allowing the potential pollinators to access the flowers. If 

strongly constricted, the spathe is divided into an upper limb and a base (kettle) (Fig. 2 F & G), 

which forms a chamber or a trap (van der Pijl, 1937; Beath, 1996; Mayo et al., 1997; Brö-

derbauer et al., 2012).  
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Figure 2. A-H: Floral diversity in Amorphophallus. A: A. natolii Hett., Wistuba, Amoroso, Medecilo & Claudel. 

B: A. julaihii Ipor, Tawan & P.C.Boyce. C: A. josefbogneri Hett. D: A. pulchellus. E: A. thaiensis (S. Y. Hu) Hett. 

F: A. laoticus Hett. G: A. bangkokensis Gagnep. H: A. johnsonii N. E. Br. Scale bars: A-G = 5 cm. H = 1 cm. 

Photographs: Cyrille Claudel. 
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However, complex traps for pollinators are not common in Amorphophallus (Bröderbauer et 

al., 2012). The tissue surrounding the insertion of the spadix, the spathe base, is occasionally 

specialised as a food tissue (van der Pijl, 1937), or is covered with hair-like papillae in African 

species (Ittenbach, 2003), e.g., in A. johnsonii (Fig. 2 H). The spadix is divided into three zones, 

the pistillate zone at the bottom, followed by the staminate zone above it, and finally on top, 

the sterile appendix (Mayo et al., 1997) (Fig. 3 A & B). These zones can be directly adjacent 

to, or separated by a sterile zone, or occasionally by staminodes, serving as food bodies that 

attract pollinators (Sivadasan & Sabu, 1989; Hetterscheid & Ittenbach, 1996). The appendix is 

assumed to be derived from fused sterile staminate flowers and to represent a synstaminodium 

(Bogner et al., 1985; McPherson & Hetterscheid, 2011; Hetterscheid et al., 2012). It serves as 

a platform for landing or departing insects (Gibernau et al., 2004), which are attracted by the 

scent, the warmth, or both (Knoll, 1926; Meeuse & Raskin, 1988; Vogel, 1990; Seymour et al., 

2003a; Angioy et al., 2004). The appendix varies considerably in form and colour (Fig. 2 A-G), 

ranging from slender to conical, elongate to irregularly folded, or nearly spherical, and coloured 

white to yellow, green, red, brown, grey or black, and in various shades, from pale to dark 

(Hetterscheid & Ittenbach, 1996; Ittenbach, 2003; Yuzammi et al., 2017). Terminal appendices 

are not a universal feature of the family, but occur mainly in the tribes Areae, Arisaemateae, 

Colocasieae, Schismatoglottideae, Thomsonieae and Zomicarpeae (Mayo et al., 1997). The 

main function of the appendix appears to be the release and volatilisation of scent compounds 

(Vogel, 1963, 1990). 
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Figure 3. A-D: Amorphophallus napalensis (Wall.) Bogner & Mayo. A: Inflorescence on day 1 of anthesis. B: 

Same inflorescence cut open, showing the female flowers (green) and the male floral zone (beige). The distal 

yellowish-green element is the appendix. C: Pollen extrusion on day two of anthesis. D: Development of berries 

after fecundation. Scale bars: A, B & D = 5 cm. C = 1 cm. Photographs: Cyrille Claudel. 
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As in all other Araceae, the inflorescence is protogynous (Mayo et al., 1997). On the first day 

of anthesis, the female flowers are receptive. Pollen is released only after female receptivity has 

ended, usually on day two of anthesis, and self-pollination is thus prevented (Mayo et al., 1997; 

Hesse, 2006). The pollen is released through slits or pores, in powder or strands (Ulrich et al., 

2017) (Fig. 3 C). If successfully pollinated, the inflorescence will develop into an infructescence 

(Fig. 3 D), consisting of many brightly coloured berries borne on a peduncle (Hetterscheid & 

Ittenbach, 1996; McPherson & Hetterscheid, 2011) (Figs. 4 & 5). The berries contain either one 

or several seeds (Hetterscheid & Ittenbach, 1996). The colour of the berries can be white, green, 

yellow, orange, red, purple or blue, depending on the species or on the phylogenetic unit, sug-

gesting birds as their major dispersal agents (Singh & Gadgil, 1995; Hetterscheid, 1994; Het-

terscheid & Ittenbach, 1996; Sedayu et al., 2010; Rambey et al., 2022; Low, 2024) (Fig. 4 A-

D). 
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Figure 4. A-D: The most frequent fruit colours in Amorphophallus represented by some selected species. A: Or-
ange berries in A. konjac. B: Red berries in A. barbatus A. Galloway & Ongsakul. C: White berries in A. aberrans 
Hett. D: Blue berries in A. brevipetiolatus A. Galloway, Ongsakul & Petra Schmidt. Scale bars = 5 cm. Photo-
graphs: A, B & D Cyrille Claudel. C Steve Jackson. 
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It is noteworthy to point out that no other genus within the Araceae displays such a diversity of 

berry colours (Sedayu et al., 2010). This, in conjunction with birds as main dispersal agents, 

might have significantly contributed to the wide palaeotropical distribution of the genus, rang-

ing from West Africa to Japan and from China to Australia (Hetterscheid & Ittenbach, 1996). 

Moreover, it is interesting to note that Amorphophallus is the only genus within the eu-aroids 

that comprises species with blue berries. In fact, the only other species within the whole aroid 

family that bears deep blue berries is the sole representative of the Gymnostachyoideae, Gym-

nostachys anceps R. Br. (Mayo et al., 1997). However, the blue colour might represent a tran-

sitional stage as ripe fruits are also reported to be blue-black (PlantNET, 2023). Similarly, the 

most extensive study, investigating fruit ripening, dispersal and germination of Gymnostachys 

anceps, exclusively observed fruits with a “purplish black” colour and not a single blue fruit 

(Shaw, 1997). In contrast, the berry colour of several Amorphophallus species ranges from deep 

to bright blue when fully ripe (Fig. 4 D; Fig. 5 A-D). Others, such as A. kiusianus (Makino) 

Makino, turn bright pink before eventually turning dark blue (Fig. 5 D). It has been hypothe-

sised that the blue berries are eaten and distributed by a particular group of birds (Hetterscheid 

& Ittenbach, 1996; Sedayu et al., 2010). However, until today no specific observations have 

been reported. Moreover, it remains to be investigated if the different shades of blue across 

(Fig. 4 D; Fig. 5 A-D) and within species (Fig. 5 A & B) possibly correlate with specific bird 

species. 
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Figure 5. A-D: Blue fruit colours in Amorphophallus. The shades of blue differ between species and within spe-
cies. A & B: two individuals of A. yunnanensis showing a distinctly different shade of blue. C: The berries have a 
very bright shade of blue in A. thaiensis. D: In contrast, the berries of A. kiusianus change from green to bright 
pink and from pink to dark blue when ripening. Scale bars: A, B, C & D = 5 cm. Photographs: Cyrille Claudel. 
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Taxonomy: Part I 

The first description of a plant species later known under the generic name Amorphophallus dates 

back to the year 1692 (van Rheede, 1692). In his monumental Hortus Malabaricus, van Rheede 

(1692) portrayed and named two species, “Mulenschena” and “Schena”. Mulenschena refers to 

the “spinescent projections” (mullen = with spines) whereas Schena (= cormous plant) refers to 

the tuber present in both species (Suresh et al., 1983). Thus, both plants are tuberous, one with a 

rough and one with a smooth petiole. In the following decades and centuries, the two species por-

trayed by van Rheede (1692) were named and described under not less than 33 synonyms or ille-

gitimate names, including different generic names (WCSP, 2024) and finally, more than three 

centuries later, synonymised under Amorphophallus paeoniifolius (Dennst.) Nicolson (Nicolson, 

1977). 

 

However, only six years later, Suresh et al. (1983) re-established a second variety of A. paeoniifo-

lius, formerly described as A. campanulatus var. blumei (Prain, 1903). Using floral and vegeta-

tive characters, Suresh et al. (1983) distinguished “the cultivated and the wild elements” and 

assigned the varietal name to what they considered the cultivated element, A. paeoniifolius var. 

campanulatus (Decne.) Sivad. Thus, more than 300 years and 33 synonyms later (WCSP, 2024), 

van Rheede’s original Mulenschena and Schena became A. paeoniifolius var. paeoniifolius and A. 

paeoniifolius var. campanulatus, respectively. However, Hetterscheid and Ittenbach (1996) ob-

jected that “… no correlation between any of these characters [i.e., those supposed to separate 

the varieties] has been found on a large scale” and that variation in A. paeoniifolius was mainly 

due to two factors, namely a wide geographical distribution, and a long history as a crop plant. 

Hetterscheid (2012) even speculated that “it may even turn out that it is a domesticated, rather than 

a natural species”. This exemplifies some taxonomic ambiguities associated with Amorphophallus 

in general and the morphological variability of A. paeoniifolius in particular. 

 

The generic name itself, Amorphophallus, emerged comparatively late. It was first mentioned by 

Blume in a letter, addressed to the Governor-General of the Dutch Gold Coast and published in 

the Bataviaasche Courant on 23 Nov 1825. However, the generic name constituted a nomen nu-

dum and it took almost another decade until the plant was validly published as Amorphophallus 

campanulatus Blume ex Decne. (Blume, 1834). In 1837, Blume published the first suprageneric 

and infrageneric classification of Amorphophallus based on nine species, integrating the genus in 

the tribe Thomsonieae Blume and presenting the first three sections, Candarum (Reich.) Bl. (nom. 

illeg.), Adenophallus Bl. and Leiophallus Bl. (Blume, 1837; Hetterscheid, 2020). 
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However, as soon as the generic name Amorphophallus was validly published, it was threatened 

to be merged into other genera (Nicolson et al., 1984). Martius (1831) had investigated the flower 

morphology of some Aroideae and established a new genus, Pythion (Martius, 1831) based on a 

species later recognized as a synonym of Amorphophallus campanulatus Blume ex Decne. More 

importantly, Wallich (1830) erected the genus Thomsonia, which differed from Amorphophallus 

in the appearance of the appendix, i.e., smooth in Amorphophallus and “tuberculate” in Thomsonia 

(Bogner et al., 1985). Although this was known to Blume, he judged the appearance of the smooth 

appendix important enough to consider Amorphophallus separate from Thomsonia. Consequently, 

both genera should have been merged into Thomsonia according to the priority rule (Turland et 

al., 2018). However, Nicolson et al. (1984) proposed to conserve the “well-known name Amor-

phophallus” against Thomsonia and three years later the proposal was unanimously recommended 

by the Permanent Nomenclature Committee (Brummitt, 1987). 

 

Schott (1856) rearranged the genus Amorphophallus and restricted the usage of the name Amor-

phophallus to one of the three sections proposed by Blume (1837), notably sect. Candarum, and 

raised the other two sections to generic rank as Brachyspatha Schott and Conophallus Schott. In 

the following years (1857, 1858a, 1858b, 1860) Schott expanded his concept and included further 

species in Amorphophallus, also publishing additional closely related genera Corynophallus, 

Hansalia, Hydrosme, Rhaphiophallus and Synantherias. 

 

Shortly afterwards, Engler started to investigate the Araceae. His classification system (1879) was 

founded on “evolutionary connections” (Mayo & Bogner, 2013) which led to a different under-

standing of the evolutionary history and, consequently, the classification of Araceae. Most of the 

genera closely related to Amorphophallus proposed by Schott (1857, 1858a, 1858b, 1860) were 

reduced to Amorphophallus by Engler. However, Engler used these taxa as framework for his 

sectional classification of the genus Amorphophallus. Only two of the genera described by Schott 

were kept by Engler, Hydrosme and Plesmonium Schott. Finally, Brown (1901) reduced Hydrosme 

to Amorphophallus, stating that the only separating character (funicle adnate or not adnate to the 

body of the ovule), is “… surely too slight and unimportant a difference to form a genus upon, 

especially where all other parts of the inflorescence are in such a variable and unstable condition 

among the various species …”. The decision was later followed by Engler (1911) in his monograph 

of the Araceae-Lasioideae. The monograph by Engler (1911) still represents the most recent com-

plete revision of the genus, encompassing 78 Amorphophallus species arranged in 11 sections as 

well as eight additional Amorphophallus species, then published under their generic synonyms 

Plesmonium, Pseudodracontium N. E. Br. and Thomsonia. However, several of these species were 

later synonymised or assigned the rank of subspecies (e.g., Nicolson, 1977; Bogner et al., 1985; 
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Hetterscheid & Serebryanyi, 1994; Hetterscheid & Ittenbach, 1996; Ittenbach, 2003), melting 

the original 86 Amorphophallus species (Engler, 1911) down to 62 recognised species today 

(POWO, 2024b). 

 

When Engler published his first monographic treatment of the Araceae (1879), the genus Amor-

phophallus had not yet aroused particular interest, either from the public or from the scientific 

community. However, the situation changed with the discovery of A. titanum. According to 

Watson (1889), A. titanum is the most impressive plant, at least in the Araceae. “Compared with 

it, the Rafflesia, Victoria regia and Aristolochia Goldiana, all giants among flowers, are small 

and almost commonplace”. Watson was assistant curator at the Royal Botanic Gardens, Kew, 

England. He had the privilege to raise the first A. titanum plant in the western world to flower-

ing. The plant had been donated as a small seedling by the Florence Botanic Gardens, more 

precisely by Marquis Bardo Corsi Salviati from Sesto, Italy, in 1879 (Watson, 1889; Giordano 

et al., 2013). The Marquis in turn had received the seeds from his friend Dr. Odoardo Beccari, 

the discoverer of this “wonderful plant” (Hooker, 1891). On the sixth of August 1878, the “bot-

anist, explorer and traveler Odoardo Beccari” discovered this extraordinary plant at Ajer 

Mantjoer on Sumatra (Gandawijaja et al., 1983). Beccari instantly knew he had made a spec-

tacular discovery. “It is a gigantic Aroid, which can only be compared with the Godwinia dis-

covered by Seemann in Nicaragua” (Anonymous, 1878; Beccari, 1878a). The plant Beccari was 

referring to was Dracontium gigas (Seem.) Engl., a species that had been discovered by 

Seemann in Nicaragua, a decade before Beccari made his discovery. At that time, Dracontium 

gigas was considered the “largest Aroid, both in leaf and flower” (Seemann, 1869). 

 

However, Beccari had not yet seen the inflorescence of his extraordinary finding and tentatively 

assigned the name Conophallus titanum. He sent the first description to his friend, the Marchese 

Bardo Corsi Salviati, entrusting him to publish the description in the Bullettino della Reale 

Società Toscana di Orticoltura. The task was carried out by Emanuele Orazio Fenzi, at that 

time secretary of the Reale Società Toscana di Orticoltura, of which he later became president 

(Tomassoli, 1996). Shortly before Beccari’s first account was printed, a second letter from 

Beccari arrived, announcing that he had finally found the inflorescence of the extraordinary 

plant (Beccari, 1878b). A full account of Beccari’s report was transmitted by Fenzi to The 

Gardeners' Chronicle in England. Printed a few months later, on the 9 of November 1878 

(Anonymous, 1878), the publication of Conophallus titanum aroused considerable interest. In 

the following year, Arcangeli (1879) formally transferred Conophallus titanum to the genus 

Amorphophallus. 

 



21 

Shortly after the plant had flowered at Kew in 1889, Beccari (1889a) wrote a letter to William 

Thiselton-Dyer, the director of the Royal Botanic Gardens, Kew. In the letter, he wrote that the 

Kew plant was the last surviving one of all the tubers and seeds he had originally sent from 

Sumatra. The tubers of A. titanum that he had originally sent from Sumatra had rotted and per-

ished in Marseille, as they were not released by the customs in time (Beccari, 1889a). The seeds 

that Becarii had sent to the Marquis Corsi, had germinated well and reached respectable sizes, 

and were subsequently sent to other European gardens (Beccari, 1889b). However, they all died 

in the following years, except the one tuber sent to Kew (Beccari, 1889b). Nonetheless, this one 

“wonderful plant” (Hooker, 1891), unrivalled by any other plant in “size and magnificence” 

(Watson, 1889) was enough to raise an enormous attention worldwide and is considered to be 

“the greatest superstar of the botanical world” since then (Bown, 2010, p. 230). 
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The art of deception 

The “superstar of the botanical world” (Bown, 2010, p. 230) is very inconspicuous in its natural 

habitat. Beccari (1889b) summarised the events around the discovery, description and flowering 

of Amorphophallus titanum. He explicitly pointed out that one could be tempted to believe that 

A. titanum was discovered in the remotest and wildest parts of Sumatra, however, the very 

opposite was true. It grew in the immediate surroundings of the village Beccari was living in, 

in the most frequented and accessible area. Beccari had been investigating the spot for several 

days without noticing anything extraordinary. However, after a few days, he suddenly found 

himself in front of a plant that appeared to be a lichen-covered tree trunk. On closer 

examination, he realized that the lamina of the “tree” belonged to an aroid and that he had been 

fooled for several days by this large petiole covered with lichen-like spots and its resemblance 

to a tree trunk. Beccari, an excellent observer, immediately recognized the potential protective 

function and postulated that the lichen mimicry served the purpose of anti-herbivory in two 

ways. Firstly, by disguising the plant as a tree amongst other trees, and secondly by pretending 

to possess a lichen-covered tree bark and to be consequently inedible. 

 

Extracts of Beccari's original account (1878a) were translated and his discovery was presented 

to the English speaking audience in The Gardeners' Chronicle in 1878 (Anonymous, 1878). 

Remarkably, the English translation of Beccari’s original letter contains a minor but significant 

difference when compared to the original letter published in the Bullettino della Reale Società 

Toscana di Orticoltura. The original description of the petiole provided by Beccari in the 

Bullettino (1878a), reads as follows: “… di color verde e con fitte e piccole macchie quasi 

orbicolari, bianche come le macchie prodotte dai licheni sulla scorza liscia di un albero.” The 

translated version of the species’ description published in The Gardeners' Chronicle is identical 

in all parts, except for the second part of the above sentence. It starts identically: “… of a green 

colour, with numerous small, nearly orbicular dots, of a white colour” (Anonymous, 1878). 

However, the second part is missing. It could be translated as: “white as the spots produced by 

lichens on the smooth bark of a tree.” Moreover, Beccari (1889b) also accurately discussed the 

elaborate floral mimicry in carrion mimics, such as A. titanum, pointing out the blood-like 

colouration (“tinta sanguigna”) of the spathe as well as the cadaverous scent (“odore 

cadaverico”) emitted by the inflorescence, serving the purpose of attracting deceived 

pollinators. 

 

Thus, Beccari (1878a; 1889b) was the first who explicitly discussed lichen mimicry on the 

petiole of A. titanum and its putative function. Surprisingly, this phenomenon remained widely 
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unnoticed for more than a century. Eventually, Barthlott (1995) wrote a publication about plant 

mimicry, where he stated that a few large Amorphophallus species are covered with dots, 

blotches and crust-like spots, imitating patterns of lichens and/or algae on a woody stem. These 

patterns were assumed to serve as protection against herbivory or physical damage (Barthlott, 

1995; Hejnowicz & Barthlott, 2005). However, beyond that, this particular form of defensive 

colouration still remains unstudied. 
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Taxonomy: Part II 

In the 1980s, Wilbert Hetterscheid started to work on a revision of Amorphophallus. At that 

time the species number in Amorphophallus had risen to ca. 100 (Bogner et al., 1985). The 

cooperation with some avid plant explorers such as Mary Sizemore and the late Alan Galloway, 

to name the most outstanding, was crucial for this project. For many years Sizemore and Gal-

loway contributed new material to Hetterscheid’s ongoing research. This led to the description 

of many new species and other scientific contributions in the following years (e.g., Hetterscheid 

& Ittenbach, 1996; Kite & Hetterscheid, 1997; Hetterscheid & Serebryanyi, 1994; Hetterscheid 

& van der Ham, 2001; Hetterscheid, 2003; Li & Hetterscheid, 2010). In 1996, Hetterscheid and 

Ittenbach (1996) stated that the species number had risen to ca. 170. Only seven years later, the 

species number had risen again to ca. 185 (Ittenbach, 2003) and in 2010, it reached 200 (Sedayu 

et al., 2010). To date, ca. 237 species are accepted (Boyce & Croat, 2023). Of these, no less 

than 22 species have been described in the past five years (Galloway et al., 2019a, b, c; Hetter-

scheid et al., 2020; Yuzammi & Hetterscheid, 2020; Bustamante et al., 2020, 2021; Tamayo et 

al., 2021; Bulawin et al., 2022; Calaramo et al., 2022; Fischer et al., 2022; Naive et al., 2022; 

2024; Serebryanyi et al., 2023). Moreover, many more species can be expected to be described 

in the future, considering that many parts of the tropics are still under-collected (Prance et al., 

2000; Sosef et al., 2017; Croat, 2019). 

 

Grob et al. (2002, 2004) were the first to use molecular markers exploring the phylogeny of the 

genus Amorphophallus. Grob et al. (2002) investigated 46 Amorphophallus and two Pseudo-

dracontium species and used several chloroplast markers (rbcL = ribulose 1,5 bisphosphate 

carboxylase large subunit, matK = maturase K, the trnL = transfer RNA lysin gene including 

its intron, and the trnL-trnF intergenic spacer; trnF = transfer RNA phenylalanine) as well as a 

single-copy nuclear marker (FLORICAULA/LEAFY second intron, FLint2) (Grob et al., 2004) 

to investigate the phylogeny of the genus. Grob et al. (2002) inferred five main clades and 

discussed these clades in relation to Engler’s classification (1911). The clades 4 and 5 form a 

clade with no support in Grob et al. (2002) but a well-supported clade in Grob et al. (2004), 

indicating a subgeneric delineation into four subgroups (Grob et al., 2004). Clade 1 contains all 

the African and Malagasy species; and the monophyly of this clade is supported by the charac-

teristic life cycle, involving the simultaneous development of a leaf and an inflorescence (Grob 

et al., 2002). In contrast, clade 2 was found to be “morphologically highly heterogeneous” 

(Grob et al., 2002). Moreover, Grob et al. (2002) explicitly stated that not a single morpholog-

ical diagnostic character or a character combination could be found to morphologically circum-

scribe and delimit clade 2 and clade 3. Clade 4 is characterized by an insertion of 12 base pairs 
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within matK. As for clade 5, Grob et al. (2002) found that the genus Pseudodracontium is nested 

within Amorphophallus, requiring the reduction of Pseudodracontium to Amorphophallus. All 

in all, Grob et al. (2002) demonstrated that the sectional classification of Engler (1911) could 

no longer be maintained and that the morphological circumscription of several of the main 

clades is seriously hampered by the morphological heterogeneity expressed in these clades 

(Grob et al., 2002). Lastly, the evolutionary geographical origin of the genus, Africa or Asia, 

remained unresolved (Grob et al., 2002). 

 

Shortly afterwards, van der Ham et al. (2005) explored the pollen morphology of the 46 Amor-

phophallus and two Pseudodracontium species in the phylogenetic context, using the phyloge-

netic tree presented by Grob et al. (2004). Despite the high variability of pollen characters, van 

der Ham et al. (2005) found some discrepancies between morphological and molecular charac-

ters. Although smaller phylogenetic subunits were found to share a similar pollen morphology, 

the monophyly of the genus could not be supported by pollen characters (van der Ham et al., 

2005). Nor could any of the main clades inferred by Grob et al. (2004) be supported by pollen 

characters (van der Ham et al., 2005), suggesting that the morphological heterogeneity (Grob 

et al., 2002) extends to the pollen morphology. Lastly, some species were shown to be poly-

morphic (van der Ham et al., 2005). 

 

The next step towards comprehension of the phylogeny of the genus Amorphophallus was taken 

by Sedayu et al. (2010). They used the sequences previously generated by Grob et al. (2002, 

2004) and increased the sampling size up to 69 Amorphophallus and two Pseudodracontium 

species. The molecular markers trnL, rbcL and FLint2 were combined and several analyses, 

such as maximum parsimony and Bayesian analysis were conducted (Sedayu et al., 2010). Se-

dayu et al. (2010) inferred four main clades, largely similar to those inferred by Grob et al. 

(2004) but differently arranged. The four clades were found to reflect the overall biogeographic 

distribution of the genus and were designated as African clade, Continental Asian Clade I (CA 

I), Continental Asian Clade II (CA II), and South East Asian Clade (SEA). However, in the 

50% majority rule consensus tree from the Bayesian analysis, only the SEA Clade was substan-

tially supported (0.96 Bayesian posterior probability) (Sedayu et al., 2010). Furthermore, the 

morphological character evolution of 70 characters was investigated (Sedayu et al., 2010). Out 

of these 70, five characters that correlated well with the molecular phylogeny were discussed, 

namely: 1. Growth cycle, which is specific to the African clade and had already been discussed 

by Grob et al. (2002). 2. Stylar length, another feature that delimits the African clade (sessile 

stigma) from the Asian clades (style present). 3. Pollen release by connective rupturing in a 

small group of Asian species (ca. 3 species) as opposed to pollen release directly from the pores. 
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4. Leaf lamina, being either divided into three segments of approximately the same size as 

opposed to the anterior leaf segment being distinctly less developed than the two posterior seg-

ments. This feature apparently evolved three times, once in each of the three Asian clades. 5. 

Berry colour, which is particularly diverse in the genus Amorphophallus and needs to be studied 

and discussed more closely. The African clade and the CA II clade contain only species with 

orange or red berries. Orange or red berries are also the dominant colour in the SEA clade, with 

some exceptions, notably green berries at full maturity in A. sumawongii (Bogner) Bogner & 

Mayo and dirty pinkish-brownish berries in A. polyanthus Hett. & M. Sizemore (Sedayu et al., 

2010). In contrast, the berry colour ranges from white via yellow, orange and red to blue in the 

CA I clade (Sedayu et al., 2010). The clade containing the species with blue berries is of par-

ticular interest as it unites a larger group of species (12 species in Sedayu et al., 2010) that is 

otherwise “morphologically highly heterogeneous” (Grob et al., 2002). The inflorescence mor-

phology of these species is very variable, leading Sedayu et al. (2010) to conclude that this 

clade could not be inferred based on inflorescence morphology alone. Moreover, the “great 

morphological flexibility in Amorphophallus” is assumed to have been derived from adapta-

tions to different pollinators (Sedayu et al., 2010). 

 

Finally, using gas chromatography-mass spectrometry (GC-MS), Kite and Hetterscheid (1997, 

2017) identified the scent compounds emitted by 92 Amorphophallus species and investigated 

the occurrence of major scent classes and evolutionary trends in the phylogenetic context, using 

the majority-rule consensus tree resulting from the Bayesian analysis presented in Publ. 1. Sim-

ilar to previous studies (Grob et al., 2002; Sedayu et al., 2010), several evolutionary trends 

could be identified in several smaller clades (Kite & Hetterscheid, 2017). Two clades in partic-

ular, each from a different subgenus, were found to be characterised by the emission of ben-

zenoid compounds or aromatic hydrocarbons (Kite & Hetterscheid, 2017). However, the ma-

jority of Amorphophallus species were found to mainly emit dimethyl oligosulphides, a scent 

class that is characteristic of the decomposition of various organic matters, including vegetables 

rich in sulphur, carrion, dung, cadavers and cancerous wounds (Ollerton & Raguso, 2006; Shi-

rasu et al., 2010; Jürgens et al., 2013). Amorphophallus species that emit dimethyl oligosul-

phides were found to be scattered across the four subgenera and to represent the ancestral state 

of odour emission in Amorphophallus (Kite & Hetterscheid, 2017). In addition, some scent 

types were found to have a high degree of plasticity, evidenced by sister species emitting unre-

lated scent compounds (Kite & Hetterscheid, 2017). As with floral morphology (Sedayu et al., 

2010), the interspecific variation is assumed to be driven by specialised plant-pollinator inter-

actions and pollinator resource partitioning (Kite & Hetterscheid, 2017). The morphological – 
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or in this context biochemical - flexibility in Amorphophallus apparently extends to the emitted 

floral scent compounds. 
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Deception & pollinators 

Scent compounds that mimic substrates used by Coleoptera and Diptera for feeding, mating and 

breeding are the key factor of deceptive floral mimicry systems, i.e. oviposition-site mimicry 

(Jürgens et al., 2006; Vereecken & McNeil, 2010; Urru et al., 2011; Jürgens et al., 2013; Jürgens 

& Shuttleworth, 2016; Johnson & Schiestl, 2016). Scent mimicry is prominent within Amor-

phophallus and many species olfactorily mimic decomposing organic material such as carrion, 

various excrements, fermenting fruits, and mushrooms (Kite & Hetterscheid, 1997, 2017). 

Some Amorphophallus species, such as A. gigas, A. konjac, A. paeoniifolius and A. titanum are 

accordingly referred to as carrion or corpse flowers (Teijsmann & Binnendijk, 1862; Hetter-

scheid, 1994; Barthlott et al., 2009; Lamprecht & Seymour, 2010; Chen et al., 2015; Jürgens & 

Shuttleworth, 2016; Raman et al., 2017) or as dung mimics, such as A. aphyllus (Claudel et al., 

2017) (Fig. 6 A-D). 
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Figure 6. A-D: Carrion and dung mimicry. A: Amorphophallus titanum, the iconic carrion flower. B: Inflorescence 
of A. konjac, another carrion mimic. C: Amorphophallus paeoniifolius, the type species of the genus. D: Dung 
mimicry in A. aphyllus (Hook.) Hutch. (Claudel et al., 2017). Scale bars = 10 cm. Photographs: A Steve Jackson. 
B, C & D Cyrille Claudel. 
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Moreover, the appendix of some Amorphophallus species is more or less densely covered with 

hair-like staminodes (Hetterscheid et al., 2012) (Fig. 7 A-D). Hair-like staminodes may con-

tribute to the visual appearance of mammal skin (Hetterscheid et al., 2012). However, A. natolii 

(Fig. 2 A; Fig. 7 A) emits a woody odour which does not fit into the carrion scheme. The odour 

is reminiscent of freshly cut wood (Hetterscheid et al., 2012), accompanied by a slight fungal 

odour (personal observation). Similar to some Arisaema species (Vogel & Martens, 2000), it is 

conceivable that A. natolii mimics hairy fungi, for example Syzygites sp. or Phycomyces sp., 

possibly attracting hairy fungus beetles (Mycetophagidae) or fungus gnats (Mycetophilidae). 

The hair-like staminodes might also represent a physical obstacle to landing insects, which in 

the attempt to land might drop down into the kettle of the inflorescence. Lastly, Beccari (1889b) 

noticed and described the blood-like colouration (“tinta sanguigna”) of the inside of the spathe 

of A. titanum (Fig. 6 A), indicating that the olfactory mimicry (“odore cadaverico”) is supported 

visually. These features suggest that Amorphophallus species exploit several senses of insect 

visitors and pollinators. That said, the knowledge about insect visitors and pollinators in Amor-

phophallus is limited, especially considering the size and wide geographical distribution of the 

genus. Moreover, the plant-pollinator interaction is unknown for most Amorphophallus species. 

According to Moretto et al. (2019), three Scarabaeoidea families are most frequently cited as 

pollinators of Amorphophallus. The Dynastidae, more precisely the genus Peltonotus in India 

and Southeast Asia; the Hybosoridae, particularly the genus Phaeochrous in Southeast Asia 

and Africa; and the copro-necrophagous Scarabaeidae in Southeast Asia and India (van der Pijl, 

1937; Bogner, 1976; Sivadasan & Sabu, 1989; Hetterscheid & Ittenbach, 1996; Giordano, 1999; 

Jung, 2006; Grimm, 2009; Punekar & Kumaran, 2010; Chaturvedi, 2017; Sites, 2017; Moretto 

et al., 2019; Chai & Wong, 2019; Wong et al., 2022). However, in several cases, a multitude of 

arthropod visitors, including ants, bees, cockroaches and spiders, were observed to be attracted 

by Amorphophallus inflorescences (van der Pijl, 1937; Hetterscheid, 1994; Giordano, 1999; 

Jung, 2006: Punekar & Kumaran, 2010; Chen et al., 2015; Chaturvedi, 2017; Moretto et al., 

2019; Chai & Wong, 2019; Wong et al., 2022). Moreover, flies as well as stingless bees have 

also been observed acting as pollinators (Gombocz, 1936; Bogner, 1976; Hetterscheid, 1994; 

Giordano, 1999; Punekar & Kumaran, 2010; Chai & Wong, 2019; Wong et al., 2022). 
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Figure 7. A-D: Appendices with hair-like staminodes: A: Amorphophallus laoticus. B: Amorphophallus cirrifer 
Stapf. C: Amorphophallus pilosus Hett. D. Amorphophallus natolii. Scale bars = 10 cm. Photographs: A., C. Steve 
Jackson. B., D & E. Cyrille Claudel. 
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Thermogenesis in the Araceae 

Another feature associated with oviposition-site mimicry and pollinator attraction is thermo-

genesis (Johnson & Schiestl, 2016). Thermogenesis, the ability to produce warmth in floral 

organs, is one of the most peculiar features of many Araceae (Bay, 1995; Mayo et al., 1997; 

Seymour & Schultze-Motel, 1997; Gibernau et al., 2005; Seymour, 2010; Kakishima et al., 

2011). In fact, the Araceae have the highest number of thermogenic genera and species and are 

the most investigated family in this respect (Grant et al., 2010; Seymour, 2010). The main, but 

not mutually exclusive, functions attributed to thermogenesis in Araceae are identified as im-

proved scent volatilisation during stigma receptivity and heat reward for insect pollinators, ei-

ther as a direct reward or as part of providing a shelter or heated floral chamber as a mating 

place (e.g., Dormer, 1960; Mayo et al., 1997; Meeuse & Raskin, 1988; Skubatz et al., 1990; 

Kite et al., 1998; Albre et al., 2003; Seymour et al., 2003a, 2003b; Ivancic et al., 2004; Seymour 

et al., 2009a, 2009b; Kakishima et al., 2011). 

 

In the Araceae, thermogenesis is usually restricted to the male flowers, staminodes and/or the 

appendix (Meeuse & Raskin, 1988; Skubatz et al., 1990; Bay, 1995; Mayo et al., 1997; Albre 

et al., 2003; Seymour et al., 2003a, 2003b; Ivancic et al., 2004, 2005, 2008; Chouteau et al., 

2007; Seymour et al., 2009a, 2009b). Only Taccarum ulei Engl. & K. Krause is known to ele-

vate the temperature in the female flowers (Maia et al., 2013). Apparently, thermogenesis oc-

curs only in plants that are pollinated by insects (Seymour et al., 2004). 

 

However, the assigned functionalities of thermogenesis in aroids have long been debated. One 

of the earliest investigators of thermogenesis in aroids was Leick (1915). Considering that some 

aroids heat up strongly without producing a noticeable scent, whereas others smell strongly 

without being thermogenic, he rejected the idea of thermogenesis essentially serving the pur-

pose of odour volatilisation (Leick, 1915). Instead, he advocated the idea of heat reward for 

insects. A decade later, Knoll (1926) came to the opposite conclusion, stating that the main 

function of thermogenesis is the volatilisation of the odoriferous compounds.  

 

Furthermore, scented artificial inflorescences were shown to attract insects whereas heated but 

not scented artificial inflorescences did not attract insects, suggesting that heat does not have a 

relevant function, at least not as attractant (Knoll, 1926; Dormer, 1960; Meeuse & Raskin, 1988; 

Kite et al., 1998). In contrast, heat was found to increase the attractiveness of Helicodicerus 

muscivorus (L.f.) Engl. inflorescences (Angioy et al., 2004). Moreover, it had been proposed 

that heat encourages insects to stay longer in the inflorescence, thus ensuring pollination 



33 

(Moodie, 1976). However, heat might also increase the mobility of pollinating insects, ensuring 

pollen transport to other inflorescences (Ivancic et al., 2005). Thus, depending on the study, 

heat has been proposed to serve as attractant; or to retain the floral visitor, or to increase its 

mobility, pushing it to leave the inflorescence; three contrasting purposes designed for pollina-

tors. Another proposal is that radiating warmth fits very well into the imagery of carrion, dung, 

and decomposition and thus supports this type of mimicry in Araceae (Moodie, 1976; Meeuse 

& Raskin, 1988). More precisely, it has been proposed that thermogenesis contributes to mul-

tisensory mimicry in Helicodicerus and Typhonium (Angioy et al., 2004; Rands, 2021). Lastly, 

thermogenesis has also been associated with huge inflorescences, such as in A. titanum (Barth-

lott et al., 2009). 

 

Assuming that thermogenesis primarily serves pollinator attraction or pollinator reward, or 

both, and given the peculiarity and the energetic costs of this feature, enhanced fruit set might 

be expected compared to related non-thermogenic species. In fact, fruit set has been rarely con-

sidered in Amorphophallus and the few studies that examined fruit set in other aroids often 

came to opposite or mixed conclusions. A high fruit set has been documented in the thermo-

genic aroid Helicodiceros muscivorus (L. f.) Engl. (Seymour et al., 2003a; Gibernau & Sey-

mour, 2014) whereas a very low fruit set was reported for Alocasia macrorrhizos (L.) G. Don 

(Ivancic et al., 2005). In the latter study, 59 individuals from several populations of Alocasia 

macrorrhizos were sampled in situ and the thermogenic behaviour, among others, was investi-

gated. Temperature elevations exceeding ambient temperature by up to 25.6°C were recorded 

(Ivancic et al., 2005), which are some of the highest ever recorded in the plant kingdom. How-

ever, despite intense odour production and temperature increase, the seed set observed was ex-

tremely low (Ivancic et al., 2005). Likewise, Gibernau et al. (2010) investigated a population 

of Anaphyllopsis americana (Engler) A. Hay in French Guiana. Thermogenic activity in the 

inflorescences of this species is of exceptional duration, lasting up to 30 days (Gibernau et al., 

2010). However, despite the long duration of the floral and thermogenic cycle, the fruit set was 

low, suggesting an “inefficient pollination system” (Gibernau et al., 2010). 

 

Another proposed function of thermogenesis is to prevent freezing in Symplocarpus foetidus 

Salisb. (Knutson, 1974, 1979), which is capable of regulating and maintaining elevated temper-

atures for weeks in a cold environment (Knutson, 1974, 1979; Seymour, 2004; Seymour et al., 

2009c; Kozen, 2013). However, despite these outstanding thermogenic abilities, apparently 

only few insects are attracted (Seymour & Blaylock, 1999). In a survey of 195 Symplocarpus 

inflorescences only 11 invertebrates were found, namely “six spiders, one isopod, two 
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lepidopteran larvae, one hemipteran, and one collembolan, none of which seemed particularly 

good pollen vectors” (Seymour & Blaylock, 1999). Similarly, Barriault et al. (2021) investi-

gated the pollination biology and the reproductive success of Symplocarpus foetidus during two 

consecutive years (2008 and 2009) and concluded that many different insect types visit the 

inflorescences and that fruit sets were relatively low. Subsequently, Seymour et al. (2009c) 

investigated thermogenesis in Symplocarpus renifolius Schott ex Tzvelev and came to the con-

clusion that it provides the optimal temperature for pollen tube growth after germination. 

 

Other suggested functions of thermogenesis in Araceae include infrared radiation and the for-

mation of carbon dioxide (CO2) (Moodie, 1976; Korotkova & Barthlott, 2009; Vereecken & 

McNeil, 2010). Moreover, it has been suggested that thermogenesis may promote pollen dis-

persal through desiccation of the anthers or the pollen, or that it may play a role in pollen mat-

uration (Bemadinger-Stabentheiner & Stabentheiner, 1995; Gibernau & Barabé, 2000; Giber-

nau et al., 2000; Kozen, 2013). In contrast, Seymour et al. (2009a) rejected the idea of thermo-

genesis as a side-effect of pollen production. That said, none of these suggestions has been 

tested in depth. 

 

The varied patterns, differences in cycle duration and temperature intensity, and contradictory 

observations and statements make it challenging to identify a specific purpose, let alone a single 

function, of thermogenesis in aroids. It has been stated that: “… the spatial and temporal pat-

terns observed are so varied that there seems to be no general rule for thermogenesis in Araceae 

inflorescences” (Kakishima et al., 2011). 
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Thermogenesis in Amorphophallus 

Investigations or reports on thermogenesis in Amorphophallus cover only eight Amorphophal-

lus species; moreover, different methodological approaches, i.e. respirometry, temperature 

measurements and thermal imaging have been used (van der Pijl, 1937; Skubatz et al., 1990; 

Prakash & Nayar, 2000; Lamprecht et al., 2002; Barthlott et al., 2009; Korotkova & Barthlott, 

2009; Kakishima et al., 2011; Lamprecht & Seymour, 2010; Shirasu et al., 2010; Handayani et 

al., 2020). In Amorphophallus, the main thermogenic zones are the appendix and the male 

flower zone (van der Pijl, 1937; Prakash & Nayar, 2000; Lamprecht et al., 2002; Barthlott et 

al., 2009; Korotkova & Barthlott, 2009; Kakishima et al., 2011; Lamprecht & Seymour, 2010; 

Shirasu et al., 2010, Handayani et al., 2020). The best investigated thermogenic Amorphophal-

lus species is A. titanum (Barthlott et al., 2009; Korotkova & Barthlott, 2009; Lamprecht & 

Seymour, 2010; Shirasu et al., 2010), the “flagship species for Botanic Gardens” (Lobin et al., 

2007). The spathe in this species is inwardly dark-coloured and the inflorescence can exceed 

more than three meters height (McPherson & Hetterscheid, 2011; Lobin et al., 2007; Gibson, 

2018; POWO, 2024a). During anthesis, a powerful stench reminiscent of carrion or dung is 

released (Kite & Hetterscheid, 1997, 2017; Shirasu et al., 2010; Raman et al., 2017), which is 

sustained by the generation of heat, reaching up to 12.6°C above ambient temperature in the 

appendix (Lamprecht & Seymour, 2010) and up to 10°C above ambient temperature in the male 

floral zone (Korotkova & Barthlott, 2009). Consequently, it has been proposed that thermogen-

esis in Amorphophallus titanum serves scent volatilisation, forming vertical scent updrafts to 

the canopy for pollinator attraction (Barthlott et al., 2009). Moreover, thermogenesis offers a 

functional explanation for the large inflorescences of carrion mimicking species, according to 

Barthlott et al. (2009). 

 

However, temperature increase varied between the investigated Amorphophallus species. 

Amorphophallus titanum, A. muelleri (van der Pijl, 1937) and A. paeoniifolius (Prakash & Na-

yar, 2000; Lamprecht et al., 2002; Lamprecht & Seymour, 2010; Handayani et al., 2020) 

showed a significant temperature increase. In contrast, only a moderate temperature increase 

could be observed in A. bulbifer (Roxb.) Blume, A. forbesii Engl. & Gehrm. (Skubatz et al., 

1990) and A. konjac (Skubatz et al., 1990; Lamprecht & Seymour, 2010) whereas no tempera-

ture increase at all was found in A. gigas (Teijsmann & Binnendijk, 1862; Kakishima et al., 

2011) and A. variabilis Bl (van der Pijl, 1937). Remarkably, the two giants of the genus, A. 

gigas and A. titanum show opposite behaviour with regard to temperature increase. While the 

appendix of A. titanum reaches 12.6°C above ambient temperature (Lamprecht & Seymour, 

2010), no temperature elevation at all could be observed in that of A. gigas (Teijsmann & 
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Binnendijk, 1862; Kakishima et al., 2011). This is noteworthy given that Amorphophallus tita-

num and A. gigas represent the largest and tallest species of the genus (Hetterscheid & Itten-

bach, 1996); both are closely related (Publ. 1), sympatric, and considered to be carrion mimics 

(Hetterscheid, 1994). If thermogenesis was associated with carrion mimicry, plant size and/or 

low population densities (Barthlott et al., 2009; Seymour, 2010), then it remains to be elucidated 

why A. titanum displays a high temperature elevation (Barthlott et al., 2009; Lamprecht & Sey-

mour, 2010) whereas A. gigas remains cool (Teijsmann & Binnendijk, 1862; Kakishima et al., 

2011). 

 

Low temperature increases despite high respiration rates have been explained by heat loss 

through evaporative cooling (Gibernau et al., 2005; Lamprecht & Seymour, 2010; Seymour, 

2010). Lamprecht and Seymour (2010) investigated the thermogenic activity of A. konjac, a 

comparatively large species (Hetterscheid & Ittenbach, 1996), by means of temperature meas-

urements and respirometry. The authors recorded a low temperature increase in the appendix 

despite strong respiration rates (Lamprecht & Seymour, 2010). Moreover, they observed the 

formation of liquid droplets on the appendix and argued that a large surface area leads to higher 

evaporation and consequently stronger evaporative cooling, thus accounting for the low tem-

perature elevation despite the high respiration rates (Lamprecht & Seymour, 2010). However, 

this explanation is not wholly convincing. In the same publication, the authors reported a tem-

perature elevation of 12.6°C above ambient temperature in the appendix of A. titanum (Lam-

precht & Seymour, 2010). Considering that the appendix of A. titanum is significantly larger 

than the appendix of A. konjac, it seems doubtful that passive evaporative cooling in relation to 

surface area alone can account for the difference in temperature elevation between the two spe-

cies. However, respiration was only estimated but not measured in A. titanum (Lamprecht & 

Seymour, 2010) making it impossible to compare the respiration rates and the potential heat 

loss in both species. 

 

Referring to the investigations in A. titanum (Barthlott et al., 2009) and A. johnsonii (Beath, 

1996), Seymour (2010) hypothesised that the combination of large inflorescences and enhanced 

scent volatilisation through thermogenesis may help to overcome long distances between indi-

viduals in Amorphophallus species with low population densities. However, the effectiveness 

of scent updrafts to the canopy for pollinator attraction (Barthlott et al., 2009) were never actu-

ally tested, which is mandatory, considering that it implies a vertical scent dispersal and not a 

horizontal spread, necessary to overcome long distances. Furthermore, thermogenesis was 

never actually substantiated in A. johnsonii (Beath, 1996). Lastly, except for a few subsequently 
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published studies (Yuzammi et al., 2014; Yuzammi & Hadiah, 2018; Yudaputra et al., 2021) 

the population densities and dynamics of most Amorphophallus species are unknown. There-

fore, the role of thermogenesis on the population level remains purely speculative. 

 

Despite the thermogenic property and the different types of sophisticated deceit in Amor-

phophallus inflorescences, the attraction of a multitude of different insects and other arthropods 

suggests an unspecialised plant-pollinator interaction. Similarly, odour emission in Amor-

phophallus does not seem to indicate a close relationship to a specific pollinator but rather to a 

whole group of pollinators, mostly copro-necrophagous insects. However, this is in disagree-

ment with the idea of a strongly constrained floral morphology/biochemistry, evolutionarily 

driven by specialised plant-pollinator interactions. (Sedayu et al., 2010; Kite & Hetterscheid, 

2017). Therefore, assuming that species-specific and specialised plant-pollinator interactions 

are not the primary evolutionary drivers of speciation in Amorphophallus, the question arises 

how this morphologically highly diverse genus became the largest genus in the Araceae with a 

palaeotropical distribution (Boyce & Croat, 2023). 
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Objectives 

The aim of the present work is to provide a deeper understanding of the genus Amorphophallus 

on several levels. The first objective is to generate a phylogenetic hypothesis for the evolution 

of the genus Amorphophallus based on molecular markers (Publ. 1). The latest attempts to infer 

the phylogeny of the genus included 48 species (46 Amorphophallus and two Pseudodracon-

tium species) (Grob et al., 2002, 2004) and 71 species (69 Amorphophallus and two Pseudo-

dracontium species) (Sedayu et al., 2010). Moreover, these and other studies found several of 

the main clades to be morphologically highly heterogeneous, which presents a challenge to our 

understanding of the evolutionary history of the genus (Grob et al., 2002; van der Ham et al., 

2005; Sedayu et al., 2010). The high occurrence of homoplasious characters and the disagree-

ments between the morphological and molecular approaches (Grob et al., 2002; van der Ham 

et al., 2005; Sedayu et al., 2010) made a more extensive analysis necessary, the more so as some 

237 species have been described by now (Boyce & Croat, 2023). Therefore, relying on previous 

investigations (Grob et al., 2002, 2004; Sedayu et al., 2010), the species sampling is signifi-

cantly increased in the present investigation and another molecular marker is incorporated. The 

present matrix contains 157 Amorphophallus species. Moreover, an additional molecular 

marker, the internal transcribed spacer 1 (ITS1) is included and the resulting phylogenetic tree 

serves as a framework for further phylogenetic investigations. 

 

The unexpectedly close relationship between some species in the phylogenetic tree (Publ. 1), 

suggests that some species might be of hybrid origin. Therefore, artificial hybrids were created 

in order to explore if hybridisation of sympatric or allopatric Amorphophallus species can lead 

to fertile hybrid progeny (Publ. 2). 

 

In Publ. 3, the phylogenetic tree from Publ. 1 is used to explore the occurrence of defensive 

(anti-herbivory) colouration, more specifically petiolar mimicry of old tree trunks, within the 

genus Amorphophallus. These patterns resemble lichens or cyanobacteria in form and colour, 

sometimes even in structure. Petiolar lichen mimicry in a few Amorphophallus species has been 

described by some authors (Beccari, 1878a, 1889b; Barthlott, 1995; Hejnowicz & Barthlott, 

2005). However, the occurrence of petiolar mimicry types across larger parts of the genus has 

never been explored. Consequently, the complete available living material, representing some 

100 species, as well as photographic material from 136 species is investigated and categorized. 

The results are discussed in the evolutionary context. 
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Previous studies suggested that specialised plant-pollinator interactions led to species-specific 

evolutionarily constrained floral morphologies (Sedayu et al., 2010; Kite & Hetterscheid, 1997, 

2017). However, several Amorphophallus species are known to display a variable floral mor-

phology (Jung, 2006; own observation). Moreover, several Amorphophallus species are known 

to attract a multitude of different insects and other arthropods (van der Pijl, 1937; Bogner, 1976; 

Sivadasan & Sabu, 1989; Giordano, 1999; Jung, 2006: Punekar & Kumaran, 2010; Chen et al., 

2015; Chaturvedi, 2017; Chai & Wong, 2019; Moretto et al., 2019; Wong et al., 2022). As this 

contradicts the idea of an evolutionary constrained plant-pollinator interaction, the data about 

floral visitors and pollinators are summarised, reviewed, and discussed in Publ. 4. 

 

Similarly, the scent compounds emitted by 92 Amorphophallus species revealed few evolution-

ary trends when investigated in the phylogenetic context (Kite & Hetterscheid, 2017). Some 

evolutionary trends were assumed to be indicative of either divergent or convergent evolution-

ary processes driven by specific pollinators and hence leading to an evolutionarily constrained 

inflorescence morphology (Kite & Hetterscheid, 2017). However, as far as it is known, the 

plant-pollinator interaction does not appear to be highly specialised (Giordano, 1999; Jung, 

2006: Punekar & Kumaran, 2010; Chen et al., 2015; Chaturvedi, 2017; Chai & Wong, 2019; 

Moretto et al., 2019; Wong et al., 2022). Moreover, if intraspecific scent variation exceeds in-

terspecific variation, tracing of evolutionary trends based on the quantity of emitted scent com-

pounds might be challenged. Therefore, odour polymorphism and its putative function in some 

deceptive Amorphophallus species is reviewed and discussed in Publ. 5. 

 

Intensified scent volatilisation has been proposed to be one main function of thermogenesis in 

Amorphophallus. However, few studies actually investigated the functions of thermogenesis in 

Amorphophallus and many questions remain unanswered (Skubatz et al., 1990, Barthlott et al., 

2009; Lamprecht & Seymour, 2010) or have not been asked yet. Therefore, Publ. 6 is dedicated 

to the investigation of thermogenesis in the genus Amorphophallus. Absence or presence of 

thermogenesis is documented in 80 Amorphophallus species and explored within the phyloge-

netic context. Moreover, the association between selected morphological traits and thermogen-

esis is tested. 

 

All previous studies found that several morphological, palynological or olfactory characters are 

variable, heterogeneous or “flexible”, making it difficult or even impossible to characterise 

larger phylogenetic units based on these characters alone (Grob et al., 2002; van der Ham et al., 

2005; Sedayu et al., 2010; Kite & Hetterscheid, 2017). Moreover, at least some species exhibit 

palynological, floral, morphological and odour polymorphism (van der Ham et al., 2005; Jung, 
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2006; Sedayu et al., 2010; Kite & Hetterscheid, 2017; Publ. 5). Conversely, the interrelationship 

of the four large subgeneric clades remained unresolved or poorly supported in all previous 

studies (Grob et al., 2002, 2004; van der Ham et al., 2005; Sedayu et al., 2010; Publ. 1). These 

findings and the high species diversity of the genus Amorphophallus point towards rapid radi-

ation. Therefore, a phylogenomic study including 36 Amorphophallus species is conducted in 

Publ. 7 to resolve the relationships between the four subgenera of the genus Amorphophallus 

and to provide a timeline for the evolution of the genus. 

 

The final discussion is dedicated to additional aspects of the present investigations. The species 

sampling from Publ. 1 is discussed with regard to species delimitations and natural hybridisa-

tion. Moreover, morphological, floral and olfactory interspecific variation and intraspecific pol-

ymorphism are discussed in the context of their putative functionality.
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Publ. 1: Large-scale phylogenetic analysis of Amorphophallus 

(Araceae) derived from nuclear and plastid sequences reveals new 

subgeneric delineation 
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Remarkably little is known about the evolution of the emblematic genus Amorphophallus. To shed new light on phy-
logenetic relationships between species of Amorphophallus and test its current classification, the first well-sampled 
molecular phylogenetic analysis is presented here, comprising 157 species for which we generate nuclear (ITS1) and 
plastid (rbcL and matK) sequences. Our combined plastid and nuclear maximum likelihood and Bayesian inferences 
provide a solid backbone for subgeneric delineation in supporting the existence of four major clades. These latter clades 
are here formally recognized as subgenera (two of which are new): Amorphophallus, Metandrium, Scutandrium and 
Afrophallus. Each subgenus is discussed based on selected morphological features and additional traits (e.g. distribu-
tion). Finally, our results strongly support the inclusion of the genus Pseudodracontium in Amorphophallus and the 
required taxonomic changes are proposed here. In addition to clarifying species relationships in Amorphophallus and 
proposing a new infrageneric classification, this study provides a baseline for researchers working on the evolution 
and biogeography of Araceae and more broadly on the tropical flora, especially in Southeast Asia.

ADDITIONAL KEYWORDS:  Afrophallus – Amorphophallus – Araceae – Bayesian inference – classification – 
maximum likelihood – Metandrium – Pseudodracontium – Scutandrium.

INTRODUCTION

Amorphophallus Blume ex Decne. (Araceae) com-
prises mainly lowland plants, growing in the tropical 
and subtropical zones of the Palaeotropics from West 
Africa to the Pacific Islands and Japan (Mayo, Bogner 
& Boyce, 1997). The centre of diversity is in Southeast 
Asia, which is home to c. 70% of the estimated 219 spe-
cies (Boyce & Croat, 2011).

Amorphophallus outranks all other aroid genera in 
morphological diversity (Hetterscheid & Ittenbach, 
1996). Almost every plant organ shows remarkable 
variation, but plant size is probably the most obvious 
variable character. The smallest species, A. pusillus 
Hett. & Serebr. and A. ongsakulii Hett. & A.Galloway, 
have a spathe of no more than 3 cm long, whereas the 
giant of the genus, A. titanum (Becc.) Becc. ex Arcang. 
has a spathe reaching >2 m in length. Tuber size varies 
from 1 cm to >1 m in diameter and tuber weight varies 
from 1 g in the smallest species to 150 kg in A. titanum. *Corresponding author. E-mail: c.claudel@gmx.de
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There is an equally wide variation in leaf size (2 cm–5 m 
in length and 3 cm–7 m in lamina diameter) and archi-
tecture, petiole patterning, shape of the appendix, shape 
and distribution of staminodes and other characters.

The basically tripartite leaf evokes the image of a 
sapling tree in many species: the single stem of the leaf 
is topped by a horizontal decompound lamina. The leaf-
lets often have drip-tips, thus ‘disguising’ the plants 
among numerous young seedling trees in the imme-
diate surroundings. In addition, the petiole surface of 
many species is covered with dots, blotches, warts and 
crust-like spots, seemingly imitating patterns of lichen 
and/or algae on a woody stem. Inflorescence may be 
solitary, simultaneous with or directly preceding or 
rarely emerging directly after leaf development or leaf 
senescence.

Taxonomic hisTory

Blume (1837) presented the first suprageneric and 
infrageneric classification of Amorphophallus, treat-
ing it as part of the new tribe Thomsonieae. Brown 
(1882) proposed the genus Pseudodracontium N.E.Br., 
distinct from Amorphophallus. Pseudodracontium 
was taxonomically revised by Serebryanyi (1995). 
Engler (1911) presented the most recent compre-
hensive classification of Amorphophallus, but he 
recognized a number of closely related genera sepa-
rate from Amorphophallus, viz. Thomsonia Wall., 
Plesmonium Schott, Pseudodracontium, Anchomanes 
Schott and Pseudohydrosme Engl., these genera 
being accommodated in tribe Amorphophalleae. 
Thomsonia and Plesmonium were subsequently 
included in Amorphophallus and Anchomanes and 
Pseudohydrosme were transferred to other tribes 
(Bogner, Mayo & Sivadasan, 1985). Hetterscheid 
(1994) presented arguments for the reduction 
of Pseudodracontium  to Amorphophallus  and 
Hetterscheid & Claudel (2012) formalized this 
step, resulting in Thomsonieae now being monoge-
neric. The last attempt to resurrect a genus earlier 
subsumed in Amorphophallus was made by Ying 
(1991), who published two new combinations of 
Taiwanese Amorphophallus spp. in the long defunct 
genus Hydrosme Schott. This taxonomic decision 
has not been accepted by taxonomists (Hetterscheid 
& Peng, 1995) and is not followed in recent treat-
ments of Amorphophallus in the Flora of Thailand 
(Hetterscheid, 2012) or the Flora of China (Li & 
Hetterscheid, 2010). The monophyly of Thomsonieae 
was already presumed by Hetterscheid (1994, see also 
Serebryanyi, 1995: 218) based on morphological char-
acters that are (nearly) unique in Araceae. This tribal 
monophyly has since been confirmed in all molecu-
lar phylogenetic analyses (Grob et al., 2002; Grob, 
Gravendeel & Eurlings, 2004; Cabrera et al., 2008; 

Sedayu et al., 2010; Cusimano et al., 2011). The mono-
phyly of Amorphophallus has, however, not been cor-
roborated by phylogenetic analyses so far. Molecular 
phylogenetic studies of Thomsonieae (Grob et al., 2002, 
2004; Sedayu et al., 2010) have shown conclusively 
that Pseudodracontium is nested in Amorphophallus, 
thus providing phylogenetic support for the taxonomic 
decision of Hetterscheid & Claudel (2012).

Despite these changes and new combinations at 
the generic level, the subgeneric classification of 
Amorphophallus remained intact; ten out of the 11 
sections accepted by Engler (1911) are still recognized 
and have not been revised since. The only change in 
the subgeneric classification has been presented by 
Sivadasan (1989) who merged section Synantherias 
with section Rhaphiophallus (Schott) Engl., both 
characterized by the presence of neuter flowers. This 
decision was followed by Jaleel et al. (2011) who 
presented a revision of the Indian species of section 
Rhaphiophallus.

The first phylogenetic analysis of Araceae based on 
molecular markers (Cabrera et al., 2008) placed tribe 
Thomsonieae (Amorphophallus + Pseudodracontium 
still being regarded as separate genera at that time) 
as sister to Caladieae. This relationship was later 
confirmed by further molecular studies of the family 
(Cusimano et al., 2011; Nauheimer, Metzler & Renner, 
2012; Henriquez et al., 2014). The first analyses of spe-
cies-level relationships in Amorphophallus were based 
on limited sampling (c. 30% of species diversity) (Grob 
et al., 2002, 2004; Sedayu et al., 2010) and revealed a 
small number of well-supported clades, the relation-
ships among which were unresolved.

This study expands the taxonomic sampling 
included in a previous molecular phylogenetic analy-
sis from 69 species (Sedayu et al., 2010) to 157 species, 
representing 70% of the known species diversity in the 
genus. We analyse DNA sequence data from nuclear 
(ITS1) and plastid (rbcL and matK) genomes with the 
following specific aims: (1) to validate the position of 
Amorphophallus within Araceae; (2) to test its mono-
phyly with respect to Pseudodracontium and (3) to 
propose a new subgeneric classification.

MATERIAL AND METHODS

sampling

Fresh material from all available extant Amorpho-
phallus spp. was sampled (see Appendix for sampled 
material). Our material derives from well-curated 
collections at botanical gardens (notably Leiden BG, 
the former Wageningen BG in the Netherlands and 
Hamburg BG in Germany), complemented by addi-
tional fresh or freshly conserved leaf material from col-
laborators. Herbarium or spirit specimens for all the 
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taxa used in this study are deposited at the Leiden (L) 
branch of the National Herbarium of the Netherlands 
or Herbarium Hamburgense (HBG).

marker and sequence sampling

Initially four molecular markers were chosen, based 
on previously sequenced loci for Araceae and expected 
amount of phylogenetic information. These were 
the internal transcribed spacer 1 (ITS1), the second 
intron of the Floricaula/Leafy gene (FLint2), the entire 
ribulose-bisphosphate carboxylase gene (rbcL) gene 
and the partial maturase K gene (matK). In case of 
the FLint2, rbcL and matK genes, previous stud-
ies (Batista, 2008; Grob et al., 2002, 2004; Sedayu 
et al., 2010) had successfully applied these loci, pro-
viding a set of 72 FLint2 and rbcL sequences and 
49 matK sequences for Amorphophallus and related 
taxa. ITS1 from 152 Amorphophallus spp. and one 
species of the former genus Pseudodracontium was 
sequenced and concatenated with the data from the 
FLint2 intron, rbcL and matK sequences already 
available and one rbcL and matK sequence each rep-
resenting the genera Anchomanes Schott, Gonatopus 
Engl. and Hapaline Schott as outgroup taxa. One 
sequence of Amorphophallus lanceolatus (Serebr.) 
Hett. & Claudel was included as representative for 
the ‘Pseudodracontium’ species alliance. One sequence 
was estimated to be sufficient as this group is morpho-
logically homogeneous (Serebryanyi, 1995). Because 
several individuals used in the previous studies from 
Grob et al. (2002, 2004) and Sedayu et al. (2010) were 
no longer available, we replaced them with other geno-
types of the same species. However, on the basis of the 
available plastid sequences, genetic differentiation 
within Amorphophallus is low and does not allow to 
discriminate between closely related species, e.g. rbcL 
sequences are identical in A. variabilis Bl. (GenBank 
accession AF497103), A. sagittarius Steen. (GenBank 
accession AF497097) and A. decus-silvae Backer & 
Alderw. (GenBank accession AF497071). However, one 
exception is known. Sedayu et al. (2010) analysed the 
rbcL gene of a second accession (GenBank accession 
DQ012488) of A. galbra F.M.Bailey from Papua New 
Guinea and compared it to an accession (GenBank 
accession AF497075) previously sampled by Grob 
et al. (2004) from Australia. Two DNA substitutions 
are located at the beginning of the sequence. However, 
as Sedayu et al. (2010) stated: ‘The sequences are 
derived from plants with conspicuously different veg-
etative morphologies…it suggests that A. galbra needs 
further taxonomic revision and perhaps a redefinition 
of its species boundaries’. The same applies to the 
matK sequences, for which infraspecific variability 
equals zero. Furthermore, it was taken care that geno-
types chosen as substitutes originated from the same 

geographic location whenever possible. For a detailed 
list of the examined material and the sequences used 
from GenBank, see Appendix.

The phylogeneTic uTiliTy of FLint2  
aT lower Taxonomic levels

Amorphophallus has been demonstrated by Grob 
et al. (2004). However, due to dinucleotide tandem 
repeats and repeated regions, sequencing and align-
ing of FLint2 might be problematic and, as indicated 
by Grob et al. (2004) in the case of A. napiger Gagn., 
different alleles containing different phylogenetic 
information can be present in different individuals of 
one species. Grob et al. (2004) stated that it is unclear 
if those variants represent paralogous loci, partial 
homologues, pseudogenes or normal allelic polymor-
phisms. They state that this occurred only in one of 
46 Amorphophallus spp. and so we initially decided to 
include this marker in our analysis.

dna exTracTion, amplificaTion, purificaTion 
and cycle sequencing

Total genomic DNA was extracted from fresh or sil-
ica gel-dried leaf material using the Analytik Jena 
innuPREP Plant DNA Kit (Analytik Jena AG). Initial 
ITS amplification was performed using the primer 
pair described by Käss & Wink (1997) and modified 
following Beyra Matos & Lavin (1999). Based on the 
first sequences more specific primers were designed. 
Available FLint2, rbcL and matK sequences (Grob 
et al., 2004; Sedayu et al., 2010) were used to design new 
primer pairs. Amplification of ITS1 and FLint2 were 
performed in a total reaction volume of 35 µL contain-
ing 2 mM MgCl2, 1× buffer, 4% DMSO, 200 µM DNTPs, 
10 µM forward primer, 10 µM reverse primer, 1–2 U 
Thermo-Start Taq DNA Polymerase (Thermo Scientific, 
Germany), c. 20 ng genomic DNA and distilled H2O to 
volume. For amplifications of rbcL and matK, DMSO 
was replaced by a BSA solution at 0.5 µg/µL final 
concentration. The newly designed primer pairs used 
were: ITS 1AF 5′-GAGGAAGGAGAAGTCGTAACA-3′, 
ITS 2AR 5 ′-ACTTGCGTTCAAAGATTCGAT-3 ′ ;  
FLintF 5′-CTCTTCCACCTCTACGACCAGTG-3′, 
FLintR 5 ′ -CATCTTGGGCTTGTTGATGTAGC 
-3′; RBCL1F 5′-ATGTCACCACAAACAGAAAC-3′, 
RBCL3R 5 ′-GGTAGTCATGCATTACGATAG-3 ′, 
R B C L 2 F  5 ′ - T A C T G C A G G T A C G T G T G A A G 
-3′, RBCL4R 5′-GAATTACTGAATTACGCAAGC-3′; 
MATK3F 5 ′-GTATCAGATATACTAATACCC-3 ′, 
MATK4R 5′-GACCAAATCGATCAATAATAT-3′. All 
amplifications were performed in type T personal 
and T gradient thermocyclers (Biometra, Göttingen, 
Germany) using the following programmes for 
the different loci: FLint2 and ITS1 – 7 min initial 
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denaturation at 95 °C; 15 s at 64 °C, 30 s at 72 °C, 
2 min at 95 °C, 15 s at 64 °C, 30 s at 72 °C, 2 min at 
95 °C, 15 s at 64 °C, 30 s at 72 °C followed by 38 cycles 
of 30 s at 95 °C, 15 s at 63 °C and 30 s at 72 °C plus 1 s 
more at each following cycle followed by a final exten-
sion of 5 min at 72 °C; rbcL and matK – 10 min initial 
denaturation at 95 °C; 15 s at 51 °C, 45 s at 72 °C, 
2 min at 95 °C, 15 s at 51 °C, 45 s at 72 °C followed by 
32 cycles of 30 s at 95 °C, 15 s at 50 °C and 45 s at 72 °C 
plus 1 s more at each following cycle followed by a final 
extension of 5 min at 72 °C. The resulting FLint2 PCR 
products were purified using a gel extraction proce-
dure. The stained bands were excised under UV light 
and put in a tube containing 250 µL of HPLC purified 
water (Carl Roth, Karlsruhe, Germany). After diffu-
sion of the PCR product into the water, the remain-
ing agarose was removed and an alcohol precipitation 
was performed. The PCR products from ITS1, rbcL 
and matK were not purified, but directly sequenced. 
Cycle sequencing was performed using the Prism Big 
Dye Terminator Cycle Sequencing-Ready-Reaction kit 
(Applied Biosystems, Darmstadt, Germany). The reac-
tion volume of 20 μL included 0.6 mM primer, 6.5 μL 
buffer and 1.5 μL dye reaction mix and 0.5–1.0 μL (c. 
40 ng DNA) PCR product. DMSO (1 µL for ITS1 and 
FLint2) or BSA (0.5 µg/µL for rbcL and matK) was 
added. Cycle sequencing programme for FLint2 and 
ITS1 was: 2 min at 96 °C followed by 32 cycles for 30 s 
at 96 °C, 3 min at 63 °C plus 1 s at each cycle with a 
final extension of 5 min at 72 °C. For rbcL and matK: 
2 min at 96 °C followed by 30 cycles of 30 s at 96 °C, 
15 s at 50 °C, 3 min at 63 °C plus 1 s at each cycle with 
a final extension of 5 min at 72 °C. Purification of the 
sequencing products was done by ethanol precipita-
tion. The purified sequence reaction was run on an ABI 
Prism 377 automated sequencer (Applied Biosystems, 
Darmstadt, Germany).

alignmenT

Raw sequences were examined and assembled using 
Sequencher version 4.8 (Gene Codes, Ann Arbor, MI, 
USA). Sequences were aligned using the clustalX 
algorithm (Thompson et al., 1997) as implemented in 
BioEdit (Hall, 1999), using default settings. The align-
ment was checked and corrected manually. Manual 
correction was straightforward for rbcL and matK 
and needed care for ITS1 and especially Flint2. The 
sequences of the four regions were trimmed and con-
catenated into one matrix.

phylogeneTic inference

Single-gene and partitioned phylogenetic inferences 
were carried out employing both maximum likeli-
hood (ML) and Bayesian Markov chain Monte Carlo 

(MCMC) analyses. In the case of the partitioned analy-
ses, the data set was divided into two partitions rep-
resenting the nuclear and plastid genomes and each 
partition was allowed to have partition-specific model 
parameters. Phylogenetic analyses were performed 
at the CIPRES portal in San Diego, California, USA 
(http://www.phylo.org/, last accessed on 5 April 2017 
Miller, Pfeiffer & Schwartz, 2010).

ML analyses were performed using RAxML v. 8.1.11 
(Stamatakis, 2006; Stamatakis, Hoover & Rougemont, 
2008) with a 1000 rapid bootstrap analysis followed 
by the search of the best-scoring ML tree in a single 
run. The default model, GTRCAT, was used for all 
partitions as advised by the authors of the software. 
The Bayesian MCMC analyses were performed in 
MrBayes v.3.2 (Ronquist et al., 2012) after the best-fit 
model for each DNA region had been estimated using 
MrModeltest (Nylander, 2004) under the Akaike infor-
mation criterion (the GTR + G + I model was inferred 
for all partitions). We checked for possible incongru-
ences [Bayesian posterior probability (BPP) > 0.9 
and bootstrap support (BS) > 75%] before concatenat-
ing the nuclear rDNA and plastid data into a single 
analysis. The alignments of ITS, FLint2 and combined 
plastid markers were analysed with MrBayes, with 
analysis parameters as indicated below. The result-
ing maximum clade credibility trees were inspected 
visually for well-supported incongruence (using the 
same criteria as above). These were absent, which 
justified the concatenation of the nuclear rDNA and 
plastid data. Four Metropolis-coupled Markov chains 
with an incremental heating temperature of 0.2 were 
run for 10 h on the CIPRES portal (yielding 13 416 000 
generations) and sampled every 1000th generation. 
Each analysis was repeated twice starting with ran-
dom trees. The MCMC sampling was considered suffi-
cient when the effective sampling size (ESS) was >200 
and trace files for all parameters reached stationarity 
and converged, as verified in Tracer v1.4 (Rambaut & 
Drummond, 2007). After a burn-in period of 25% per 
run (corresponding to the recommended approach by 
the MrBayes tutorial), the remaining trees were used 
to construct a half-compatible maximum credibility 
tree (i.e. majority-rule consensus from MrBayes) and 
its associated BPPs.

As shown by several empirical and theoretical stud-
ies (see Alfaro & Holder, 2006 for a review) BPPs have 
the tendency to overestimate node support. On the 
other hand, due to the way BPPs are defined (Ronquist 
et al., 2012), these values better reflect sections of the 
DNA sequences supporting specific phylogenetic rela-
tionships compared to the classical bootstrap approach 
(see, e.g. Buerki et al, 2012). In this regard, BPPs are 
well adapted to organisms exhibiting slow rates of 
mutation, which is the case here and in many other 
Araceae (e.g. Arum L.; Espindola et al., 2010) and 

http://www.phylo.org/
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monocots in general (e.g. Pandanus Parkinson; Buerki 
et al., 2012). In this context, we consider nodes with 
BPPs ≥ 0.95 highly supported, but those might have 
quite low BS values compared to other studies (usually 
c. 75% or higher).

RESULTS

FLint2 issue and exclusion

For FLint2 a specific primer pair with a high melting 
temperature was designed based on the sequences from 
Grob et al. (2004) and Sedayu et al. (2010). Highly spe-
cific amplification products were yielded. However, no 
sequences could be obtained from 24 taxa. These taxa 
clearly exhibited an overlap of two sequences, probably 
representing two different alleles; Grob et al. (2004) 
found two sequences only in the case of A. napiger and 
Filarum manserichense Nicolson. These exhibited dif-
ferent phylogenetic information. We assume that the 
24 taxa which did not yield a readable sequence are 
either heterozygous or that two paralogous loci were 
amplified. Given the risk of amplifying paralogous 
copies across our sampled taxa and the dramatic con-
sequences this may cause to the assessment of among-
taxa relationships, we decided to exclude FLint2 
entirely from the analysis.

dna sequencing

ITS1 could be sequenced in nearly all taxa, with the 
exception of A. macrorhizus Craib, for which only the 
second half of the sequence could be obtained. After 
trimming, the sequence length varied between 353 
(A. vogelianus Hett. & H.Billenst.) and 406 [A. bangko-
kensis Gagn., A. paeoniifolius (Dennst.) Nicolson] base 
pairs (bp). With the exception of A. paeoniifolius, the 
spacer proved to be homogeneous for all individuals of 
one species each, which were investigated to test the 
homogeneity of the ITS sequences (data not shown). 
As for rbcL and matK all samples yielded sequences, 
with a final sequence length of 1364 bp for rbcL and 
735 bp for the partial matK sequence (741 in the case 
of A. haematospadix Hook.f.) after trimming. Thus, the 
final alignment, trimmed and including gaps, consisted 
of 2610 characters and included ITS1 (505 bp), rbcL 
(1364 bp) and partial matK (741 bp). Of 2610 charac-
ters, 1995 were constant, 258 variable characters were 
potentially parsimony uninformative and 357 charac-
ters were potentially parsimony informative. ITS1 con-
tained 160 (45%), rbcL 101 (28%) and matK 96 (27%) of 
the 357 potentially parsimony-informative characters. 
For the outgroup taxa, only the plastid markers were 
included into the alignment as ITS1 proved unalign-
able with confidence.

phylogeneTic inference

Although differing in the level of phylogenetic reso-
lution provided by each DNA region individually, 
single-gene nuclear and plastid phylogenetic trees 
were congruent (i.e. there is no incongruence sup-
ported with a BPP > 0.9 and/or a BS > 75%). The 
Bayesian single-gene phylogenetic trees are provided 
in Supporting Information to allow readers to further 
inspect species relationships and phylogenetic reso-
lution provided by nuclear and plastid DNA regions 
(Figs S1, S2). In addition to supporting congruence 
between the nuclear and plastid DNA sequences, the 
separate analyses also demonstrated that species rep-
resented by different DNA accessions were retrieved 
in the same phylogenetic positions (therefore, suggest-
ing species monophyly). These preliminary analyses 
supported the concatenation of the nuclear and plastid 
DNA regions into a combined DNA matrix.

The combined partitioned phylogenetic trees gener-
ated by the Bayesian and the RAxML analyses were 
largely congruent in their topologies especially with 
respect to the definition of the four main clades (see 
Fig. 1). The Southeast Asia clade (SEA clade, see Sedayu 
et al., 2010) is strongly supported with a value of 0.99 
BPP in the Bayesian analysis and a BS of 76% in the 
RAxML analysis; the continental Asia clade II (CA-II 
clade, see Sedayu et al., 2010) has a support value of 
0.99 BPP (BS: 78%); the continental Asia clade I (CA-I 
clade, see Sedayu et al., 2010) is fully supported with 
a value 1 BPP (BS: 90%) and the African clade (AFR 
clade, see Sedayu et al., 2010) with 1 BPP (BS: 90%). 
In the RAxML phylogenetic tree, the CA-II clade (BS: 
78%) and African clade (BS: 90%) are inferred sister 
with no support (BS: 46%). These two together link to 
the SEA clade (BS: 76%) again with no support (BS: 
30%) to finally link to the last group, the CA-I clade (BS: 
90) with a support of 100% BS for the whole genus. In 
the Bayesian analysis, the SEA (BPP: 0.99) and CA-II 
(BPP: 0.99) clades are sister with their common node 
being supported by a value of 0.93 BPP. They are linked 
at the next node by the CA-I clade (BPP: 1.0) with no 
node support of 0.50 BPP. The next node of the entire 
backbone links these three clades to the African clade 
(BPP: 1.0) with a support of 1.0 BPP for the whole genus.

Both phylogenetic trees support the monophyly of 
Amorphophallus with the highest possible score (BPP: 
1.0; BS: 100%). As the topologies are largely congru-
ent except for the higher level relationships, which are 
especially poorly resolved in the RAxML analysis, only 
the Bayesian half-compatible maximum credibility tree 
(majority-rule consensus tree) will be presented (Fig. 1) 
and discussed further with reference to the bootstrap val-
ues of the RAxML analysis. For better illustration, two of 
the four major clades each, of the partitioned Bayesian 
tree are presented separately in Figures 2 and 3.
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DISCUSSION

We compare our results with the most recent molecular 
phylogenetic analysis of Amorphophallus by Sedayu 
et al. (2010), especially with regard to the four major 
clades and the position of the Pseudodracontium group. 
Our results strongly confirm that Pseudodracontium 
belongs to Amorphophallus. Sedayu et al. (2010) also 
recognized four major clades in Amorphophallus. The 
recognized clades were the African clade (AFR) contain-
ing African species; the Southeast Asian (SEA) clade 
containing a majority of species from the Southeast 
Asian insular regions (Indonesia, Philippines, eastern 
Malaysia); the continental Asia II (CA-II) clade con-
taining mainly species from the Asian mainland (India, 
southern China, Myanmar, Thailand and Indochina) 
and the continental Asia I (CA-I) clade containing spe-
cies distributed in the same geographical region as 
those from CA-II. The present study recovers all four 
clades from Sedayu et al. (2010). However, three species 
of the CA-II clade, A. rhizomatosus Hett., A. hohenackeri 
(Schott) Engl. & Gehrm. and A. smithsonianus Sivad., 
are not clearly resolved in the RAxML analysis. The 
two latter are discussed more closely below. The posi-
tion of A. rhizomatosus as sister to the CA-II plus the 
African clade in the RAxML analysis can be explained 
by early-diverging nature of this species, showing fewer 
derived characters than the remaining species, with 
its rhizome, the simple inflorescence, without a kettle, 
and a plain whitish spathe (Hetterscheid & Ittenbach, 
1996). However, the position of A. rhizomatosus is well 
resolved in the Bayesian analysis.

The backbone of the Bayesian phylogeny, linking 
these four well-supported clades together, is less strong. 
Clades SEA and CA-II are linked at the next node with 
CA-I with no node support of 0.50 BPP. The next higher 
level node of the entire backbone links these three 
clades to the African clade with a support of 1 BPP for 
the whole genus. This is a different pattern from the 
backbone based on maximum parsimony in Sedayu 
et al. (2010), where the CA-I and CA-II clades form a 
sister group pair, linked at their base with SEA and the 
highest level node adding the AFR clade. Although the 
four major clades are supported by both algorithms/
approaches, the relationships between clades remain 
poorly supported and would require further molecu-
lar investigations. Moreover, the Bayesian analysis 
of Sedayu et al. (2010) yielded low resolution for the 

Figure  1.  Bayesian majority-rule consensus tree of 
Amorphophallus based on plastid and nuclear DNA regions. 
Outgroup taxa indicated with a star above the branch. BPP 
values above the branches. BPP values of the four major sub-
clades and their internal nodes are highlighted. Two of the 
four major subclades are further presented separately for bet-
ter illustration (Figs 2, 3). BPP, Bayesian posterior probability.
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Figure 2.  Close-up of the majority-rule consensus from the Bayesian analysis of Amorphophallus showing the CA-II sub-
genus Scutandrium and the SEA subgenus Amorphophallus clade. Clades referred to in the text are highlighted and indi-
cated with a parenthesis. BPP values are given above the branches. Identical clades retrieved from the RAxML analysis are 
indicated with BS values in parentheses behind the BPP values. BPP, Bayesian posterior probability; BS, bootstrap support.
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Figure 3.  Close-up of the majority-rule consensus from the Bayesian analysis of Amorphophallus showing the CA-I subge-
nus Metandrium and the AFR subgenus Afrophallus clade. Clades referred to in the text are highlighted and indicated with 
a parenthesis. BPP values are given above the branches. Identical clades retrieved from the RAxML analysis are indicated 
with BS values in parentheses behind the BPP values. BPP, Bayesian posterior probability; BS, bootstrap support.
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relationships among these four groups. The genus 
Amorphophallus is supported with 0.99 BPP, but the 
next higher level comprises the CA-I (BPP: 0.63) and 
the CA-II (BPP: 0.76) groups with the SEA (BPP: 0.96) 
and the Africa (BPP: 0.87) group forming a polytomy in 
between. In the RAxML analysis the monophyly of the 
genus Amorphophallus is supported with BS of 100%, 
but the structure of phylogenetic relations among the 
four major clades differs from the Bayesian analysis 
and is poorly or not supported as mentioned above.

All in all, the greatly increased number of species of 
the present analysis compared to that of Sedayu et al. 
(2010) leaves the major internal structure of the phy-
logeny intact, with the exception of the backbone. The 
relationships among these four subgroups were not at 
all resolved in previous studies and unfortunately still 
remain unclear in some points. Further investigations 
at a deeper phylogenetic level are required to solve 
this problem. Although a thorough revision of the sec-
tional taxonomy and nomenclature of Amorphophallus 
is pending, it is too complex and extensive to be satis-
factorily treated here. An exception is made for section 
Rhaphiophallus for reasons given below (see under 
subgenus Metandrium Stapf). However, the Bayesian 
phylogenetic tree presented here (Fig. 1) is the most 
extensive and accurate phylogenetic hypothesis pro-
posed so far and the opportunity is used to formally 
name the four major clades.

In addition, a few relevant observations in the mor-
phological and biological context of these four clades 
are made below, with special emphasis on some 
selected clades within these four groups, such as the 
Paeoniifolius-Manta clade (Fig. 2), the Pulchellus and 
Pusillus clade (Fig. 2), section Rhaphiophallus (Figs 
2, 3), the Pseudodracontium group (Fig. 2) and the 
Aphyllus clade (Fig. 3).

infrageneric Taxonomy and subgeneric 
classificaTion of AmorphophALLus

The history of infrageneric classification and nomen-
clature of Amorphophallus is complex except for the 
rank of subgenus. Only one subgenus has ever been 
established, Metandrium (Stapf, 1924), with the 
type species A. cirrifer Stapf. In our analysis A. cir-
rifer is a member of the CA-I clade, which therefore 
should carry the name Metandrium at the subgeneric 
rank. Distribution: India and continental Southeast 
Asia (Burma, Thailand, Laos, Cambodia, Vietnam 
and southern and eastern China) to southern Japan 
[A. kiusianus (Makino) Makino], the Philippines 
(A. natolii Hett., A.Wistuba, V.B.Amoroso, M.Medecilo 
& C.Claudel) and Indonesia (A. muelleri Bl.).

The autonymic subgenus Amorphophallus is 
automatically typified by A. paeoniifolius (Dennst.) 

Nicolson, the type species of the genus. In conse-
quence, the SEA clade, to which this species belongs 
is named Amorphophallus at the subgeneric level. 
Distribution: all over Southeast Asia, from India east-
wards via continental Southeast Asia and Indonesia to 
the Philippines and Australia (A. galbra).

This leaves the African and CA-II clade to be given 
a new name. In the case of the CA-II clade this is 
Amorphophallus subgenus Scutandrium Hett. & 
Claudel, subgen. nov. Type species (chosen here): 
Amorphophallus krausei Engl. (Type: Shaik Mokim s.n., 
CAL, holotype). Diagnosis: Tuber globose, subglobose, 
elongate or rarely a rhizome (A. rhizomatosus); leaf 
solitary, or rarely more (A. rhizomatosus); inflorescence 
solitary, appearing every second year alternating with 
solitary leaf in next year (excluding A. rhizomatosus: leaf 
+ inflorescence simultaneous) spathe erect, rarely con-
stricted, base inside smooth or verrucate; spadix shorter 
than or as long as spathe, rarely longer; staminodes 
(when present) broadly shield-like; styles short, rarely 
very long (A. maxwellii Hett.); berries red or orange. The 
name derives from the shield-like staminodes on many 
species of this subgenus. Distribution: southern India 
and continental Southeast Asia (Burma, Thailand, Laos, 
Cambodia, Vietnam and southern China).

In the case of the African clade the new name is 
Amorphophallus subgenus Afrophallus Hett. & Claudel, 
subg. nov. Type species (chosen here): Amorphophallus 
abyssinicus (A.Rich.) N.E.Br. (Type: Quartin Dillon, P, 
holotype, P00083579). Diagnosis: tuber depressed to 
disciform, rarely globose; inflorescence and leaf appear-
ing in same season, simultaneous or the leaf soon fol-
lowing the inflorescence; spathe erect often strongly 
constricted, base inside smooth, verrucate or with hair-
like papillae; spadix shorter than spathe or longer; 
staminodes absent; styles absent or short (rarely long: 
A. gallaensis); berries orange or red. Distribution: trop-
ical and subtropical Africa and Madagascar. The name 
Afrophallus refers to the exclusive occurrence of this 
subgenus in Africa (including Madagascar). No species 
of any of the other three subgenera occur in Africa.

subgenus AmorphophALLus: The  
pAeoniiFoLius-mAntA clade

The Paeoniifolius-Manta clade (Fig. 2), of which 12 
species are analysed in this study, has jumped from 
a basal position in the CA-I clade in Sedayu et al. 
(2010) to a similar position in the SEA clade in this 
study. Its position in Sedayu et al. (2010) was unsup-
ported, whereas in this study it is positioned to create 
the highest level node of the entire SEA clade (BPP: 
1.0; BS: 90%; Fig. 2). In Sedayu et al. (2010) only four 
species of this clade were sampled, A. paeoniifolius 
(Asia to W. Africa), A. pendulus Bogn. & Mayo (eastern 
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Malaysia, Borneo), A. hirsutus Teijsm. & Binnend. 
(Sumatra, Andamans) and A. bangkokensis (central 
Thailand). To these we have added A. manta Hett. & 
Ittenbach (Sumatra, western Malaysia), A. angulatus 
Hett. & A.Vogel (eastern Malaysia), A. prainii Hook 
f. (southern Thailand, western Malaysia, Sumatra), 
A. rostratus Hett. (Philippines), A. bufo Ridl. (western 
Malaysia), A. opertus Hett. (central Thailand), A. sca-
ber Serebryanyi & Hett. (eastern Thailand, Vietnam) 
and A. koratensis Gagn. (central Thailand).

The content of this clade as recovered in this study 
was unexpected considering the gross morphology of the 
species. Notably the inclusion of A. rostratus is remark-
able from morphological and geographical points of 
view, given its origin in the Philippines, whereas all 
other species show a much more western distribu-
tion. Looking more closely to morphological detail, the 
characters differing between A. rostratus and other 
closely related species from the Philippines (notably 
A. dactylifer Hett., A. declinatus Hett. and A. adamsen-
sis L.M.Magtoto et al.), do seem to fit the most com-
mon habit found in the Paeoniifolius-Manta clade, 
notably the red-leafed seedling leaves (shared with 
A. manta, A. angulatus, A. pendulus and A. hirsutus) 
and the lack of offset development on the tuber (shared 
with A. manta, A. angulatus, A. pendulus, A. bufo 
and A. hirsutus). Further internal structure of the 
Paeoniifolius-Manta clade shows a supported subclade 
of A. paeoniifolius, A. prainii, A. koratensis, A. opertus 
and A. scaber with full support (100 BPP). These spe-
cies share a sessile inflorescence with thick, leathery 
spathes, strongly stretching peduncles when fruiting, 
tubers with thick annulated root scars and short to long 
rhizomatous offsets (with the exception of A. prainii). 
With the exception of A. prainii and A. bangkokensis 
(forming their own subclade), all possess strongly ver-
rucate petioles. Amorphophallus hirsutus, fitting this 
group well from a morphological point of view, is not 
included. Its inflorescence morphology is nearly 100% 
identical to that of A. paeoniifolius and A. bangkoken-
sis. It shares the smooth petiole with A. prainii and 
A. bangkokensis. However, its most peculiar feature, 
unique in the genus, is the upper part of the appendix 
suddenly narrowed to a stump-like, truncate top cov-
ered with short, stiff bristle-like hairs. Its place in the 
present phylogenetic analysis and its peculiar mixture 
of characters may indicate its origin from a fairly recent 
hybridization event involving at least either A. paeonii-
folius or A. bangkokensis and A. prainii.

subgenus AmorphophALLus: puLcheLLus-  
and pusiLLus-clades

Two clades with uniquely dwarf species are found 
in subgenus Amorphophallus, the Pulchellus-clade 
(named after A. pulchellus Hett. & Schuit.) and the 

Pusillus-clade (named after A. pusillus, see also 
Sedayu et al., 2010) (Fig. 2). Both are strongly sup-
ported with values 0.99 BPP (BS: 91%) and 0.99 
BPP (BS: 73%), respectively. The Pulchellus-clade, 
containing A. pulchellus, A. myosuroides Hett. & 
A.Galloway, A. ongsakulii and A. claudelii A.Galloway 
& A.Ongsakul (the latter not included in our analy-
sis), was not analysed by Sedayu et al. (2010). All 
four species are from Laos and were discovered and 
described recently (Hetterscheid, 2006; Hetterscheid 
& Claudel, 2013, Galloway, 2015). At the time of the 
work by Sedayu et al. (2010), no material of this 
group was available. Their monophyly as shown in 
this paper is also supported by non-molecular charac-
ters such as their unique fruiting behaviour (fruiting 
pedunculus bending over to the soil after fertiliza-
tion) and the fact they possess real synflorescences 
(otherwise only found in the Pseudodracontium-
clade). The Pusillus-clade [A. pusillus, A. terrestris 
Hett. & C.Claudel, A. obscurus Hett. & M.Sizemore, 
A. polyanthus Hett. & M.Sizemore, A. serrulatus and 
A. sumawongii (Bogn.) Bogn.] was already included in 
subgenus Amorphophallus by Sedayu et al. with only 
A. pusillus and A. sumawongii being analysed. Its 
monophyly is also strongly supported by non-molecu-
lar characters including: their unique inconspicuously 
brownish-reddish speckled inflorescence colour; the 
inflorescences held partly under the soil surface; and 
their infructescences held close to the soil surface with 
fruits being dryish, with an inconspicuously darker 
and paler grey-coloured, warty surface. It seems that 
species in both these clades have developed a pollina-
tion and dispersal strategy different from that in all 
other Amorphophallus spp. (with the possible excep-
tion of A. harmandii Engl. & Gehrm.). Their life cycle 
seems to fit small ecological niches bound to the soil 
surface and seems much less directed towards pollina-
tors and dispersers living in higher altitudes (such as 
actively flying beetles, flies and birds).

Only A. sumawongii from the Pusillus-clade seems 
to deviate from the other clade members. It looks much 
more like an ‘average’ Amorphophallus in size and 
behaviour with the exception of its fruits being green, dry 
and warty, maturing in only 2 weeks and dropping easily 
at the slightest touch of the fruiting head or peduncle. 
It thus seems not to make use of birds as a dispersal 
vector, unlike the other members of the clade. Another 
peculiar character of this species is its sterile appendix 
entirely composed of rod-like staminodes, their stamen-
like morphology largely intact but for the lack of func-
tional thecae. The morphology of the species initially led 
authors to believe it was related to either A. napalensis 
(Wall.) Bogner & Mayo (Bogner, 1976, in publishing the 
new species Thomsonia sumawongii Bogn., suggested 
this relationship) or to the Pseudodracontium-clade (see 
discussion in Grob et al., 2002: 464).
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subgenus metAndrium: is AmorphophALLus 
secTion rhAphiophALLus defuncT?

The taxonomic history of A. section Rhaphiophallus 
was provided by Hetterscheid, Yadav & Patil (1994) 
and Jaleel et al. (2011). In both papers the authors 
suggested the taxonomic reality of this section to 
be strongly supported by morphological characters. 
However, in all molecular studies of Amorphophallus 
to date (Grob et al., 2002, 2004; Sedayu et al., 2010) 
including the present one, the species group putatively 
composing section Rhaphiophallus was shown to be 
polyphyletic, consisting of two independent groups. 
One containing A. hohenackeri and A. smithsonianus 
found in the subgenus Scutandrium in the present 
analysis (Fig. 2). The other containing A. sylvaticus 
(Roxb.) Kunth, A. konkanensis Hett., Yadav & Patil, 
A. margaritifer (Roxb.) Kunth and A. longiconnectivus 
Bogn. found in subgenus Metandrium in the present 
analysis (Fig. 3). This result was known to Jaleel et al. 
in 2011, but, although their paper also incorporated 
a molecular approach, the authors left the taxonomic 
status of the section undiscussed.

A remarkable discrepancy between molecular and 
morphological phylogenetic results like this cannot be 
ignored. A first step in such a re-evaluation is always to 
look more closely at the nature and phylogenetic value 
of the morphological traits involved (see Stuessy, Mayer 
& Hörandl, 2003 for a new and thorough explanation of 
morphological analysis in phylogenetic frameworks). 
Engler (1911) knew of three species belonging to section 
Rhaphiophallus: A. hohenackeri (type species of section 
Rhaphiophallus), A. sylvaticus (type species of section 
Synantherias) and Plesmonium margaritiferum Schott 
(type species of Plesmonium = A. margaritifer). Section 
Rhaphiophallus was recognized based on the posses-
sion of flattened ‘neuter flowers’ between the female 
zone on the spadix and male zone and the presence of 
a short style. Section Synantherias was also based on 
such a sterile zone but lacking a style (a wrong obser-
vation because the species clearly has a short style). 
Both sections were part of Amorphophallus based on 
the possession of a fully sterile appendix. Plesmonium 
was maintained by Engler on the basis of the fertile 
male zone extending to the tip of the spadix (= lacking 
a sterile appendix) and the possession of large, pear-
like sterile structures between female and male zones. 
Barnes & Fisher (1939) described a further species 
(A. mysorensis E.Barnes & C.E.C.Fisch.) from this spe-
cies alliance, associating it with A. sylvaticus based on 
sharing a sterile appendix and the globose neuter flow-
ers. Bogner (1985) and Bogner et al. (1985) considered 
the lack of a sterile appendix in Plesmonium margari-
tiferum an irrelevant difference with Amorphophallus 
and subsequentially merged the former into the lat-
ter. This was followed by Sivadasan (1989) when he 
described the new species A.  smithsonianus and 

merged sections Synantherias and Rhaphiophallus 
under the latter, the name with nomenclatural pri-
ority. Since then section Rhaphiophallus has been 
maintained (see above). The last remaining morpho-
logical support for the section is the sterile organs 
between female and male zone. Hetterscheid et al. 
(1994) challenged this point arguing that the sole 
remaining ‘unique’ character is in fact not unique in 
Amorphophallus and could thus not be used without 
a relevant phylogenetic analysis of the entire genus. 
However, no alternative was presented.

Palynological data (Van der Ham et al., 1998) rep-
resent an addition to the present molecular results. 
Three of the species in subgenus Metandrium possess 
pollen grains with a smooth (psilate) exine, whereas 
one (A. sylvaticus) has a warty (verrucate) exine of a 
unique subtype in Amorphophallus. This clade of four 
species forms the sister group to three species [A. bul-
bifer (Roxb.) Bl., A. muelleri and A. xiei H.Li & Dao] 
and this clade receives BPP support value of 1 (100 
RAxML). The three species mentioned form their own 
small clade with equal support. Two of these three 
species also possess pollen with psilate exines; for 
A. xiei the character is unknown. Pollen grains of the 
two species in subgenus Scutandrium are fossulate 
(A. hohenackeri) or striate (a unique variant of this 
with scabrate ridges, otherwise unknown in Araceae). 
Section Rhaphiophallus in its present sense would 
thus show a strange mixture of pollen exine types. 
Tuber and leaf characters may also support the split 
as suggested from molecular phylogenetic trees.

subgenus scutAndrium: pseudodrAcontium  
and AmorphophALLus

The nesting of the Pseudodracontium group in the 
genus Amorphophallus (Fig. 2) is again confirmed 
(Hetterscheid & Claudel, 2012). The clade contain-
ing the Pseudodracontium group is well supported 
(BPP: 0.94; BS: 74%; Fig. 2). Its position in the present 
molecular phylogenetic analysis as sister to a clade 
consisting of two smaller clades (Longituberosus sub-
clade and the Saraburiensis subclade) creates a larger 
clade in which especially the chemistry of the volatile 
parts of the scent is interesting. Scents of 92 species 
have been chemically analysed over the years (Kite 
& Hetterscheid, 1997; Kite et al., 1998; Hetterscheid 
& Kite, in press). Whereas scents composed of oli-
gomethyl oligosulphides dominate in a majority of 
Amorphophallus spp., creating a rather upsetting 
gaseous/sewage-like smell, all four species of the 
Longituberosus clade produce a strong anise scent. The 
major component of this scent is 4-methoxyphenetyl 
alcohol, otherwise known as anise oil. The only other 
occurrence of this component in Amorphophallus is 
as a trace element in the scent of a number of former 
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Pseudodracontium spp. The dominant chemicals in 
the former Pseudodracontium spp. are again the oli-
gomethyl oligosulphides. Additionally, there is the 
remarkable scent of the species of the Saraburiensis-
clade, which is strongly cheesy. This is brought about 
by a frequent compound in their smell, isocaproic acid. 
The strongly different smells in this clade are exactly 
paralleled by inflorescence morphology differences. 
Sister taxon to the clade consisting of the former 
Pseudodracontium, Longituberosus and Saraburiensis 
clade, is A. haematospadix. This species has a unique 
banana-like scent, consisting of ethyl acetate and isoa-
myl acetate. Since the clade including A. haematospa-
dix receives strong support in the Bayesian analysis 
(0.98 BPP, 55 BS), there is enough evidence to support 
the inclusion of the former genus Pseudodracontium 
in this position. Other evidence is that all members of 
the clade starting from Pseudodracontium encompass 
elongate tubers. This forms a distinct synapomorphy. 
In contrast A. haematospadix has a globose/depressed 
globose tuber, which represents the plesiomorphic 
state with the sister clade to the Haematospadix-
Pseudodracontium clade containing only species with 
(depressed-)globose tubers.

subgenus AFrophALLus: AphyLLus clade

As described by Hetterscheid & Ittenbach (1996) and 
Sedayu et al. (2010) the most prominent apomorphy of 
subgenus Afrophallus (Fig. 3) is the unique seasonal 
cycle of the genus. Each year, both flowering/fruiting 
and leafing occurs in mature tubers. This specific grow-
ing cycle supports the molecular-based monophyly of 
subgenus Afrophallus.

Nested in subgenus Afrophallus is a clade consist-
ing of three species from western Africa displaying a 
unique and highly derived inflorescence type, A. aphyl-
lus (Hook.) Hutch., A. elliottii Hook.f. and A. dracon-
tioides (Engl.) N.E.Br. They form the most strongly 
supported clade in Afrophallus, named the Aphyllus 
clade here.

Most eye-catching in all three species are the swol-
len, ovate, thick-walled appendices, with a blackish 
surface, densely reticulated with fissures in between. 
The appendix surface may be broadly flattened or 
raised. In two species (A. elliottii and A. dracontioides) 
the spathe is strongly hooded, hiding the spadix from 
sight, but in A. aphyllus, the spathe is cup-shaped, 
exposing the appendix. When in flower the latter spe-
cies resembles strongly mammalian dung. All three 
smell strongly of mammalian dung and A. aphyllus 
is known to attract flies (B. Suchy, pers. comm.). All 
three species grow in grassy savannah with occa-
sional bushes and small deciduous trees. The species 
flower late in the dry season with their inflorescences 
well exposed. After pollination the leaf development 

starts alongside the development of the grassy veg-
etation surrounding the plants and reveal another 
unique feature: all three species possess narrowly 
lanceolate leaflets which resemble grass and thus 
hide the plants from sight in the vast grassy areas. 
After fertilization the peduncle elongates dramati-
cally, transforming the sessile inflorescence to a long 
pedunculate infructescence and exposing the fruiting 
head with bright red berries among and above the 
grass, most probably in order to attract birds for dis-
persal of the seeds.

Fly attraction and pollination are also supported by 
the echinate pollen, which is rare in Amorphophallus 
and confined to subgenus Afrophallus. In subgenus 
Afrophallus three echinate pollen types are found of 
which the three species mentioned here, share one 
unique subtype (Van der Ham et al., 1998, 2000, 2005; 
‘subtype a’ with short, unstoreyed, basally connected 
spines). Echinate pollen is often associated with fly 
pollination in Araceae (Gibernau, 2003; Punekar & 
Kumaran, 2010) and the types here point to the carrion 
variety (sapromyophily; Proctor, Yeo & Lack, 1996).

CONCLUSIONS

In this study we have provided support for the mono-
phyly of the genus Amorphophallus, comprising 
Pseudodracontium. By including nearly three quarters 
of extant Amorphophallus species, we confirm previ-
ous subgeneric clade delineation with stronger support 
than previously obtained and name four subgenera. In 
addition, we also establish strongly supported clades 
at the within-subgenus level. Our study sets the 
grounds for future studies aiming at investigating the 
morphological evolution and historical biogeography 
of this spectacular genus.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Bayesian majority-rule consensus tree of Amorphophallus based on nuclear DNA (ITS1). BPP values 
above the branches. BPP values of the four major subclades, their internal nodes and mentioned clades are high-
lighted. The outgroup consists of two African species, A. calabaricus and A. stuhlmannii.
Figure S2. Bayesian majority-rule consensus tree of Amorphophallus based on plastid DNA (rbcL and matK). 
BPP values above the branches. BPP values of the four major subclades, their internal nodes and mentioned 
clades are highlighted. Like in the combined analysis, the outgroup consist of the genera Anchomanes, Gonatopus 
and Hapaline.
Appendix. List of material used. GenBank accession numbers beginning with A indicate species examined by 
Grob et al. (2002, 2004). Accessions beginning with D indicate species examined by Sedayu et al. (2010). One 
accession number starting with E indicates species examined by Batista (2008). All other numbers starting with 
K indicate species examined by the first author.
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(ranging from 58.8% to 52.1%). However, the results of these studies also indicated that the 
individual species is the main factor determining the KGM content and the quality of the 
KGM flour and that the growing conditions are a secondary factor that can be optimized 
to maximize the KGM yield.

2.6  Hybrids

2.6.1  Hybridization in Amorphophallus

During the phylogenetic investigations of the genus Amorphophallus on a larger scale 
(Claudel et al., 2017), a negligible but intriguing phenomenon constantly reproduced in 
most analyses: four species of the subg. Scutandrium Hett. & Claudel paired in an unex-
pected combination. The first two species, A. konjac K. Koch and A. maxwellii Hett., are tall 
and large. The plants easily exceed one meter height and are characterized by an equally 
large inflorescence, both with a dark maroon spathe (Hetterscheid and Ittenbach, 1996). 
In contrast, the other two species which are ‘morphologically very similar’ (Hetterscheid 
and Ittenbach, 1996) are distinctly smaller and the inflorescences bear light-coloured 
spathes. The spathe is whitish to pale green outside and faintly maroonish inside in the 
case of A. krausei Engl; and greenish outside and whitish inside in the case of A. albus 
P. Y. Liu & J. F. Chen. Based on the morphological similarity between the two species pairs, 
A. konjac was expected to be closely related to A. maxwellii and A. albus was expected to 
pair with A. krausei. Instead, A. konjac paired with A. albus and A. maxwellii with A. krausei.

This result was too intriguing to be ignored and, as a consequence different accessions of 
A. albus and A. konjac were sequenced in order to validate or disprove the result. However, 
it persisted and the question arose if hybridization events possibly influenced the result. 
It  first seemed unlikely, however, taking into consideration that several Amorphophallus 
species, (i.e., A. paeoniifolius (Dennst.) Nicolson, A. albus and A. konjac) have a long breed-
ing history in Asia (Hetterscheid and Ittenbach, 1996; Zheng et al., 2013; Liu et al., 2015) it 
did not seem impossible. Moreover, Zhang et al. (1998) reported the successful hybridiza-
tion of several Amorphophallus species, amongst others hybridization between A. albus and 
A. konjac. It therefore seemed suddenly not only possible but even likely that these species 
might have been hybridized in the past.

Thus, the first author (Claudel et al., 2017) decided to reproduce the cross between the 
aforementioned species in order to investigate the placement of the progeny within the 
phylogenetic analysis. This was the starting point of further attempts to cross as many dif-
ferent Amorphophallus species as possible and to explore the limits of hybridization within 
the genus. Thanks to Mr. John Tan, an avid plantsman from Singapore, the author received 
the necessary support to raise many hundred plants of hybrid origin. Moreover, several 
Amorphophallus enthusiasts around the world, from Australia to Indonesia, from the US 
to Europe joined the informal project and started to hybridize species and consequently 
reported the outcome. The overall aim of the project was to create new hybrids of orna-
mental value, with desirable traits, such as increased hardiness and robustness and/or 
decreased odour properties (Claudel and Galloway, 2012). Therefore, the limits of hybrid-
ization within the genus had to be explored in order to improve or to combine specific 
traits from different species and to increase the overall vigour.

Although the ornamental value was in the foreground instead of crop traits, such as 
tuber growth or glucomannan content, a short comment should be made concerning 
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species with agricultural importance. These essentially include six species from three 
different subgenera, namely A. albus and A. konjac, A. paeoniifolius and A. bulbifer Blume, 
A. muelleri Blume and A. xiei H. Li & Z. L. Dao.

Amorphophallus albus and A. konjac belong to the subgenus Scutandrium and both have 
2n  =  26 chromosomes which is considered to be the basic chromosome number in the 
genus (Shete et al., 2015). As previously mentioned these two species are compatible and 
the hybrids show signs of hybrid vigour (Claudel et  al., 2013). Moreover, the resulting 
F1-generation is fertile and the hybrids can either be crossed one with each other or back-
crossed with one of the parents (personal observation). This opens up endless opportuni-
ties for breeding programs of suitable crop plants. Overcoming the poor disease resistance 
of A. konjac (Zheng et al., 2013) could be a possible outcome. Moreover, the study from 
Zheng et al. (2013) concerning A. konjac revealed that the genetic ‘variation between wild 
and cultivar genotypes’ is very small. Yin et al. (2019) come to the same conclusion concern-
ing the genetic variation within A. albus. In other words, it seems that the Amorphophallus 
species have a long history of cultivation but not necessarily a long breeding history.

Amorphophallus paeoniifolius from the subgenus Amorphophallus is the species with 
the widest distribution, possibly due to their use as starchy crop plant (Hetterscheid & 
Ittenbach, 1996). It belongs to a small clade (Claudel et al., 2017) together with A. prainii Hook 
f. and a few other species which are characterized by 2n = 28 chromosomes (Chauhan & 
Brandham, 1985). Although widely planted, the aberrant chromosome number limits the 
potential in terms of hybridization as only few species can be used as crossing partners.

Even more limited in this context are the three species A. bulbifer, A. muelleri and A. xiei 
from the subgenus Metandrium Stapf. The chromosome number for A. xiei has not been 
investigated; however, A. xiei is so similar to A. bulbifer that its species identity has been 
questioned by Li and Hetterscheid (2010). Amorphophallus bulbifer and A. muelleri are trip-
loids characterized by the chromosome number 2n = 39 (Ramachandran, 1977; Chauhan 
and Brandham, 1985; Patil, 1995; Shete et al., 2015) and it has been discussed if the chromo-
some number in these two species is based on allotriploidy or autoploidy (Chauhan and 
Brandham, 1985; Patil, 1995; Shete et al., 2015). Both species seemingly exclusively rely on 
the formation of epiphyllar bulbils and apomictic seed formation for propagation (more 
precisely: agamospermy). This is underlined by the investigation of Patil (1995) who states 
that the: ‘autopolyploid nature in A. bulbifer (2n = 39) is supported by the lowest pollen fer-
tility 5.69% and apomictic seed formation...’ Thus, these species seemingly cannot be used 
for generative propagation, neither for hybridization nor for selections based on breeding.

However, Kuruvilla et al. (1989) reported 2n = 26 for A. bulbifer. Possibly some popula-
tions from A. bulbifer and A. muelleri are true diploids which could be used for breeding 
experiments. This finding would fit with the concept that apomixis in plants is facultative 
(Savidan, 2000), in other words that if sexual reproduction has not been observed, than the 
observation has just not been rigorous enough. Moreover, although the pollen fertility is 
very low (Patil, 1995) the pollen nevertheless is fertile. These points deserve closer atten-
tion as these species are of economic value (Zhao et al., 2009, 2010; Zhang et al., 2010) and 
breeding programs could give rise to new high-performance cultivars. It is noteworthy to 
add that Tjio (1948) reports 2n = 39 for A. rivieri Dur., a synonym of A. konjac. Either the 
plant was not correctly identified and was in fact a specimen of A. bulbifer or A. muelleri, or 
further triploid specimens occur within other species.

However, at the starting point the focus was set on the ornamental value and the fea-
sibility of a cross. As a result, nearly 250  crosses worldwide were performed, of which 
47  were successful and yielded viable seeds (Claudel and Galloway, 2012; Claudel 
et  al., 2013; Claudel and Mangelsdorff, 2014). Some outstanding specimens from a few 
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crosses were named and subsequently released, namely: Amorphophallus ‘Kiat Tan’ 
(A.  lewallei Malaisse  & Bamps x A. maximus (Engl.)), Amorphophallus ‘Mary Sizemore’ 
and Amorphophallus ‘Meister Eckhardt’ (both A. albus x A. konjac), Amorphophallus ‘Heine’ 
(A. lewallei x A. richardsiae Ittenb.), Amorphophallus ‘Blue Nightspot’ (A. glaucophyllus Hett. & 
Serebr. x A. lacourii Linden & Andre) and Amorphophallus ‘Majda’ (A. pulchellus Hett. & 
Schuit. x A. myosuroides Hett.  & A. Galloway) (Claudel, 2019; Galloway, 2019). Besides 
exhibiting good growing properties and beautiful foliage or inflorescences it was required 
that these could not be mistaken for the true species. These cultivars represent a trial bal-
loon and will demonstrate if Amorphophallus cultivars of hybrid origin will find their niche 
and spread in collections.

The  perhaps most amazing cross was performed by Ralph Mangelsdorff in 2002 
(Claudel et al., 2012). It involved two very different crossing partners in terms of absolute 
size. The seed parent was A. variabilis Bl. which usually hardly exceeds 1.20 meter height 
(Hetterscheid and Ittenbach, 1996) and has a long peduncled but otherwise rather small 
and inconspicuous inflorescence. The pollen parent however was A. titanum (Becc.) Becc. 
ex Arcangeli, the most striking species of the genus with leaves up to six meters high and 
sessile, very large inflorescences exceeding 3 meter height (McPherson and Hetterscheid, 
2011). Only a few seeds fully developed (Claudel et al., 2012) and only one seedling reached 
flowering stage. The plant displayed perfectly intermediate character traits and was very 
showy at that. It was named Amorphophallus ‘John Tan’ (Claudel et al., 2012) in honour of 
Mr. Tan and represents therefore the first named Amorphophallus cultivar of hybrid origin. 
Moreover, used as pollen parent, it also is the ‘father’ of the first Amorphophallus hybrid 
involving three Amorphophallus species (Claudel et al., 2012).

Since 2014 the interest in hybridization amongst enthusiasts seemingly declined. 
Considering that one cross can yield a few to a few hundred seeds and that it takes, 
species-dependant, three to seven years to raise the hybrids until maturity, it becomes 
apparent that it is a task which requires time, space and efforts, especially if larger species 
are involved. Moreover, it requires close observation of the plants, as Amorphophallus spe-
cies, like all aroids are protogynous (Boyce and Wong, 2012) which in most cases imply a 
short time frame for successful pollination. As a general rule, the ‘female phase’, the phase 
characterized by receptive stigmas, starts and ends on day one of anthesis, whereas the 
‘male phase’, characterized by pollen release, occurs on day two. That said, the female 
phase does not necessarily last the whole day but can end after a period of six hours only 
(personal observation). In contrast to that, some species are characterized by an extended 
female phase which lasts up to five days (personal observation) such as for example 
A.  antsingyensis Bogner, Hett. & Ittenb., A. gigas Teijsm. & Binnend., A. henryi N. E. Br., 
A. konjac, A. lambii Mayo & Widjaja, A. natolii Hett. et al. and A. variabilis. Either way, the 
pollen needs to be applied to the stigmas when these are receptive which is often indicated 
by a sticky fluid on the stigma surface. Applying pollen either requires a plant which flow-
ered in the preceding days and serves as pollen donator or stored pollen, dried and frozen 
or refrigerated (Claudel & Galloway, 2012).

Fresh pollen is naturally the best choice and is ideally applied on the day of release as 
it is assumed to be short-lived and to deteriorate within a few days at room temperature 
(Harrington, 1970; Zhang et al., 1998; Barabé et al., 2008). However, it can be gently dried 
using silica gel (Claudel and Galloway, 2012) and either be refrigerated at 4°C–8°C or frozen 
at −20°C or comparable temperatures. As stated in Claudel et al. (2013) and Claudel and 
Mangelsdorff (2014), eight out of 25 successful crosses were performed using frozen pollen; 
in one case the pollen had been stored for more than two years. Moreover, in the new series 
of crosses (see Appendix 2.I) 16 out of 37 successful crosses have been performed using 
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either refrigerated or frozen pollen. This  demonstrates the usefulness of refrigerated/
frozen pollen and it shows the potential of a pollen bank. A pollen bank would not only 
ease the task in hybridization attempts but even more in ex-situ conservation projects as 
it would allow, for example, self-pollination of single specimens using stored pollen from 
former inflorescences. However, except for the fact that Amorphophallus pollen is storable 
under the aforementioned conditions, many questions remain to be addressed and inves-
tigated. For example the impact of cooling versus freezing on the longevity of the pollen. 
Another area to be investigated is the decrease of viability over time under different cool-
ing or freezing regimes. Furthermore, the effects of further freezing regimes including 
−80°C and cryogenic cooling on viability also need to be investigated. Lastly, the question 
whether the different kinds of pollen (Van der Ham et al., 1998, 2005; Ulrich et al., 2017) 
within the genus Amorphophallus respond differently to the suggested or other treatments 
should also be addressed.

It is a fortunate and interesting development that the Toronto Zoo (Ontario, Canada) has 
started to address these questions (personal communication, Paul Gellatly, curatorial gar-
dener). Although a zoo, the Toronto Zoo also maintains a growing Amorphophallus collec-
tion, including a dozen specimens of A. titanum. Fortunately, the Toronto Zoo has a strong 
focus on conservation genetics and ex-situ conservation projects and houses the facilities 
to properly store genetic material. In 2018 the first specimen of A. titanum flowered and 
aroused considerable attention. It was decided to collect the pollen for conservation pur-
poses, namely pollinating future A. titanum inflorescences. The pollen has been collected 
and stored in various ways to determine the viability of long term pollen storage. It has 
been frozen and stored in −80°C, as well as cryogenically preserved. The Zoo is currently 
in the process of viability testing in order to determine if these approaches constitute a 
practicable long term pollen storage solution.

Despite the work it entails, nearly 250 further pollination attempts (see Appendices 2.I 
and 2.II) have been performed in the meantime by the most arduous hybridizers, namely 
Alan Galloway from the US and Steve Jackson from Australia. It is worthwhile pointing 
out that it was A. Galloway who introduced many Amorphophallus species to science over 
the last two decades. Moreover, he is a most skilled grower. Both facts combined have 
opened up many hybridization options.

On the other side of the globe, Steve Jackson has created the first hybrids involving spe-
cies such as A. decus-silvae Backer  & Alderw. and A. gigas, two of the tallest and most 
spectacular species of the genus. The cultivation of these species is not exactly easy and 
although S. Jackson has been supported by a favourable climate, the fact that he kept these 
species in cultivation for decades speaks for itself.

Except for five pollinations performed by the first author and not taking into account 
pollinations which involved several attempts, 229  further hybridizations attempts were 
carried out by A. Galloway and S. Jackson. Out of a total of 234 hybridizations attempts 
37 were successful and yielded viable seeds (see Appendix 2.I). However, the overall fitness 
of the progeny can strongly differ. In general, two categories can be observed. The first one 
includes hybrids showing signs of hybrid vigour acquired through heterosis. Heterosis 
can be defined as ‘The physiological vigour of an organism as manifested in its rapidity 
of growth, its height and general robustness, is positively correlated with the degree of 
dissimilarity in the gametes by whose union the organism was formed …’ (Shull, 1948). 
In other words, the hybridogenic Amorphophallus progeny is more robust and produces 
larger leaves and inflorescences than its corresponding parents. The  second category 
is the outbreeding depression (not to be confounded with the inbreeding depression). 
The hybrids display a loss of fitness, are more vulnerable to diseases and disturbances and 
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have weaker growing and flowering properties than their corresponding parents (Leimu 
and Fischer, 2010; Barmentlo et al., 2018). This is due to biochemical and/or physiological 
incompatibilities between the crossing partners. The crossing partners are genetically too 
distant and the selective advantage of adapted gene complexes of the involved species 
is disrupted through hybridization (Wikipedia, 2019). One of the markers, indicating the 
limitation of hybridization in Amorphophallus is albinism (Claudel et al., 2013). Albinism 
in the progeny of a given Amorphophallus cross can be displayed at two levels. One is the 
number of seedlings affected and the second is the degree of albinism that a single seed-
ling expresses. In the best case only a few seedlings show slight signs of chlorophyll-free 
leaf tissue which may eventually slowly turn green after the leaf unfolds. In the worst case 
all the seedlings are completely devoid of chlorophyll and will die as soon as the stored 
nutrients are consumed.

This raises the question how closely related two crossing partners need to be if ‘optimal 
outcrossing distance’ (Schierup and Christiansen, 1996) or hybrid vigour is the goal or 
on the opposite, how distantly related they can possibly be if not improvement but pure 
survival at any cost is the aim. Unfortunately there is no specific answer to this question. 
It must be taken into consideration that effects based on inbreeding depression, outbreed-
ing depression or heterosis play a role even between different populations of a given single 
species (Leimu and Fischer, 2010; Barmentlo et  al., 2018). Predicting which effect might 
dominate would require a precise knowledge about the genetics of each crossing partner. 
Besides this limitation it must be also taken into consideration that the presented hybrid-
ization attempts are arbitrary, mainly for two reasons. Firstly, the involved species are 
selected based on traits judged desirable by the hybridizers. Second, the opportunities to 
hybridize depend on the cultivated species.

However, some concluding observations can be made. Out of nearly 500 hybridization 
attempts a total of 84 yielded viable seeds, especially crosses between closely related species 
are often successful. As insignificant as this might seem, it demonstrates that Amorphophallus 
species hybridize readily which suggests that interspecific hybridization barriers are not pro-
nounced in many species. This could be accounted for by adaptive radiation. Amorphophallus 
is a comparatively young genus (Nauheimer et al., 2012) within the Araceae. However, with 
an estimated 219 species (Boyce and Croat, 2011) it exhibits a high species diversity growing 
in the (sub)tropical zones of the palaeotropics, outranking all other aroid genera in mor-
phological diversity (Hetterscheid and Ittenbach,1996; Claudel et al., 2017). For example, the 
genus encompasses an exceptionally high diversity in berry colour, ranging from white, 
green, and yellow, orange, red to blue and purple. This is a characteristic trait indicating seed 
dispersal through birds (Claudel et al., 2017) which might have played a major role in the 
wide distribution of the genus. Last but not least, many closely related species have similar 
or even identical nuclear and plastid sequences (Claudel et al., 2017). Although speculative, 
all facts combined – high species and morphological diversity acquired in a short period 
of time, palaeotropical distribution pattern, birds as dispersal vector and finally, similar 
genetic sequences – suggest adaptive radiation.

Additionally, six out of the 37  successful crosses involve three different species and 
one cross even involves four species (see Appendix 2.II). The  latter consists of a hybrid 
between two Malagasy species as pollen acceptor (A. taurostigma x A. ankarana) crossed 
with a hybrid between two African species as pollen donor (A. lewallei x A. impressus). 
Nine of the successful crosses even involve species from different subgenera. For example 
A. variabilis crossed with A. maximus involves A. variabilis, a species from South East Asia 
from the subgenus Amorphophallus and A. maximus an African species from the subgenus 
Afrophallus Hett. & Claudel.
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Simply put, the boundaries of hybridization within Amorphophallus are not  yet 
reached, there is still a lot of potential to be uncovered and many questions remain to 
be answered.
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Appendix 2.I  Successful Amorphophallus Hybridizations

Pollen Acceptor Pollen Donor Pollen Used Hybridizer Result

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

(A. decus-silvae 
Backer & Alderw. x 
A. variabilis Bl.)

Refrigerated S. Jackson Success

(A. lewallei Malaisse & 
Bamps x A. impressus 
Ittenb.)

A. henryi N. E. Br. Refrigerated S. Jackson Success, three species 
+ subgeneric cross

(A. lewallei Malaisse & 
Bamps x A. impressus 
Ittenb.)

(A. impressus Ittenb. x 
A. taurostigma 
Ittenb. & Hett ‘White 
Veins’)

Fresh S. Jackson Success, three species

(A. taurostigma Ittenb. & 
Hett x A. ankarana Hett.)

(A. lewallei Malaisse & 
Bamps x A. impressus 
Ittenb.)

Fresh S. Jackson Success, four species

(A. variabilis Bl. x 
A. decus-silvae Backer & 
Alderw.)

A. longituberosus (Engl.) 
Engl. & Gehrm.

Fresh S. Jackson Success, three species 
+ subgeneric cross

A. decus-silvae Backer & 
Alderw.

A. borneensis (Engl.) 
Engl. & Gehrm.

Refrigerated S. Jackson Success

A. decus-silvae Backer & 
Alderw.

A. henryi N. E. Br. Fresh S. Jackson Success, subgeneric 
cross

A. discophorus Backer & 
Alderw.

A. galbra F.M. Bailey Refrigerated S. Jackson Success

A. galbra F.M. Bailey (A. variabilis Bl. x 
A. decus-silvae 
Backer & Alderw.)

Fresh S. Jackson Success

A. henryi N. E. Br. (A. lewallei Malaisse & 
Bamps x A. impressus 
Ittenb.)

Fresh S. Jackson Success, three species 
+ subgeneric cross

A. henryi N. E. Br. A. laoticus Hett. Fresh S. Jackson Success
A. hewittii Alderw. (A. decus-silvae 

Backer & Alderw. x 
A. variabilis Bl.)

Fresh S. Jackson Success, three species

(Continued)
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Pollen Acceptor Pollen Donor Pollen Used Hybridizer Result

A. impressus Ittenb. 
AGA-1158-01

A. maximus (Engl.) 
N. E. Br. AGA-0240-01

Refrigerated A. Galloway Success

A. konjac K. Koch 
AGA-1266-01

A. albus P.Y. Liu & J.F. 
Chen

Frozen A. Galloway Success

A. konjac K. Koch 
AGA-1797-01

A. albispathus Hett. Frozen A. Galloway Success

A. konjac K. Koch 
AGA-1798-01

A. crispifolius 
A. Galloway, 
A. Ongsakul, & 
P. Schmidt

Frozen A. Galloway Success

A. konjac K. Koch 
AGA-1798-01

A. kachinensis Engl. & 
Gehrm. AGA-2500-01

Fresh A. Galloway Success

A. laoticus Hett. (A. lewallei Malaisse & 
Bamps x A. impressus 
Ittenb.)

Refrigerated S. Jackson Success, three species 
+ subgeneric cross

A. lewallei Malaisse & 
Bamps

A. antsingyensis Bogner, 
Hett. & Ittenb.

Fresh C. Claudel Success

A. lewallei Malaisse & 
Bamps

A. gomboczianus Pic. 
Serm.

Fresh C. Claudel Success

A. longiconnectivus Bogn. 
AGA-0891-01

A. schmidtiae Hett. & 
A. Galloway 
AGA-2188-01

Frozen A. Galloway Success

A. maximus (Engl.) N. E. Br. A. variabilis Bl. Fresh S. Jackson Success, subgeneric 
cross

A. natolii Hett.et al. A. variabilis Bl. Refrigerated S. Jackson Success, subgeneric 
cross

A. ochroleucus Hett. & V.D. 
Nguyen

A. dunnii Tutch Fresh S. Jackson Success

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

A. myosuroides Hett. & 
A. Galloway 
AGA-1756-01

Fresh A. Galloway Success

A. operculatus (ined.) A. sizemoreae Hett. Refrigerated S. Jackson Success
A. pulchellus Hett. & Schuit. 
AGA-2342-01

A. ongsakulii Hett. & 
A. Galloway

Fresh A. Galloway Success

A. richardsiae Ittenb. 
AGA-1920-01

A. mossambicensis 
(Schott ex Garcke) 
N. E. Br. AGA-0900-01

Refrigerated A. Galloway Success

A. thaiensis S.-Y. Hu 
AGA-2236-01

A. putii Gagn. 
AGA-0832-01

Fresh A. Galloway Success

A. variabilis Bl. A. natolii Hett. et al. Frozen S. Jackson Success (x2), 
subgeneric cross

A. variabilis Bl. (A. variabilis Bl. x 
A. decus-silvae 
Backer & Alderw.)

Fresh S. Jackson Success

A. variabilis Bl. A. lambii Mayo & 
Widjaja

Refrigerated S. Jackson Success

A. variabilis Bl. A. maximus (Engl.) 
N. E. Br.

Fresh S. Jackson Success

A. variabilis Bl. ‘Slukas 
Dark Giant’

(A. variabilis Bl. x 
A. decus-silvae 
Backer & Alderw.)

Fresh S. Jackson Success

(Continued)
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Pollen Acceptor Pollen Donor Pollen Used Hybridizer Result

A. variabilis Bl. ‘Slukas 
Dark Giant’

A. dracontioides (Engl.) 
N. E. Br.

Frozen S. Jackson Success

A. variabilis Bl. ‘Slukas 
Dark Giant’

A. hewittii Alderw. Fresh S. Jackson Success

A. yunnanensis Engl. A. dunnii Tutch. Fresh S. Jackson Success

Appendix 2.II  Failed Amorphophallus Hybridizations

Pollen Acceptor Pollen Donor Pollen Hybridizer Result

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. henryi N. E. Br. Refrigerated S. Jackson Failed (x2)

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. dracontioides (Engl.) N. E. Br. Frozen S. Jackson Failed

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. laoticus Hett. Refrigerated S. Jackson Failed

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. longituberosus (Engl.) 
Engl. & Gehrm.

Frozen S. Jackson Failed

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. taurostigma Ittenb. & Hett 
‘White Veins’

Fresh S. Jackson Failed

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. laoticus Hett. Frozen S. Jackson Failed

(A. excentricus Hett. x 
A. krausei Engl.)

A. scutatus Hett. & T.C. 
Chapman

Refrigerated S. Jackson Failed

(A. impressus Ittenb. x 
A. taurostigma ‘White Veins’)

A. elatus Ridl. Frozen S. Jackson Failed

(A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

A. rostratus Hett. Fresh S. Jackson Failed

(A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

A. laoticus Hett. Fresh S. Jackson Failed

(A. maximus (Engl.) N. E. Br. x 
A. variabilis Bl.)

A. natolii Hett.et al. Refrigerated S. Jackson Failed

(A. ongsakulii Hett. & 
A. Galloway x A. myosuroides 
Hett. & A. Galloway

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen A. Galloway Failed

(A. variabilis Bl. x A. borneensis 
(Engl.) Engl. & Gehrm.) 
AGA-2729-09

A. maxwellii Hett. Frozen A. Galloway Failed

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

A. laoticus Hett. Refrigerated S. Jackson Failed

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

A. natolii Hett. et al. Frozen S. Jackson Failed (x2)

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

(A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

Frozen S. Jackson Failed

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

A. discophorus Backer & 
Alderw.

Refrigerated S. Jackson Failed

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

A. rostratus Hett. Refrigerated S. Jackson Failed

(Continued)
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Pollen Acceptor Pollen Donor Pollen Hybridizer Result

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

A. taurostigma Ittenb. & Hett 
‘White Veins’

Refrigerated S. Jackson Failed

A. albus P.Y.Liu & J.F.Chen A. cirrifer Stapf Refrigerated A. Galloway Failed
A. albus P.Y. Liu & J.F. Chen A. maxwellii Hett. Refrigerated A. Galloway Failed
A. albus P.Y. Liu & J.F. Chen A. natolii Hett. et al. Frozen S. Jackson Failed
A. amygdaloides Hett. & M. 
Sizemore AGA-1047-03

A. brevipetiolatus A. Galloway, 
A. Ongsakul, & P. Schmidt 
AGA-1570-03

Frozen A. Galloway Failed

A. amygdaloides Hett. & M. 
Sizemore AGA-1047-03

A. muelleri Bl. Fresh A. Galloway Failed

A. asterostigmatus Bogn. & 
Hett. AGA-1964-01

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.) 
AGA-2461-11

Frozen A. Galloway Failed

A. atrorubens Hett. & M. 
Sizemore AGA-1214-01

A. maxwellii Hett. Refrigerated A. Galloway Failed

A. atroviridis Hett. 
AGA-1046-01

A. maxwellii Hett. 
AGA-1177-01

Refrigerated A. Galloway Failed

A. bangkokensis Gagn. A. rostratus Hett. Refrigerated S. Jackson Failed
A. barbatus A. Galloway & 
A. Ongsakul

A. laoticus Hett. Fresh C. Claudel Failed

A. barbatus A. Galloway & 
A. Ongsakul AGA-2309-01

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen A. Galloway Failed

A. borneensis (Engl.) 
Engl. & Gehrm.

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

Refrigerated S. Jackson Failed

A. borneensis (Engl.) 
Engl. & Gehrm.

A. interruptus Engl. & Gehrm. Refrigerated S. Jackson Failed

A. borneensis (Engl.) 
Engl. & Gehrm.

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen S. Jackson Failed

A. boyceanus Hett. A. gomboczianus Pic. Serm. Frozen S. Jackson Failed
A. boyceanus Hett. A. scutatus Hett. & T.C. 

Chapman
Refrigerated S. Jackson Failed

A. boyceanus Hett. A. tuberculatus Hett. & V.D. 
Nguyen.

Refrigerated S. Jackson Failed

A. cicatricifer Ridl. (A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

Refrigerated S. Jackson Failed

A. cicatricifer Ridl. (A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

Refrigerated S. Jackson Failed

A. cicatricifer Ridl. A. sizemoreae Hett. Fresh S. Jackson Failed
A. coaetaneus Liu & Wie (A. excentricus Hett. x 

A. krausei Engl.)
Frozen S. Jackson Failed

A. coaetaneus Liu & Wie 
AGA-1800-01

A. kachinensis Engl. & Gehrm. 
AGA-1815-01

Frozen A. Galloway Failed

A. crispifolius A. Galloway, 
A. Ongsakul, & P. Schmidt 
AGA-1753-01

A. laoticus Hett. AGA-2025-01 Refrigerated A. Galloway Failed

A. croatii Hett. & A. Galloway A. aberrans Hett. Refrigerated S. Jackson failed
A. croatii Hett. & A. Galloway A. titanum (Becc.) Becc. ex 

Arcangeli
Fresh S. Jackson Failed

A. dactylifer Hett. A. rostratus Hett. Refrigerated S. Jackson Failed
A. dactylifer Hett. A. rostratus Hett. Frozen S. Jackson Failed

(Continued)
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Pollen Acceptor Pollen Donor Pollen Hybridizer Result

A. dactylifer Hett. A. rostratus Hett. Frozen S. Jackson Failed
A. declinatus Hett. 
AGA-2169-01

A. gallowayi Hett. 
AGA-2008-02

Fresh A. Galloway Failed

A. decus-silvae Backer & 
Alderw.

A. laoticus Hett. Fresh S. Jackson Failed

A. decus-silvae Backer & 
Alderw.

A. titanum (Becc.) Becc. ex 
Arcangeli

Refrigerated S. Jackson Failed

A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen S. Jackson Failed

A. discophorus Backer & 
Alderw.

A. laoticus Hett. Fresh S. Jackson Failed

A. dracontioides (Engl.) N. E. Br. 
(Engl.) N. E. Br.

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

Refrigerated S. Jackson Failed

A. dracontioides (Engl.) N. E. Br. 
(Engl.) N. E. Br.

A. decus-silvae Backer & 
Alderw.

Refrigerated S. Jackson Failed

A. dracontioides (Engl.) N. E. Br. 
(Engl.) N. E. Br.

A. discophorus Backer & 
Alderw.

Refrigerated S. Jackson Failed

A. dunnii Tutch. A. ochroleucus Hett. & V.D. 
Nguyen

Fresh S. Jackson Failed (3x)

A. dunnii Tutch. A. coaetaneus Liu & Wie Frozen S. Jackson Failed
A. excentricus Hett. A. dactylifer Hett. Frozen S. Jackson Failed
A. galbra F.M. Bailey A. variabilis Bl. ‘Slukas Dark 

Giant’
Frozen S. Jackson Failed

A. galbra F.M. Bailey (A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

Fresh S. Jackson Failed

A. gallowayi Hett. A. variabilis Bl. ‘Slukas Dark 
Giant’

Refrigerated S. Jackson Failed

A. gallowayi Hett. 
AGA-2008-02

A. barbatus A. Galloway & A. 
Ongsakul AGA-2309-01

Frozen A. Galloway Failed

A. gallowayi Hett. 
AGA-2202-01

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

Refrigerated A. Galloway Failed

A. henryi N. E. Br. (A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

Fresh S. Jackson Failed

A. henryi N. E. Br. A. bangkokensis Gagn. Fresh S. Jackson Failed
A. henryi N. E. Br. A. laoticus Hett. Refrigerated S. Jackson Failed
A. henryi N. E. Br. A. rostratus Hfett. Frozen S. Jackson Failed
A. hirsutus Teijsm. & Binnend. A. bangkokensis Gagn. Refrigerated S. Jackson Failed
A. hirtus N. E. Br. A. rostratus Hett. Frozen S. Jackson Failed
A. hirtus N. E. Br. AGA-2228-01 A. maxwellii Hett. Frozen A. Galloway Failed
A. hirtus N. E. Br. AGA-2228-01 A. sp. #579 AGA-2176 Frozen A. Galloway Failed
A. impressus Ittenb. 
AGA-1158-01

A. maxwellii Hett. 
AGA-1200-01

Refrigerated A. Galloway Failed

A. interruptus Engl. & Gehrm. A. natolii Hett. et al. Frozen S. Jackson Failed
A. interruptus Engl. & Gehrm. A. spec. ‘Pseudodracontium 

group’
Refrigerated S. Jackson Failed

A. kachinensis Engl. & Gehrm. 
AGA-2500-01

A. maxwellii Hett. Frozen A. Galloway Failed

A. khammouanensis A. 
Galloway AGA-2198-01

A. konjac K. Koch 
AGA-2535-01

Frozen A. Galloway Failed

(Continued)
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Pollen Acceptor Pollen Donor Pollen Hybridizer Result

A. khammouanensis 
A. Galloway AGA-2290-04

A. kachinensis Engl. & Gehrm. 
AGA-1815-01

Frozen A. Galloway Failed

A. khammouanensis 
A. Galloway AGA-2290-05

A. yunnanensis Engl. 
AGA-2506-01

Fresh A. Galloway Failed

A. konjac K. Koch A. opertus Hett. Refrigerated S. Jackson Failed
A. konjac K. Koch A. titanum (Becc.) Becc. ex 

Arcangeli
Refrigerated S. Jackson Failed

A. konjac K. Koch 
AGA-1469-01

A. pygmaeus Hett. Frozen A. Galloway Failed

A. konjac K. Koch 
AGA-1797-01

A. atrorubens Hett. & 
M. Sizemore AGA-1214-01

Frozen A. Galloway Failed

A. konjac K. Koch 
AGA-1798-01

A. gallowayi Hett. Frozen A. Galloway Failed

A. konjac K. Koch 
AGA-1798-01

A. krausei Engl. Frozen A. Galloway Failed

A. konjac K. Koch 
AGA-1798-01

A. ochroleucus Hett. & V.D. 
Nguyen AGA-0886-01

Fresh A. Galloway Failed

A. konjac K. Koch 
AGA-1947-01

A. longituberosus (Engl.) 
Engl. & Gehrm.

Frozen A. Galloway Failed

A. krausei Engl. AGA-0283-01 A. hirtus N. E. Br. AGA-2228-01 Fresh A. Galloway Failed
A. krausei Engl. AGA-2619-01 A. maxwellii Hett. Frozen A. Galloway Failed
A. lambii Mayo & Widjaja A. opertus Hett. Refrigerated S. Jackson Failed
A. laoticus Hett. A. bangkokensis Gagn. Fresh S. Jackson Failed (x3)
A. laoticus Hett. (A. variabilis Bl. x A. decus-

silvae Backer & Alderw.)
Fresh S. Jackson Failed

A. laoticus Hett. A. decus-silvae Backer & 
Alderw.

Refrigerated S. Jackson Failed

A. laoticus Hett. A. haematospadix Hook. f. Refrigerated S. Jackson Failed
A. laoticus Hett. A. henryi N. E. Br. Refrigerated S. Jackson Failed
A. laoticus Hett. A. henryi N. E. Br. Refrigerated S. Jackson Failed
A. laoticus Hett. A. hirtus N. E. Br. Refrigerated S. Jackson Failed
A. laoticus Hett. A. konjac K. Koch Refrigerated S. Jackson Failed
A. laoticus Hett. A. paeoniifolius (Dennst.) 

Nicolson
Fresh S. Jackson Failed

A. laoticus Hett. (A. lewallei Malaisse & Bamps 
x A. impressus Ittenb.)

Fresh S. Jackson Failed

A. laoticus Hett. AGA-1750-01 A. dzui Hett. Frozen A. Galloway Failed
A. laoticus Hett. AGA-2025-01 A. maxwellii Hett. AGA-1200-01 Fresh A. Galloway Failed
A. longituberosus (Engl.) 
Engl. & Gehrm.

A. variabilis Bl. x A. decus-silvae 
Backer & Alderw.

Fresh S. Jackson Failed (x2)

A. longituberosus (Engl.) 
Engl. & Gehrm.

A. borneensis (Engl.) Engl. & 
Gehrm.

Frozen S. Jackson Failed

A. longituberosus (Engl.) 
Engl. & Gehrm.

A. decus-silvae Backer & 
Alderw.

Refrigerated S. Jackson Failed

A. longituberosus (Engl.) 
Engl. & Gehrm.

A. dracontioides (Engl.) N. E. Br. Frozen S. Jackson Failed

A. longituberosus (Engl.) 
Engl. & Gehrm.

A. laoticus Hett. Fresh S. Jackson Failed
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Pollen Acceptor Pollen Donor Pollen Hybridizer Result

A. longituberosus (Engl.) 
Engl. & Gehrm.

A. variabilis Bl. Refrigerated S. Jackson Failed

A. maxwellii Hett. (A. impressus Ittenb. x 
A. taurostigma Ittenb. & Hett 
‘White Veins’)

Refrigerated S. Jackson Failed

A. maxwellii Hett. A. henryi N. E. Br. Fresh S. Jackson Failed
A. maxwellii Hett. 
AGA-1177-01

A. konjac K. Koch 
AGA-2545-01

Refrigerated A. Galloway Failed

A. mossambicensis (Schott ex 
Garcke) N. E. Br. 
AGA-0900-01

A. maximus (Engl.) N. E. Br. 
AGA-0240-01

Refrigerated A. Galloway Failed

A. muelleri Bl. A. rostratus Hett. Fresh C. Claudel Failed
A. myosuroides Hett. & A. 
Galloway

A. haematospadix Hook. f. Fresh S. Jackson Failed

A. myosuroides Hett. & A. 
Galloway

A. pygmaeus Hett. Fresh S. Jackson Failed

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

Refrigerated A. Galloway Failed (x2)

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.) 
AGA-2642-03

Frozen A. Galloway Failed

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

A. gallowayi Hett. 
AGA-2008-02

Refrigerated A. Galloway Failed

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

A. julaihii Ipor, Tawan & P.C. 
Boyce AGA-2811-01

Refrigerated A. Galloway Failed

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

A. obscurus Hett. & 
M. Sizemore

Refrigerated A. Galloway Failed

A. myosuroides Hett. & A. 
Galloway AGA-1756-01

A. saururus Hett. 
AGA-0176-01

Fresh A. Galloway Failed

A. natolii Hett. et al. A. sizemoreae Hett. Refrigerated S. Jackson Failed (x3)
A. natolii Hett. et al. A. hirtus N. E. Br. Frozen S. Jackson Failed (x2)
A. natolii Hett.et al. A. titanum (Becc.) Becc. ex 

Arcangeli
Refrigerated S. Jackson Failed (x2)

A. natolii Hett. et al. A. aberrans Hett. Refrigerated S. Jackson Failed
A. natolii Hett. et al. A. cicatricifer Ridl. Refrigerated S. Jackson Failed
A. natolii Hett. et al. A. hirtus N. E. Br. Refrigerated S. Jackson Failed
A. natolii Hett. et al. A. pygmaeus Hett. Frozen S. Jackson Failed
A. natolii Hett. et al. A. rostratus Hett. Frozen S. Jackson Failed
A. natolii Hett. et al. A. sizemoreae Hett. Frozen S. Jackson Failed
A. natolii Hett. et al. A. tuberculatus Hett. & V.D. 

Nguyen.
Frozen S. Jackson Failed

A. natolii Hett. et al. A. variabilis Bl. ‘Slukas Dark 
Giant’

Refrigerated S. Jackson Failed

A. natolii Hett. et al. A. variabilis Bl. ‘Slukas Dark 
Giant’

Frozen S. Jackson Failed

A. natolii Hett. et al. (A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

Refrigerated S. Jackson Failed

A. natolii Hett. et al. 
AGA-2376-01

A. maxwellii Hett. 
AGA-1980-05

Frozen A. Galloway Failed

(Continued)
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A. obscurus Hett. & 
M. Sizemore

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

Frozen S. Jackson Failed

A. obscurus Hett. & 
M. Sizemore

A. decus-silvae Backer & 
Alderw.

Refrigerated S. Jackson Failed

A. obscurus Hett. & 
M. Sizemore

A. rostratus Hett. Refrigerated S. Jackson Failed

A. obscurus Hett. & 
M. Sizemore

A. variabilis Bl. Refrigerated S. Jackson Failed

A. obscurus Hett. & M. 
Sizemore AGA-2032-01

A. myosuroides Hett. & 
A. Galloway

Fresh A. Galloway Failed

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

(A. decus-silvae Backer & 
Alderw. x A. variabilis Bl.)

Refrigerated S. Jackson Failed

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

A. gallowayi Hett. 
AGA-1754-01

Fresh A. Galloway Failed

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

A. saururus Hett. 
AGA-0176-01

Frozen A. Galloway Failed

A. ongsakulii Hett. & A. 
Galloway AGA-1534-01

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen A. Galloway Failed

A. ongsakulii Hett. & A. 
Galloway AGA-2007-01

A. obscurus Hett. & 
M. Sizemore

Fresh A. Galloway Failed

A. operculatus (ined.) A. interruptus Engl. & Gehrm. Refrigerated S. Jackson Failed
A. operculatus (ined.) A. variabilis Bl. Refrigerated S. Jackson Failed
A. ravenii V. D. Nguyen & 
Hett. AGA-2179-01

A. rostratus Hett. 
AGA-2166-01

Frozen A. Galloway Failed

A. reflexus Hett. & A. Galloway 
AGA-1069-01

A. urceolatus ined. 
AGA-2414-06

Fresh A. Galloway Failed

A. rostratus Hett. A. laoticus Hett. Refrigerated S. Jackson Failed (x2)
A. rostratus Hett. A. dactylifer Hett. Refrigerated S. Jackson Failed
A. rostratus Hett. A. laoticus Hett. Fresh S. Jackson Failed
A. saururus Hett. AGA-0176-01 A. myosuroides Hett. & 

A. Galloway AGA-1756-01
Refrigerated A. Galloway Failed (x2)

A. saururus Hett. AGA-0176-01 A. maxwellii Hett. Frozen A. Galloway Failed
A. saururus Hett. AGA-0238-01 A. urceolatus ined. 

AGA-2414-05
Fresh A. Galloway Failed

A. scutatus Hett. & T.C. 
Chapman

A. laoticus Hett. Fresh S. Jackson Failed

A. sizemoreae Hett. A. boyceanus Hett. Fresh S. Jackson Failed (x2)
A. sizemoreae Hett. (A. decus-silvae Backer & 

Alderw. x A. variabilis Bl.)
Refrigerated S. Jackson Failed

A. sizemoreae Hett. (A. gigas Teijsm. & Binnend. x 
A. decus-silvae Backer & 
Alderw.)

Refrigerated S. Jackson Failed

A. sizemoreae Hett. A. gallowayi Hett. Frozen S. Jackson Failed
A. sizemoreae Hett. A. operculatus (ined.) Frozen S. Jackson Failed
A. sizemoreae Hett. A. operculatus (ined.) Refrigerated S. Jackson Failed
A. sizemoreae Hett. 
AGA-1016-01

A. declinatus Hett. 
AGA-2169-01

Frozen A. Galloway Failed

A. sp. #587 AGA-2494-02 A. konjac K. Koch 
AGA-0095-01

Frozen A. Galloway Failed

(Continued)
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A. sp. #587 AGA-2494-03 A. ferruginosus A. Galloway 
AGA-2283-01

Frozen A. Galloway Failed

A. sp. #587 AGA-2494-09 A. hirtus N. E. Br. AGA-2228-01 Fresh A. Galloway Failed
A. taurostigma Ittenb. & Hett 
‘White Veins’

(A. variabilis Bl. x A. decus-
silvae Backer & Alderw.)

Refrigerated S. Jackson Failed

A. thaiensis S.-Y. Hu A. laoticus Hett. Frozen S. Jackson Failed
A. thaiensis S.-Y. Hu A. titanum (Becc.) Becc. ex 

Arcangeli
Refrigerated S. Jackson Failed

A. thaiensis S.-Y. Hu A. titanum (Becc.) Becc. ex 
Arcangeli

Fresh S. Jackson Failed

A. thaiensis S.-Y. Hu 
AGA-1928-01

A. maxwellii Hett. Frozen A. Galloway Failed (x2)

A. thaiensis S.-Y. Hu 
AGA-1928-01

A. brevipetiolatus A. Galloway, 
A. Ongsakul, & P. Schmidt 
AGA-1570-03

Frozen A. Galloway Failed

A. thaiensis S.-Y. Hu 
AGA-1928-01

A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen A. Galloway Failed

A. tuberculatus Hett. & V.D. 
Nguyen.

A. natolii Hett. et al. Frozen S. Jackson Failed

A. variabilis Bl. A. titanum (Becc.) Becc. ex 
Arcangeli

Frozen S. Jackson Failed (x6)

A. variabilis Bl. A. cicatricifer Ridl. Refrigerated S. Jackson Failed
A. variabilis Bl. A. laoticus Hett. Frozen S. Jackson Failed
A. variabilis Bl. A. longituberosus (Engl.) 

Engl. & Gehrm.
Frozen S. Jackson Failed

A. variabilis Bl. A. longituberosus (Engl.) 
Engl. & Gehrm.

Frozen S. Jackson Failed

A. variabilis Bl. A. natolii Hett. et al. Refrigerated S. Jackson Failed
A. variabilis Bl. A. sumawongii (Bogn.) Bogn.. Refrigerated S. Jackson Failed
A. variabilis Bl. A. thaiensis S.-Y. Hu Frozen S. Jackson Failed
A. variabilis Bl. A. tinekeae Hett. & A. Voge 

AGA-2522-01
Frozen A. Galloway Failed

A. variabilis Bl. ‘Slukas Dark 
Giant’

A. dracontioides (Engl.) N. E. Br. Refrigerated S. Jackson Failed

A. variabilis Bl. ‘Slukas Dark 
Giant’

A. hirtus N. E. Br. Refrigerated S. Jackson Failed

A. variabilis Bl. ‘Slukas Dark 
Giant’

A. natolii Hett. et al. Fresh S. Jackson Failed

A. variabilis Bl. ‘Slukas Dark 
Giant’

A. titanum (Becc.) Becc. ex 
Arcangeli

Refrigerated S. Jackson Failed

A. variabilis Bl. AGA-1245-01 A. crispifolius A. Galloway, 
A. Ongsakul, & P. Schmidt 
AGA-1753-01

Refrigerated A. Galloway Failed

A. variabilis Bl. AGA-1246-01 A. barbatus A. Galloway & 
A. Ongsakul AGA-2309-01

Frozen A. Galloway Failed

A. variabilis Bl. AGA-1246-01 A. maxwellii Hett. AGA-1200-01 Fresh A. Galloway Failed
A. verticillatus Hett. A. coaetaneus Liu & Wie Fresh S. Jackson Failed
A. verticillatus Hett. A. dracontioides (Engl.) N. E. Br. Fresh S. Jackson Failed
A. verticillatus Hett. A. longituberosus (Engl.) 

Engl. & Gehrm.
Frozen S. Jackson Failed

(Continued)
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A. verticillatus Hett. A. natolii Hett. et al. Refrigerated S. Jackson Failed
A. verticillatus Hett. A. natolii Hett. et al. Refrigerated S. Jackson Failed
A. yuloensis H. Li A. cicatricifer Ridl. Refrigerated S. Jackson Failed
A. yuloensis H. Li A. tuberculatus Hett. & V.D. 

Nguyen.
Fresh C. Claudel Failed

A. yunnanensis Engl. A. ochroleucus Hett. & V.D. 
Nguyen

Frozen S. Jackson Failed
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We revisit a case of mimicry in Amorphophallus involving visual mimicry of lichens and colonies of cyanobacteria 
on their tree-trunk sized petioles. We investigate the entire genus for similar defensive coloration types and 
report a defensive leaf coloration strategy in several Amorphophallus spp. that involves mimicry, camouflage and 
plant-mimicking that results in defensive visual masquerade. We propose that the visual expression of lichen  
and cyanobacteria mimicry enables the huge and fleshy petioles to look like solid non-edible tree trunks, a classic case 
of masquerade, probably as defence against herbivores. The results are discussed in a phylogenetic and evolutionary 
context.

KEYWORDS:  Araceae – camouflage – herbivory.

INTRODUCTION

Defensive plant coloration

Part of the diverse defensive arsenal of land plants 
against herbivores is anti-herbivory coloration and 
morphology (Lev-Yadun, 2016), including among 
many tactics mimicry, masquerade and camouflage. 
Defensive (anti-herbivory) mimicry in plants received 
little attention in the past, especially in comparison 
with defensive or aggressive mimicry in animals 
(Ruxton, Sherratt & Speed, 2004; Lev-Yadun, 2016; 
Quicke, 2017; Niu, Sun, & Stevens, 2018). Notable 
exceptions are host resemblance in Australian 
parasitic mistletoes (Barlow & Wiens, 1977; Canyon 
& Hill, 1997), host-tree leaf mimicry in the liana 
Boquila trifoliolata (DC.) Decne. (Gianoli & Carrasco-
Urra, 2014), background matching leaf colours (Lev-
Yadun, 2006, 2016; Niu et al., 2014, 2018) and the 
proposed Batesian mimicry between two species from 
New Zealand [the chemically defended leaves of the 

model Pseudowintera colorata (Raoul) Dandy, which is 
visually mimicked by the leaves of the non-defended 
Alseuosmia pusilla Colenso; Yager, Schaefe & Gould, 
2016].

Camouflage, ‘potentially the best of all defences’ 
(Lev-Yadun, 2016), enables the organism to become 
less detectable to a predator by means of crypsis, 
e.g. by countershading, disruptive coloration and/
or background matching (e.g. Cott, 1940; Ruxton 
et al., 2004; Merilaita & Lind, 2005; Niu & Sun, 2014; 
Niu et al., 2014, 2018). A special case of background 
matching in plants consists of sticky trichomes, 
enabling the plant organism to be covered with small 
particles of the surrounding soil (Jürgens, 1996; Lev-
Yadun, 2006).

The defensive strategy known as masquerade, 
or camouflage without crypsis, has, until recently, 
received little scientific attention regarding plants 
(Lev-Yadun, 2014, 2016; Skelhorn, 2015; Quicke, 
2017). Masquerade by animals is a situation when 
prey, parasite or predator resembles inedible objects 
such as leaves, twigs, stones, bird-droppings or any 
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other relevant and non-appealing object. Thus, unlike 
crypsis, a masquerading organism is fully visible and 
detectable, but under false identity. Masquerade in 
both animals and plants is often not easy to identify 
and specify because many cases of masquerade fall 
between crypsis and mimicry (Endler, 1981). For 
instance, Ruxton et al. (2004) brought up the question: 
when herbivores pass over a stone-mimicking plant, 
is it a case of crypsis via background matching, or of 
masquerade? Masquerade is usually considered to 
operate visually, although there are cases of chemical 
masquerade e.g. by caterpillars defending against 
predatory ants (Ruxton, 2009). Likewise, chemical 
masquerade in plants can consist of mimicking faeces 
or carrion odours for defence against herbivory (Lev-
Yadun, Ne’eman & Shanas, 2009; Lev-Yadun, 2014, 
2016). In recent years, studies in animal behaviour 
have revealed that successful masquerade depends not 
only on the quality of ‘mimicry’, but also on the context, 
i.e. when predators have not experienced the model 
previously or when the predators have experienced 
an inedible model (Skelhorn & Ruxton, 2011), or on 
the size and density of the defending animal (Skelhorn 
et al., 2011; Skelhorn & Ruxton, 2013).

Various cases initially described as camouflage 
or other types of defence through mimicry (e.g. 
Wiens, 1978) were classified later as actual cases of 
masquerade. Lev-Yadun (2014) reviewed several 
types of cases of actual masquerade in plants, not 
defined as such when published, and proposed that 
there are two different types: (1) non-plant-mimicking 
defensive masquerade, in which plants look (or smell) 
like uninteresting objects to herbivores (looking like a 
stone or an animal, or smelling like droppings, carrion 
etc.); and (2) plant-mimicking defensive masquerade, 
in which plants or plant parts do not look appealing to 
herbivores; by not being green, by looking dead or old, 
by looking as if they are harbouring insects, already 
attacked, less nutritious etc. Defensive masquerade 
by plants may in many cases be non-exclusive, but it 
serves additional physiological and defensive functions 
or may operate simultaneously with other defences.

Mimicry of dead leaves is a classic type of masquerade 
in animals (Skelhorn, 2015; Quicke, 2017). Several 
related cases of masquerade mixed with camouflage 
and mimicry that were proposed to be cases of 
masquerade by Lev-Yadun (2014) were considered for 
decades to be typical cases of mimicry. These include 
dry grass mimicry (Wiens, 1978), dry branch mimicry 
(Wiens, 1978), stone mimicry (Wiens, 1978; Benson, 
1982), soil and sand mimicry (Wiens, 1978; Lev-Yadun, 
2006), host mimicry by mistletoes (Barlow & Wiens, 
1977), mimicry of dead leaves (Stone, 1979; Fadzly 
et al., 2009, 2016) and fruit mimicry by leaves (Groom, 
Lamont & Duff, 1994).

After the recognition of the partial overlap on the one 
hand and distinction on the other between mimicry, 
crypsis and masquerade (Endler, 1981; Allen & Cooper, 
1985; Ruxton et al., 2004; Skelhorn et al., 2010a, b, c), 
Lev-Yadun (2014) proposed that the above cited cases 
should be classified not only as cases of mimicry or 
crypsis, but also as cases of masquerade.

In his review on defensive plant coloration, Lev-
Yadun (2016) discussed the problem of conclusions 
drawn without experiments and pointed out that 
mimicry or related phenomena have often been 
described without such data. However, Lev-Yadun 
(2016) also stressed the need and the importance of 
accurate documentation of potential (defensive) plant 
coloration in order to stimulate the developing of 
better theoretical or experimental concepts.

lichens

Lichens are ubiquitous colonizers of a wide variety of 
substrates, including tree barks, rock and soil, often 
found forming dense crusts or carpets covering the 
surfaces they live on. They often form a dense mosaic 
of pale or dark spots on both tree trunks and twigs. 
In general, the size of crustose lichen colonies varies 
between a few mm and 10–20 cm or even more. Thalli 
of neighbouring lichens are often well delimited by pale 
or dark thin lines, especially when thalli of different 
species come into contact after radial expansion.

Tree trunks and branches may be totally covered by 
lichens, especially in wet habitats such as tropical and 
temperate rain forests (e.g. Aptroot, 2001). Crustose 
lichens (i.e. those that cover their substrate as a thin 
layer or crust) are by far the most dominant group in 
tropical rainforests. However, most large herbivores 
except for reindeer and caribou, which feed in winter 
times on the abundant lichen mats covering the arctic 
tundra soils, do not feed on lichens as their habitats 
usually provide enough more nutritious alternatives 
in the form of herbs and grasses or woody plant foliage.

AmorphophAllus

Amorphophallus Blume ex Decne. (Araceae) is a genus 
distributed throughout the Palaeotropics. The genus is 
divided into four subgenera, namely Afrophallus Hett. 
& Claudel, Amorphophallus, Metandrium Stapf and 
Scutandrium Hett. & Claudel (Claudel et al., 2017). Its 
highest species diversity lies in South-East Asia, with 
70% of its estimated 219 species (Boyce & Croat, 2011).

Non-plant-mimicking defensive visual masquerade 
and plant-mimicking defensive visual masquerade have 
already been reported in Amorphophallus, but without 
being denominated in terms of mimicry. Members of 
the aphyllus clade of subgenus Afrophallus possess 
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‘leaflets which resemble grass and thus hide the plants 
from sight’ (Claudel et al., 2017) and as we propose 
here they constitute a broad case of plant-mimicry by 
employing morphologies and coloration that function as 
defensive visual masquerade. Furthermore, A. aphyllus 
(Hook.) Hutch. has an inflorescence that both visually 
and olfactorily resembles a pile of mammalian dung 
(Claudel et al., 2017; Kite & Hetterscheid, 2017). This 
visual resemblance of dung corresponds to a non-
plant-mimicking defensive visual masquerade sensu 
Lev-Yadun (2014) and the olfactory resemblance to a 
chemical non-plant-mimicking masquerade. The dung 
appearance and odour are likely intended to primarily 
attract pollinators (Claudel et al., 2017). However, 
they may also serve as a defensive strategy and deter 
mammalian herbivores (Lev-Yadun et al., 2009; Urru, 
Stensmyr & Hansson, 2011).

Amorphophallus spp. have a large underground 
tuber, which usually bears a single leaf. The leaf is 
composed of a petiole and a tripartite decompound 
lamina (Hetterscheid & Ittenbach, 1996; Ittenbach, 
2003). The leaf usually lasts for one growing season 
and is replaced under ideal conditions by a larger 
leaf in the following growing season until the 
plant reaches maturity. The mature leaves may be 
differently coloured from the juvenile ones due to 
anisophylly, a phenomenon occurring in many aroids 
(Mayo, Bogner & Boyce, 1997). Although usually 
not pronounced, anisophylly is distinguishable in 
some Amorphophallus spp. (Claudel et al., 2017; Liu 
et al., 2017).

In giant Amorphophallus spp. such as A. titanum 
(Becc.) Becc. ex Arcangeli and A. gigas Teijsm. & 
Binnend., the petiole of mature leaves reaches heights 
of up to 6 m (McPherson & Hetterscheid, 2011) and 
resembles a lichen-covered tree trunk (Hejnowicz 
& Barthlott, 2005; Lobin et al., 2007; McPherson 
& Hetterscheid, 2011). Figure 1 illustrates the 
dimensions of A. titanum (Fig. 1A, B), A. decus-silvae 
Backer & Alderw. (Fig. 1C) and A. hewittii Alderw. 
(Fig. 1D) petioles in situ. The resemblance to a small 
tree trunk had already been noted by Barthlott (1995): 
on the basis of his in situ observations of A. prainii 
Hook.f. he stated and illustrated that the diameter of 
the fleshy, easily damaged Amorphophallus petioles 
correlates with the size of tree saplings growing in the 
surrounding area. Moreover, Barthlott (1995) observed 
that the patterns on the petioles of Amorphophallus 
form a perfect imitation of lichens ‘including growing 
zones and overlapping’ similar to the lichens on the 
surrounding trees such as ‘Chiodecton mycelioides, 
Dictyonema  and Lepraria-species’ . Ittenbach 
(2003) added the observation that the bluish-green 
downward narrowing coloration on the petiole of 
A. gigas visually matches the typical layer of blue 
algae [cyanobacteria; Cavalier-Smith, 2002] commonly 

found on solid structures in humid environments. 
Again, the pattern leads to the visual impression of a 
solid tree trunk covered with living organisms, hiding 
its true nature as a large, fleshy and easily damaged 
petiole. Furthermore, Ittenbach (2003) also described 
lichen mimicry on the petiole of A. taurostigma Ittenb. 
& Hett., a Malagasy species.

Hejnowicz & Barthlott (2005) also investigated the 
mechanical and anatomical properties of the petiole 
and the cellular basis of the colour pattern in A. gigas 
and A. titanum. concluded that the imitation of a solid, 
lichen-covered tree trunk serves as a protection from 
herbivory and physical damage. Moreover, they found 
the coloration and pattern from A. gigas to be more 
complex compared to A. titanum, stating: ‘The bottom 
portion of the petiole looks like a tree trunk with fine 
cracked bark in grey, brownish, and green tones, while 
in the upper areas, it looks like a young tree stem with 
whitish lichens’.

We investigate all the available Amorphophallus 
material in order to assess the Amorphophallus 
species that display petiolar mimicry. We categorize 
the different putative mimicry types and report a 
unique defensive coloration strategy. Furthermore, 
we investigate if the different mimicry types reflect 
in some aspect the phylogeny of Amorphophallus 
and we discuss tree masquerade in an ecological and 
evolutionary context.

MATERIAL AND METHODS

The Loki Schmidt Botanical Garden of the University 
of Hamburg houses one of the largest Amorphophallus 
collections, with > 250 living Amorphophallus 
accessions, representing some 100 species. We 
examined and documented as many living accessions 
as possible (see Appendix). Leaf material and/or 
photographs of the petioles have been deposited in 
the Herbarium Hamburgense (HBG). All photographs 
made and gathered over the last three decades by 
the first and the third authors were investigated for 
petiole patterns and were also deposited in the HBG, 
notably in the cases of species where leaf material was 
not available in cultivation or otherwise. Furthermore, 
photographs taken by other scientists and private 
collectors were also screened and deposited, notably 
from (in alphabetical order): Peter Boyce, Malaysia; 
Willem Eijer, the Netherlands; Alan Galloway, USA; 
Steve Jackson, Australia; Gijsbert Kortekaas, the 
Netherlands; David Prehsler, Austria; Mary Sizemore, 
USA; Elbert Wijaya, Indonesia. Thus, > 20 000 pictures, 
representing 136 Amorphophallus spp., were deposited 
in HBG. The photographic material represents an 
extensive documentation for the present investigation 
and a secure archive for future studies. Specimens 
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explicitly cited in the Appendix refer to individual 
plants growing in the Loki Schmidt Botanical Garden, 
to pictures of these individual plants or to specimens 
deposited in HBG or at the Naturalis Herbarium in 
Leiden (L). The remaining species were examined 
based on photographs only. Individuals of a given 

species displaying different patterns on the petiole 
were listed separately (see Appendix). The relevant 
literature was examined for petiole descriptions and 
pictures.

Presence or absence of patterns and coloration on the 
Amorphophallus petioles considered as putative mimicry 

Figure 1.  A, B, Giant petioles of Amorphophallus titanum in situ. C, Giant petioles of A. decus-silvae in situ. D, Giant 
petioles of A. hewittii in situ. Photographs: A, Yuzammi; B, C Troy Davis; D: Peter C. Boyce.
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patterns was investigated. Only petioles exhibiting 
putative mimicry patterns were taken into account 
and categorized and coded. The categories are ranked 
in order of visual complexity and coded as characters 
from 0 = pattern absent or non-lichenoid, to 5 = most 
complex pattern type (see Appendix). Characters were 
plotted on the 50% majority-rule consensus tree of the 
Bayesian analysis published in Claudel et al. (2017) in 
order to reconstruct ancestral states using parsimony in 
Mesquite v.3.6 (Maddison & Maddison, 2018). In case a 
species contained differently patterned specimens, e.g. 
no pattern and lichenoid pattern, then the mimicry 
expressing specimen was used for the Mesquite analysis. 
Moreover, overall growing size is indicated (Figs 5, 6 and 
Supplementary Material) in addition to the species name 
using the addenda XS (species not exceeding 20 cm), S 
(species not exceeding 70 cm), M (species not exceeding 
1.20 m), L (species not exceeding 1.70 m), XL (species 
not exceeding 2.20 m), XXL (species not exceeding 2.70 
m) and XXXL (species exceeding 2.70 m). If not stated 
otherwise, the size information is based on personal 
observation by the first and the third author.

Species exhibiting no variable coloration at all or non-
lichenoid patterns are also listed in the Appendix in 
order to indicate the total number of species analysed. 
Species categorized as having a non-lichenoid pattern 
include different coloration types and patterns; 
however, these are not taken into consideration in 
this investigation. The term ‘lichenoid’ used here 
refers to patterns generally reminiscent of lichens, 
but otherwise lacking specific distinguishing features, 
e.g. ornamentation. In contrast, mimicry refers here to 
patterns in which lichen thalli display characteristic 
traits of specific lichen-forming ascomycetes. Visual 
evaluation and determination of lichenoid and 
lichen mimicry patterns have been carried out by 
the eye of a lichenologist (last author). As lichens are 
living and growing symbiotic entities, we omitted 
precise size information of the mimicked lichens 
observed on a particular petiole. Since the size of the 
Amorphophallus petiole increases during the life cycle, 
precise measurements of the lichen mimicry spots 
would then be required for all life stages and for every 
investigated species. Although it would be of interest 
to document this development in detail for a particular 
species in a specific context or analysis, it is impossible 
in the context of the present investigation. Instead, 
we focused on the visual accuracy of the displayed 
mimicry with regard to the mimicked organism.

RESULTS

One hundred and thirty-eight species (63% of the 
species) of Amorphophallus were investigated (see 
Appendix). A few species, including A. taurostigma, 

A. thaiensis S.-Y.Hu and A. variabilis Bl., include 
individuals displaying different petiolar coloration 
types. For example, A.  variabilis encompasses 
individuals displaying the cyanobacterial-Cryptothecia 
type and individuals with unicoloured petioles. 
Therefore, 138 species, representing 152 coloration 
types, are listed in the Appendix. Out of these 152 
coloration types, 48 (31%) are categorized as unicolour, 
47 (31%) as non-lichenoid pattern and 57 (38%) as 
lichenoid or mimicry.

Mimicry of several lichen types and of cyanobacterial 
colonies  was identi f ied on Amorphophallus 
petioles. The identified categories are lichenoid, 
Pyrenula type, Graphis type, Cryptothecia type, 
Coenogonium type, Pertusaria type and cyanobacterial  
layer type. Some Amorphophallus spp. display 
mimicry that involves several mimicry types on the 
same petiole. These were categorized accordingly, e.g. 
as mixed cyanobacterial-Cryptothecia type or mixed 
Graphis/Pyrenula type (see Appendix), and are listed 
in both categories. Lichenoid patterns were coded = 1. 
Two-dimensional single lichen mimicry types were 
coded = 2. Three-dimensional single lichen mimicry 
types were coded = 3. Mixed lichen mimicry types were 
coded = 4. The cyanobacterial layer type combined 
with Cryptothecia type was coded = 5 (see Appendix). 
The complete analysis is provided in Supplementary 
Material and two subgenera are presented separately 
as figures, namely subgenus Metandrium (Fig. 5) and 
subgenus Amorphophallus (Fig. 6).

lichenoiD type

Colour patterns of this category are reminiscent 
of lichens, but without specific features, i .e. 
Amorphophallus petiole patterns consist of mixed pale 
and/or dark markings of variable sizes and sometimes 
of irregular shapes. These coloration patterns lack 
further structures or ornamentation and thus resemble 
a non-specific, mixed lichen cover. Altogether, they are 
roughly similar to the patterns exhibited on shaded 
rainforest trees. Even if non-specific, the patterns can 
usually be divided into two main lichen groups, namely 
Graphis and Pyrenula, and are categorized here (see 
Appendix) accordingly as, for example, lichenoid-
Graphis type or lichenoid-Pyrenula type.

Amorphophallus spp. expressing a lichenoid 
pattern are A. declinatus Hett., A. dunnii Tutch., 
A.  ferruginosus A.Galloway (Fig. 3D), A.  galbra 
F.M.Bailey, A. henryi N.E.Br., A. hildebrandtii (Engl.) 
Engl. & Gehrm., A. hottae Bogn. & Hett., A. koratensis 
Gagn., A.  manta, A.  muelleri Bl., A.  ochroleucus  
Hett. & V.D.Nguyen, A. paeoniifolius (Dennst.) Nicolson, 
A. putii Gagn., A. ranchanensis Ipor, Tawan, Simon, 
Meekiong & Fuad, A. rostratus Hett., A. stuhlmannii 
(Engl.) Engl. & Gehrm., A. taurostigma, A. thaiensis, 

http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boz014#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boz014#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boz014#supplementary-data
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A.  titanum, A.  tuberculatus Hett. & V.D.Nguyen, 
A. variabilis and A. yunnanensis Engl.

pyrenulA type

Pyrenula Ach. is a large, mainly tropical lichen genus. 
The thalli have an olive to brownish colour, sometimes 
speckled with numerous, tiny pale dots, often a species-
specific feature. The fruit bodies of Pyrenula are small 
(0.2–2.0 mm) and resemble circular blackish warts. 
Fruit bodies are present only in mature lichen thalli 
and their presence adds to the often-characteristic 
external appearance of a particular species.

The Amorphophallus petiole pattern, with small, 
olivaceous marks (0.5–2.0  cm), resembles lichen 
thalli with scattered dark spots inside these marks 
that resemble the blackish perithecial fruit bodies of 
Pyrenula or Anthracothecium Hampe ex A.Massal. 
These are usually 0.4–2.0 mm in size (Aptroot, 2012). 
They are sometimes found with additional fine whitish 
maculation resembling certain Pyrenula spp. including 
P. concatervans (Nyl.) R.C.Harris, P. quassiaecola Fée 
and P. subcylindrica Jagadeesh & Upreti. Investigated 
Amorphophallus spp. bearing this type of pattern on 
their petioles are A. bulbifer (Roxb.) Bl., A. elatus Ridl., 
A. gomboczianus Pic.Serm., A. kiusianus (Makino) 
Makino, A.  lanuginosus Hett., A.  laoticus Hett., 
A. macrorhizus Craib, A. pilosus Hett. (Fig. 3C) and 
A. prainii.

GrAphis type

The script lichens form a large group of unrelated 
species that share at least the presence of usually 
dark coloured, rune-like fruit bodies that evolved 
several times independently among the lineages of 
lichen-forming ascomycetes (McLaughlin & Spatafora, 
2015). The observed petiole patterns resemble species 
of Graphis Adans., Phaeographis Müll.Arg. and other 
script lichens including Arthonia Ach. Opegrapha Ach., 
Enterographa Fée of the closely related Arthoniaceae 
and Opegraphaceae. These lichens are usually pale 
whitish or greyish, producing the characteristic rune-
like fruit bodies in the centre of the thallus.

Patterns  o f  th is  type  o f  mimicry  on  the 
Amorphophallus petioles are usually roundish to 
ellipsoid spots of 0.5–2.0 cm in length, pale whitish, 
with conspicuous to inconspicuous, dark reticulate 
or maculate central painting, sometimes strikingly 
resembling lirellae, the rune- or star-like fruit bodies 
of the script lichens that usually measure up to 2 mm, 
but more rarely 5–10 mm in length (Lücking, Archer 
& Aptroot, 2009). The shape, size and appearance of 
fertile script lichens are perfectly mimicked by petioles 
of some Amorphophallus spp., including A. kiusianus 
(Makino) Makino (Fig. 3A) and A. pilosus (Fig. 3C).

Investigated Amorphophallus species bearing 
Graphis type mimicry are: A. adamsensis L.M. Magtoto 
et al., A. atroviridis Hett., A. bufo Ridl., A. bulbifer, 
A. croatii Hett. & A. Galloway, A. cruddasianus Prain 
ex Engl., A. declinatus, A. elatus, A. henryi, A. kiusianus, 
A.  lanuginosus, A.  laoticus, A.  longicomus Hett. & 
Serebryanyi, A. macrorhizus, A. manta Hett. & Ittenbach, 
A. napiger Gagn., A. opertus Hett., A. paeoniifolius, 
A. pilosus, A. prainii and A. yunnanensis.

CryptotheCiA type

Cryptothecia Stirt. and other lichens of similar 
appearance such as Herpothallon Tobler, Chiodecton 
Ach. and Dichosporidium Pat. are relatively large 
lichens, several centimetres in size, which are common 
in the tropics. The thalli are usually pale whitish or 
faintly greenish, usually surrounded by a prothallus 
that is of a conspicuously different colour, either paler 
or darker. Amorphophallus petioles expressing this type 
of mimicry bear patterns of relatively large, roundish to 
ellipsoid marks 1–5 cm long with a conspicuously paler 
or darker margin and a differently coloured centre. They 
resemble tree trunks colonized by a variety of tropical 
rain forest lichen species of genera such as Cryptothecia, 
Chiodecton, Herpothallon and allies having a ±distinct 
pale or coloured prothallus surrounding the proper 
thallus. Amorphophallus spp. exhibiting Cryptothecia 
type mimicry include A. annulifer Hett., A. beccarii Engl., 
A. borneensis (Engl.) Engl. & Gehrm., A. boyceanus 
Hett., A. bufo, A. gigas (Fig. 2A, B), A. hewittii (Fig. 2C), 
A. lambii Mayo & Widjaja, A. manta, A. sagittarius 
Steen. and A. variabilis.

CoenoGonium type

Coenogonium Ehrenberg is a widespread and species-
rich lichen genus in the tropics, commonly found in the 
understory of rainforests. Coenogonium contains purely 
crustose species (formerly placed in Dimerella; Kauff & 
Lutzoni, 2002) and peculiar species with a ±console-like 
growth with half to fully circular thalli raised above the 
bark surface (Coenogonium s.s.). The greenish-yellow 
coloration, the thalli size of usually 1–5 cm and the 
three-dimensional, console-like appearance is nearly 
perfectly mimicked by petioles of A. dactylifer Hett. 
(Fig. 2D). Amorphophallus dactylifer is the only species 
expressing that specific lichen mimicry.

pertusAriA type

Pertusaria DC.  is a large and widespread genus 
of crustose lichens. Many Pertusaria spp. produce 
numerous wart-like fruit bodies that may eventually 
cover large portions of the thallus of the lichen.
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The Amorphophallus petiole exhibits a coloration 
pattern with  smal l , pale  whit ish  marks  o f 
pronounced warty to rugose texture, resembling 
the slightly to distinctly elevated, often almost 

hemispherical fruit warts of Pertusaria spp., which 
are usually 0.5–1.5(–2.0) mm in size (Archer, 2004). 
Examples include P.  cicatricosa Müll.Arg. and 
P. thwaitesii Müll.Arg.

Figure 2.  A, B, Amorphophallus gigas, cyanobacterial-layer type without and with accompanying lichen mimicry of the 
Cryptothecia type. C, A. hewittii displaying Cryptothecia-type lichen mimicry on a reddish layer. D, A. dactylifer displaying 
three-dimensional Coenogonium-type lichen mimicry. Scale bars = 1 cm. Photographs: A, D, Cyrille Claudel; B, W.L.A. 
Hetterscheid; C, Peter C. Boyce.
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The verrucose or rugose surface texture of 
A. infundibuliformis Hett., Dearden & A.Vogel in 
conjunction with a pale coloration, gives a strikingly 
similar appearance to the real lichens. In addition, 
the pale spots of A. infundibuliformis may mimic 

the punctiform or capitate soralia, a vegetative 
propagating structure widespread in species of 
Pertusaria  but also found among members of 
Thelotrematales. Only A. infundibuliformis displays 
this coloration type (Fig. 3B).

Figure 3.  A, Amorphophallus kiusianus, displaying Graphis mimicry on the petiole. B, A. infundibuliformis, displaying 
Pertusaria mimicry. C, A. pilosus mixed lichen mimicry on the petiole including the Pyrenula type. D, A. ferruginosus 
displaying a simple lichenoid-Graphis type pattern. Scale bars = 1 cm. Photographs: Cyrille Claudel.
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cyanobacterial layer type

Petioles are unevenly coloured, often bluish-green and/
or brownish-red. The downward narrowing patterns 
on the petiole resemble colonies of cyanobacteria; 
sometimes the patterns are seemingly shaped by 
seeping water, as if running down the stem of a tree 
(Fig. 2A–C). The cyanobacterial layer type is usually 
combined with lichenoid patterns or lichen mimicry 
in various degrees. In some cases, the cyanobacterial 
layer imitation is prominent (Fig. 2A), even exclusive, 
whereas in other cases, the lichenoid pattern or 
lichen mimicry constitutes the visually dominant 
part, superimposed on a cyanobacterial imitating 
layer (Fig. 2B, C). Moreover, as noted by Hejnowicz 
& Barthlott (2005) for A. gigas, the cyanobacterial 
layer can contain brownish pigmentation, creating the 
visual illusion of a tree bark shimmering through the 
cyanobacterial layer. Amorphophallus spp. displaying 
the cyanobacterial layer type include A. annulifer, 
A. beccarii, A. borneensis, A. boyceanus, A. gigas (Fig. 
2A, B), A. hewittii (Fig. 2C), A. lambii, A. sagittarius 
and A. variabilis.

DISCUSSION

pitfalls anD problems

First of all, we are aware that we cannot provide 
experimental insight that could back up our 
observations by actual defence from actual herbivores. 
Furthermore, we do not have concrete knowledge about 
mammalian Amorphophallus-consuming or trampling 
herbivores. As a consequence, we know nothing about 
their visual perception, a crucial component of visual 
deception. We therefore rely on the assumption that 
if the displayed lichen mimicry is visually convincing 
to the eye of a trained lichenologist, then it is likely 
to deceive any mammalian eye. We therefore only 
describe the putative defensive anti-herbivory 
coloration. Despite these shortcomings, we compiled, 
investigated and deposited all the Amorphophallus 
material we could acquire for the following reasons.

	1.	 The lichen imitations of several species are just too 
striking to be ignored (Figs 1–4). We are convinced 
that the accuracy of the visual lichen mimicry 
and the imitation of lichen-covered young tree 
saplings are significant enough to deserve a proper 
documentation and discussion.

	2.	 Depositing all the accessible Amorphophallus 
material provides ample resources for further 
studies. Other types of camouflage and masquerade 
elements in this genus wait to be unmasked, such 
as the grass-like masquerade of the species of 
the A. aphyllus clade or the colour changes in the 
lamina of A. bufo (Liu et al., 2017) during ontogeny.

	3.	 Finally, we follow the arguments made by Lev-Yadun 
(2016): ‘However, these imperfect explanations 
still allow progress on the issue of defensive plant 
coloration and may stimulate thinking by other 
scientists who may first document aspects of 
plant coloration that have not been documented, 
and second, develop even better theoretical or 
experimental ideas than the ones that exist today’.

Lev-Yadun (2016) exposed the problem of inaccuracy 
and neglect of plant descriptions in the literature 
regarding plant coloration and colour patterns. This 
is also true for Amorphophallus. The descriptions are 
often generalized, something that is not surprising, 
as an accurate description of the complex patterns 
presents a real challenge. However, recent treatments 
and descriptions of Amorphophallus  include 
drawings, and especially pictures, which provide 
some relevant information (e.g. Hetterscheid & Peng, 
1995; Hetterscheid & Ittenbach, 1996; Hetterscheid, 
Ittenbach & Bogner, 1999; Ittenbach, 2003; 
Hetterscheid, 2006; Boyce, Ipor & Hetterscheid, 2010; 
Hetterscheid & Claudel, 2014; Yuzammi-Kurniawan 
et al., 2017).

cyanobacterial layer type

Although Amorphophallus petioles displaying the 
cyanobacterial layer type express variation in the 
pigmentation and shape of the patterns, the overall 
phenomenon is basically similar among the species. 
The coloration and its pattern on the petioles lead 
to the visual resemblance of tree trunks colonized 
by cyanobacteria or by similar microorganisms. The 
appearance of the petiole is often bluish-green and/
or brownish-red (Fig. 3A–C). The coloration is often 
unevenly distributed. It appears to be washed out, 
slightly blurred or smudgy, as if the cyanobacterial 
colonies have been shaped by rain and seeping water. 
In humid habitats, cyanobacteria and lichens are 
commonly found growing together on tree trunks. 
Similarly, the cyanobacterial layer mimicry type is 
usually combined with lichenoid patterns or lichen 
mimicry of the Cryptothecia type in various degrees. 
Figure 2A, B shows some variation in the pattern 
and coloration of A. gigas petioles. In some cases the 
mimicry of a cyanobacterial layer type constitutes 
the main defensive coloration element and is 
accompanied by few lichen-like patterns (Fig. 2A). In 
other specimens or species, the cyanobacterial layer 
is present but only forms a background layer for 
predominant lichen mimicry (Fig. 2B, C). According 
to Hejnowicz and Barthlott (2005), who described  
the cyanobacterial layer type in detail for A. gigas, 
the interspersed brownish pigmentation simulates 
the tree bark shining through the cyanobacterial 
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layer. This signifies that these Amorphophallus 
spp. mimic tree bark, lichens and cyanobacterial 
colonies on one petiole. In other words, three 
unrelated groups of organisms are mimicked on one 
petiole and result in a very elaborate tree-trunk 
masquerade.

lichen mimicry

Some aspects and/or combinations of elements of the 
displayed visual lichen mimicry are more pronounced 
in some Amorphophallus spp. than in others. For 
example, the species included in the lichenoid type 

Figure 4.  A–D, Petiole from A. prainii from top to bottom. A, Highest section of the petiole, lichen imitations are whitish, 
roundish and spaciously arranged. B–D, The density and complexity, including fruit bodies, increases from top to bottom of 
the petiole. Scale bars = 5 cm. Photographs: Cyrille Claudel.
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Figure 5.  Subgenus Metandrium. Petiolar pattern mimicry types ranked in order of complexity ranging from 0 = pattern 
absent to non-lichenoid to 5 = most complex mimicry type (see Appendix) mapped on the phylogenetic tree reproduced from 
Claudel et al. (2017). Colour legend is provided within the tree. Petiolar pattern of grey shaded clades is not known or lacks 
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exhibit simple lichen patterns (e.g. A. ferruginosus; 
Fig. 3D), whereas species such as A. dactylifer (Fig. 
2D) present what looks like an amazingly complex 
and accurate lichen cover, including the mimicry 
of three-dimensional thalli. Some Amorphophallus 
spp., including A. infundibuliformis (Fig. 3B) and 
A. yunnanensis, exhibit only one lichen mimicry 
type, whereas other species, including A. pilosus and 
A. prainii (Figs 3C, 4A–D) mimic several lichen taxa. 
In addition, the lichen taxa may be superimposed 
on the mimicry of a cyanobacterial layer as in, for 
example, A. borneensis and A. gigas (Fig. 2A, B). 
However, the overall phenomenon is basically similar 
among all the Amorphophallus spp. displaying 
petiolar lichen mimicry, and we therefore describe 
the lichen mimicry from a general perspective. We do 
not take into account the patterns displayed on the 
spathes, peduncles and cataphylls of Amorphophallus 
spp. Nevertheless, we want to clarify that in the 
majority of cases the displayed pattern type on the 
spathes, peduncles or cataphylls is similar to that 
on the petiole, but with different intensities. As a 
general rule, the most distinct and accurate pattern 
is displayed on the petiole. The pattern displayed on 
the peduncle is in most cases less complex than the 
one on the according petiole. The pattern displayed 
on the spathes is always less complex than the one 
on the according petiole. The same applies to the 
cataphylls, which usually present a similar or a 
simplified version of the pattern expressed on the 
petioles. However, there are exceptions – such as 
some specimens of A. paeoniifolius and A. titanium 
– that exhibit lichen patterns on the cataphylls, 
which are more complex than the patterns presented 
on the petiole. Moreover, we do not take into 
account petiolar variability in this investigation. 
Some of the investigated species, e.g. A. variabilis 
and A. taurostigma, contain differently patterned 
specimens (see Appendix). Petiolar coloration in these 
species ranges from ‘absent’ to ‘complex mimicry’. 
This implies that putatively every species contains 
differently patterned specimens that necessitates 
further investigations on the species and population 
level of every species.

Lichens are slow-growing symbiotic entities, and 
consequently the lichen community will increase 
in complexity/diversity and density over time and 
in accordance with the growth of the host sapling. 
Older saplings will naturally display a denser and 
more variable lichen cover, giving shelter to an 
increasing number of lichen species. The petioles of 
lichen-mimicking Amorphophallus spp. develop in 
perfect accordance with the typical lichen succession 

on surrounding saplings. Petioles on juvenile 
Amorphophallus plants display less complex lichen 
cover mimicry, with relatively small lichen colonies. 
With the increasing size of the following petioles 
of the maturing plant, the mimicked lichen cover 
becomes more and more complex and pronounced; 
the pigmentation becomes more intense and usually 
darker, thus imitating growth. In some cases it 
culminates in the introduction of new elements, such as 
the introduction of fruit bodies of the mimicked lichen, 
as in the case of A. prainii (Fig. 4A–D). Likewise, the 
Coenogonium elements displayed by A. dactylifer (Fig. 
2D) are nearly even on petioles of juvenile plants and 
become larger and distinctly three-dimensional on the 
subsequently larger petioles. Thus, the size, degree 
and visual intensity of the displayed lichen colonies 
correlate with the increasing size of the subsequent 
Amorphophallus petioles of maturing plants. A small 
petiole displays fewer and less intensely coloured 
lichen colonies than a larger Amorphophallus petiole 
of the same specimen. A similar differentiation can be 
noticed between the upper and more slender part of a 
petiole compared to the basal and thicker part of the 
same petiole. The basal diameter of the petiole in large 
species is roughly twice as large as the apical diameter 
(Hejnowicz & Barthlott, 2005), which translates into a 
denser and more complex lichen cover in the basal part, 
as illustrated for A. prainii in Fig. 4A–D. The increasing 
complexity of the lichen cover of a subsequently larger 
Amorphophallus petiole is thus underlined by an 
increasing expansion and differentiation of the lichen 
colonies from top to bottom of the petiole. This visual 
representation is in accordance with the lichen cover of 
the surrounding saplings. The lichen colonies growing 
in the basal zone of a stem are more compressed and 
overlapping, and they bear more fruiting bodies since 
they represent the oldest lichen colonies.

In summary, the petiolar mimicry of Amorphophallus 
is not restricted to the accurate mimicry of lichen taxa; 
it also mimics the different stages of lichen colonization 
on growing tree saplings. In other words, different 
lichen taxa as well as their succession throughout 
time are mimicked, give a realistic masquerade of tree 
trunks typical to their habitats.

Several visual signals are sent out by the lichen-
mimicking Amorphophallus spp. As suggested by 
Hejnowicz & Barthlott (2005), running animals 
might want to avoid a collision with what appears to 
be a hard, solid tree. Moreover, the tree appearance 
promises to make browsing a useless or unpleasant, 
if not toxic, experience for several reasons. The hard 
bark of many trees has a low nutritive value, and 
lichens themselves are potentially poisonous or 

substantial back-up. Star icon identifies the clade containing A. pilosus mentioned in text. Full analysis of the genus is 
provided in Supplementary Material. Addenda behind the species name indicate plant size (see text).
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Figure 6.  Subgenus Amorphophallus. Petiolar pattern mimicry types ranked in order of complexity ranging from 
0 = pattern absent to non-lichenoid to 5 = most complex mimicry type (see Appendix) mapped on the phylogenetic tree 
reproduced from Claudel et al. (2017). Colour legend is provided within the tree. Petiolar pattern of grey shaded clades is 
not known or lacks substantial back-up. Cross icon identifies the Paeoniifolius-Manta-clade (see text), tilted cross identifies 
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at least hard to digest, as they contain significant 
amounts of secondary metabolites. These may include 
stictic, norstictic, salacinic, protocetraric, gyrophoric, 
confluentic and psoromic acids and atranorin; lichen 
xanthone also occurs in some species of Graphis, 
Pertusaria and Pyrenula (Archer, 2004; Lücking et al., 
2009; Singh & Sinha, 2010).

As if not already complex enough, the defensive 
coloration works at different distances, similar to the 
question raised by Ruxton et al. (2004) concerning 
stone-mimicking Lithops N.E.Br. A close view of the 
Amorphophallus petiole reveals a stunning case of 
visual mimicry, which consists of an accurate mimicry 
of various lichen taxa, and in addition the mimicry of 
their natural ontogeny and succession along a typical 
tree trunk. Perceived from a further distance, the 
Amorphophallus leaf with its umbrella-like lamina looks 
like a lichen-covered sapling, a small tree. The ‘trunk’ 
can reach several metres in height for large species 
and displays a lichen and cyanobacteria cover that is 
in perfect accordance with the surrounding real tree 
saplings. The picture is completed by the often-elliptical 
leaflets of the Amorphophallus lamina with their acute 
to acuminate tips, imitating real leaves on sapling trees. 
From this perspective, the defensive coloration works as 
plant-mimicking defensive visual masquerade, as the 
large, fleshy and easily damaged Amorphophallus leaf 
is perceived as a solid, non-edible woody tree trunk. Last 
but not least, when perceived from a further distance, 
the Amorphophallus ‘tree’ disappears by means of 
camouflage, as it becomes indiscernible, appearing as a 
tree among many other trees (Fig. 1A–D).

phylogenetic anD evolutionary consiDerations

Based on the 50% majority-rule consensus tree of the 
Bayesian analysis presented in Claudel et al. (2017) 
and referenced to in Kite & Hetterscheid (2017), the 
ancestral state reconstruction reveals that only a few 
and comparatively simple lichen mimicries are displayed 
by species of subgenus Afrophallus and no species of 
subgenus Scutandrium (see Supplementary Material). 
Lichen-mimicking Amorphophallus spp. in subgenus 
Afrophallus are A. gomboczianus, A. hildebrandtii, 
A. stuhlmannii and A. taurostigma. However, even if the 
occurrence of mimicry is low in subgenus Afrophallus, 
mimicry is nevertheless displayed in three subgenera 
of Amorphophallus, suggesting that petiolar defensive 
coloration has played a role in the evolution of the genus 
from an early stage. However, most cases of mimicry are 
displayed by species of subgenera Metandrium (Fig. 5) 

and Amorphophallus (Fig. 6). The cyanobacterial and 
lichen mimicry have reached their full potential in the 
Asian lineages, involving the mimicry of different types 
and stages of lichen populations, with or without an 
underlying mimicked cyanobacterial layer on top of the 
‘tree bark’.

The obvious question is whether the occurrence 
of lichen mimicry reveals a phylogenetic trend. Kite 
& Hetterscheid (2017) stated that two phylogenetic 
trends can be observed with regard to odour types in 
Amorphophallus, ranging from odour types ‘mostly 
occurring in related species to apparently being 
co-evolved in unrelated species’. The situation is similar 
in regard to the lichen mimicry discussed here. Lichen-
mimicking species are mainly distributed throughout 
subgenera Amorphophallus and Metandrium. Some 
clades contain solely lichen-mimicking species, 
whereas other clades include lichen-mimicking species 
and species of different coloration types. For example, 
subgenus Amorphophallus contains a well-supported 
clade (Fig. 6; triangle icon above the branch) consisting 
of the Philippine species A. dactylifer and the sister 
species pair of A. declinatus and A. salmoneus Hett. 
Amorphophallus dactylifer displays one of the most 
elaborate lichen mimicry cases, involving mimicry of 
three-dimensional Coenogonium colonies (Fig. 2D), 
whereas A. declinatus displays either a lichenoid 
pattern, or lichen mimicry of the Graphis type. In 
contrast, A. salmoneus has a plain green petiole.

Furthermore, the clade (Fig. 5; star icon above 
the branch) in subgenus Metandrium, consisting of 
A. reflexus Hett. & A.Galloway and A. vogelianus 
Hett . & H.Bi l lenst . , i s  s is ter  to  the  c lade 
containing A.  aberrans Hett., A.  angustispathus  
Hett., A. macrorhizus, A. pilosus, A. cirrifer Stapf, 
A. cruddasianus and A. elatus (Claudel et al., 2017). 
The first two species have unicolorous (A. reflexus) or 
nearly unicolourous (A. vogelianus) petioles, whereas 
the latter display lichenoid patterns or lichen mimicry 
of the Graphis type.

The Paeoniifolius–Manta-clade (Fig. 6; cross icon 
above the branch) of subgenus Amorphophallus 
c onta in ing  A.  angula tus  Het t .  &  A .Voge l , 
A.  bangkokensis  Gagn., A.  bufo , A.  hirsutus 
Teijsm. & Binnend., A. koratensis, A. manta, A.  
opertus, A. paeoniifolius, A. pendulus Bogn. & Mayo, 
A. prainii, A. rostratus and A. scaber Serebryanyi & 
Hett. (Claudel et al., 2017) contains mainly species 
that display distinct petiole patterns. Most of these 
consist of lichenoid patterns or accurate lichen 
mimicry of the Graphis type with the exception of 

the clade containing the large Indonesian species (see text) and triangle identifies the clade containing A. dactylifer (Fig. 
2D) the sole Coenogonium mimicking species. Full analysis of the genus is provided in Supplementary Material. Addenda 
behind the species name indicate plant size (see text).

http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boz014#supplementary-data
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some specimens of A. bufo and A. manta that also may 
display patterns of the Cryptothecia type. Some also 
include blackish dots that may serve as ant mimicry 
(Liu et al., 2017). However, A. bangkokensis displays 
small dark spots not reminiscent of any lichen on 
an otherwise brownish petiole, combined with pale 
stripes. This is a unique character combination in 
the Paeoniifolius–Manta clade and A. bangkokensis 
is the sister species to A. prainii that again displays 
one of the most sophisticated visual lichen mimicry 
in the genus, a mixed Graphis–Pyrenula mimicry.

Similarly, the mimicry of a cyanobacterial layer, 
with or without accompanying lichens of the 
Cryptothecia type, is a characteristic trait of the 
whole clade (Fig. 6; tilted cross icon above the branch) 
of subgenus Amorphophallus, which contains mainly 
Malaysian and Indonesian species such as A. beccarii, 
A.  borneensis, A.  lambii, A.  tinekeae Hett. & A. 
Vogel , A.  variabilis , A.  decus-silvae , A.  gigas , 
A. sagittarius, A. titanum, A. discophorus Backer 
& Alderw. and A. hewittii (Claudel et al., 2017). 
Only A.  titanum seemingly differs in displaying 
comparatively simple lichen mimicry on a basically 
green petiole. Nonetheless, mature plants of 
A. titanum also display a bluish darkening of the basal 
part of the petiole, which can be interpreted as a visual 
equivalent of a cyanobacterial layer. Moreover, even 
if visually relatively simple, the lichenoid patterns 
are variable. Some A. titanum specimens display 
patterns that match the Cryptothecia type, i.e. the 
characteristical ‘lichen’ for this clade, whereas other 
specimens display lichenoid patterns reminiscent 
of the Graphis type. Combined with a conspicuous 
visual mimicry gradient from top to bottom in both 
density and complexity of the mimicked lichen, this 
provides A. titanum with a simple but most effective 
disguise.

Subgenus Amorphophallus contains a clade with 
all the giants of the genus, including A. decus-silvae, 
A. gigas, A. hewittii and A. titanum, and two clades 
containing all the dwarf species of the genus, including 
A. myosuroides Hett. & A.Galloway, A. ongsakulii 
Hett. & A.Galloway, A. pulchellus Hett. & Schuit., 
A. obscurus Hett. & M.Sizemore, A. polyanthus Hett. 
& M.Sizemore, A. pusillus Hett. & Serebryanyi., 
A. serrulatus Hett. & A.Galloway, A. sumawongii 
(Bogn.) Bogn. and A. terrestris Hett. & C.Claudel. None 
of the dwarf species reaches > 20 cm in length.

Without analysing each clade in detail, it is clear that 
the statement in regard to odour types posited by Kite & 
Hetterscheid (2017) ‘... odour types in Amorphophallus 
also show a range of phylogenetic trends, from mostly 
occurring in related species to apparently being 
co-evolved in unrelated species…’ also holds true for 
petiolar mimicry. There is no obvious pattern from a 
phylogenetic perspective, except for its predominance 

in subgenera Metandrium and Amorphophallus. 
However, one trait is salient in all the clades that 
express visual mimicry: plant size. Not every species 
displaying petiolar mimicry is large; however, every 
clade containing mimicry-displaying species contains 
at least one larger growing species. For example, the 
above-mentioned clade (Fig. 5; star icon above the 
branch) consisting of A. aberrans, A. angustispathus, 
A. cirrifer, A. cruddasianus, A. elatus, A. macrorhizus 
and A.  pilosus, contains mostly small-growing 
species, with petioles rarely exceeding half a metre 
(A. aberrans, A. angustispathus, A. cruddasianus) 
or slightly more (A. cirrifer, A. elatus). However, the 
petioles of the phylogenetically most recent species 
of this clade, the sister species A. macrorhizus and 
A. pilosus, exceed 1.1 m (Hetterscheid & Ittenbach, 
1996) or even 1.5 m (Hetterscheid, 1994), respectively, 
and both display some of the most visually accurate 
lichen mimicries.

Similarly, the Paeoniifolius–Manta clade (Fig. 6; 
cross icon above the branch) contains medium-size 
species such as A. bufo (1.0-m petiole, Hetterscheid & 
Ittenbach, 1996) and large ones such as A. paeoniifolius 
(2.0-m petiole, Hetterscheid & Ittenbach, 1996) and 
A. prainii (2.1-m petiole, Hetterscheid & Ittenbach, 
1996), the latter exhibiting one of the most complex 
lichen mimicries of the entire genus.

Finally, the Malaysian-Indonesian clade (Fig. 6; 
tilted cross icon above the branch) contains all the 
species displaying the cyanobacterial layer type, with 
or without accompanying lichen mimicry. Besides 
containing predominantly large-growing species, 
every giant species of the genus is found in this clade, 
such as A. borneensis (2.0-m petiole, Hetterscheid & 
Ittenbach, 1996), A. lambii (2.0-m petiole, Hetterscheid 
& Ittenbach, 1996), A. decus-silvae (3.5-m petiole, 
Hetterscheid & Ittenbach, 1996), A. gigas (4.0-m petiole, 
Hetterscheid & Ittenbach, 1996) and A. titanum (6.0 m 
petiole, McPherson & Hetterscheid, 2011).

This suggests that petiolar mimicry enables the 
species to better deceive herbivores via size increase; 
the tree masquerade becomes more convincing in 
taller and larger trunk imitations. We propose that 
petiolar mimicry was one of the factors selecting 
for larger specimens and, in consequence, led to the 
evolution of larger and giant species, performing tree 
masquerade as defence from herbivores. This raises 
the question: why would small-growing species display 
petiolar mimicry at all? All types combined, petiole 
coloration is displayed by 69% of the investigated 
Amorphophallus material. Some species, including 
A. henryi, A. declinatus and A. yunnanensis, contain 
differently patterned specimens, ranging from simple 
lichenoid patterns to accurate two-dimensional 
lichen mimicry (see Appendix). Considering that 
these species include small (A. henryi) and medium 
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(A.  yunnanensis) and large (A.  yunnanensis and 
A. declinatus) specimens, we assume that petiolar 
mimicry has evolved from a more general petiolar 
coloration type, working, for example as disruptive 
coloration or background matching. In some cases, 
the coloration and pattern may even fit into both 
categories. Especially African and Malagasy species, 
such as A. taurostigma, have a petiolar pattern that 
can be interpreted as lichen mimicry and a background 
matching pattern. However, only few of the species 
featuring petiolar mimicry are large species exceeding 
2 m in height. Thus, petiolar mimicry alone cannot 
account for the evolution of giant, tree masquerade-
performing species such as A. titanum, and additional 
factors have to be taken into consideration. The leaf 
height and width of the lamina of A. titanum can reach 
6 m and more (McPherson & Hetterscheid, 2011), 
and the construction of the lamina ‘relies entirely on 
turgor pressure for mechanical support’ (Hejnowicz & 
Barthlott, 2005). This makes the lamina vulnerable to 
external forces such as running animals and strong 
winds. Furthermore, this type of lamina construction 
requires continuous access to water (Hejnowicz & 
Barthlott, 2005). Further abiotic factors such as 
temperature and the duration as well as the intensity 
of light also need to be consistent throughout the 
year as the leaf persists for 9–24 months (Lobin et al., 
2007). Only a single leaf per growing season is usually 
formed in mature plants and the investment in a leaf 
of such dimensions is huge, despite its lightweight 
construction (Hejnowicz & Barthlott, 2005). Only 
tropical lowland rainforests provide the conditions 
required for the development and evolution of such 
giant leaves. In such ecologies, the temperature and 
light regime are almost constant, and water is not 
a limiting factor. Strong winds are alleviated by the 
emergent layer or by the canopy layer of the forest, 
creating an almost windless environment on the forest 
floor and in the understory layer (Baynton et al., 1965; 
Zhang et al., 2006). Based on the world map of the 
Köppen–Geiger climate classification (Peel, Finlayson 
& McMahon, 2007), only the Malay Archipelago and the 
Congo Basin provide the necessary climatic conditions 
for the development of giant Amorphophallus leaves. 
And indeed, every Amorphophallus sp. that displays 
petiolar mimicry and exceeds 2 m in height is confined 
to the Malay Archipelago. In other words, petiolar 
mimicry is not restricted to a specific Amorphophallus 
clades or to specific climatic conditions. However, 
masquerade as a tree trunk based on both large 
petioles and petiolar mimicry is restricted to specific 
climatic conditions and is, as far as we know, confined 
to the Malay Archipelago.

This brings us to the question of the occurrence of 
tree masquerade-performing Amorphophallus spp. in 
the Congo Basin, as the provided climatic conditions 

meet the above-mentioned criteria. However, the few 
Amorphophallus spp. (e.g. A. bequaertii De Wildeman 
and A. calabaricus subsp. mayoi Ittenb.) found nearest 
to this region are only known from sites not providing 
tropical lowland rainforest conditions. They were 
either collected at sites at the border of the tropical 
rainforest climatic zone, or they were collected at 
sites at higher elevations, thus not meeting in full the 
formulated criteria. As for the tropical lowland of the 
Congo Basin, it is an understudied area with regard 
to the occurrence of Amorphophallus spp.; it should 
be investigated for tree masquerade-performing 
Amorphophallus spp.

CONCLUSIONS AND PERSPECTIVES

We have provided pictorial support for an intriguing 
and unique defensive coloration strategy on 
Amorphophallus petioles based on mimicry, i.e. 
plants expressing defensive visual masquerade and 
camouflage via lichen and cyanobacterial mimicry. 
We investigated the occurrence of petiolar mimicry 
and tree-trunk masquerade in Amorphophallus using 
all available taxa (138 species) and discussed the 
results in a phylogenetic and evolutionary context. 
Future studies could include in-depth analyses of 
defensive coloration strategies of specific species, 
including the assessment of petiole pattern variation 
within populations or species, particularly colour 
polymorphism. Moreover, the assessment of relevant 
herbivores and their perception and by consequence 
the design and execution of in situ experiments would 
be desirable. Last but not least, the question whether 
Amorphophallus spp. in the Congo Basin express 
visual tree-trunk masquerade remains to be answered.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Supplementary Figure 1. Petiolar pattern mimicry types ranked in order of complexity ranging from 0 = pattern 
absent to non-lichenoid to 5 = most complex mimicry type (see Appendix) mapped on the Bayesian majority-
rule consensus tree reproduced from Claudel et al. (2017) with Bayesian posterior probability values below the 
branches. The four subgenera of the genus Amorphophallus are indicated below the branches. Colour legend 
is provided within the tree. Petiolar pattern of grey shaded clades is not known or lacks substantial back up. 
Addenda behind the species name indicate plant size (see text).
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APPENDIX

Taxon Voucher Coloration type Character 
state

A. adamsensis L.M.Magtoto et al. Original publication Graphis type 2
A. albispathus Hett. HBG 2014-G-42, HBG 2014-G-35, 

HBG 2014-G-36, HBG 2014-G-37, 
HBG 2014-G-39, HBG 2009-G-45

non-lichenoid pattern 0

A. albispathus Hett. HBG 2009-G-44, HBG 2009-G-43 unicolour 0
A. albus Liu & Wei HBG 2007-G-35, HBG 2009-G-46 non-lichenoid pattern 0
A. amygdaloides Hett. & 

M.Sizemore
HBG 2009-G-47 non-lichenoid pattern 0

A. andranogidroensis Hett. & 
Mangelsdorff

HBG 2012-G-3 non-lichenoid pattern 0

A. angolensis (Welw. ex Schott) 
N.E.Br.

HBG 2016-G-384 unicolour 0

A. ankarana Hett. HBG 2014-G-50 non-lichenoid pattern 0
A. annulifer Hett. H.AM 119 cyanobacterial-Cryptothecia 

type
5

A. antsingyensis Bogner, Hett. & 
Ittenb.

HBG 2014-G-43 unicolour 0

A. aphyllus (Hook.) Hutch.  non-lichenoid pattern/
masquerade

0

A. arcuspadix A.Galloway, 
A. Ongsakul, & P.Schmidt

HBG 2014-G-201 unicolour 0

A. asterostigmatus Bogn. & Hett. HBG 2007-G-55, HBG 2014-G-154, 
HBG 2014-G-152, HBG 2014-G-155

non-lichenoid pattern 0

A. atrorubens Hett. & M.Sizemore HBG 2014-G-169 unicolour 0
A. atroviridis Hett. HBG 2007-G-57, HBG 2007-G-58, 

HBG 2014-G-179, HBG 2014-G-178
Graphis type 2

A. bangkokensis Gagn. HBG 2014-G-170 non-lichenoid pattern 0
A. baumannii (Engl.) N.E.Br. H.AM 1232 unicolour 0
A. beccarii Engl. H.AM 300 cyanobacterial-Cryptothecia 

type
5

A. borneensis (Engl.) Engl. & 
Gehrm.

H.AM 158 cyanobacterial-Cryptothecia 
type

5

A. boyceanus Hett. HBG 2012-G-78 cyanobacterial-Cryptothecia 
type

5

A. brachyphyllus Hett. HBG 2007-G-61 unicolour 0
A. brevipetiolatus A.Galloway, 

A.Ongsakul, & P.Schmidt
HBG 2015-G-159, HBG 2015-G-162 unicolour 0

A. brevispathus Gagn. HBG 2014-G-93 unicolour 0
A. bufo Ridl.  Cryptothecia and/or Graphis 

type
2

A. bulbifer (Roxb.) Bl. HBG 2001-G-40, HBG 2007-G-63 mixed Graphis/Pyrenula type 4
A. carneus Ridl. HBG 2014-G-159 non-lichenoid pattern 0
A. cicatricifer Ridl. HBG 2014-G-128, HBG 2014-G-134, 

HBG 2014-G-145
unicolour 0

A. coaetaneus Liu & Wei HBG 2015-G-163, HBG 2015-G-169 unicolour 0
A. commutatus (Schott) Engl. HBG 2014-G-167 non-lichenoid pattern 0
A. consimilis Bl. HBG 2007-G-66, HBG 2014-G-49, 

HBG 2015-G-172, HBG 2015-G-173
non-lichenoid pattern 0

A. corrugatus N.E.Br. HBG 2007-G-68 non-lichenoid pattern 0
A. coudercii (Bogn.) Bogn. H.AM 241 non-lichenoid pattern 0
A. croatii Hett. & A.Galloway H.AM 1432 Graphis type 2
A. cruddasianus Prain ex Engl. HBG 2014-G-91, HBG 2016-G-385 Graphis type 2



LICHEN MIMICRY IN AMORPHOPHALLUS  211

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 192–214

Taxon Voucher Coloration type Character 
state

A. curvistylis Hett. HBG 2014-G-161, HBG 2014-G-162 unicolour 0
A. dactylifer Hett. HBG 2007-G-69 Coenogonium type 3
A. declinatus Hett. HBG 2014-G-177 Graphis type 2
A. declinatus Hett. HBG 2014-G-176 lichenoid-Graphis type 1
A. decus-silvae Backer & Alderw.  cyanobacterial-Cryptothecia 

type
5

A. dracontioides (Engl.)  non-lichenoid pattern/
masquerade

0

A. dunnii Tutch. H.AM 001 lichenoid-Graphis type 1
A. dzui Hett. HBG 2013-G-38 unicolour 0
A. eburneus Bogn. H.AM 311 unicolour 0
A. eichleri (Engl.) Hook.f. HBG 2016-G-267 unicolour 0
A. elatus Ridl. HBG 2015-G-164 mixed Graphis/Pyrenula type 4
A. elliottii Hook.f. H.AM 1735 non-lichenoid pattern/

masquerade
0

A. excentricus Hett. HBG 2017-G-90 non-lichenoid pattern 0
A. fallax (Serebryanyi) Hett. & 

C.Claudel
H.AM 166 non-lichenoid pattern 0

A. ferruginosus A.Galloway HBG 2013-G-31, HBG 2014-G-200, 
HBG 2015-G-160

lichenoid-Graphis type 1

A. fuscus Hett. HBG 2007-G-73, HBG 2014-G-151 non-lichenoid pattern 0
A. galbra F.M.Bailey HBG 2014-G-164 lichenoid 1
A. gallowayi Hett. (Laos) H.AM 1431 unicolour 0
A. gigas Teijsm. & Binnend. HBG 2007-G-74 cyanobacterial-Cryptothecia 

type
5

A. glossophyllus Hett. HBG 2014-G-118 unicolour 0
A. gomboczianus Pic. Serm. HBG 2009-G-61 Pyrenula type 2
A. haematospadix Hook.f. HBG 2007-G-75, HBG 2014-G-153, 

HBG 2014-G-150
unicolour 0

A. henryi N.E.Br. HBG 2007-G-76, HBG 2014-G-83, 
HBG 2014-G-84, HBG 2014-G-90

Graphis type 2

A. henryi N.E.Br. HBG 2014-G-81, HBG 2014-G-82, 
HBG 2014-G-85

lichenoid-Graphis type 1

A. hewittii Alderw.  cyanobacterial-Cryptothecia 
type

5

A. hildebrandtii (Engl.) Engl. & 
Gehrm.

HBG 2014-G-55 lichenoid 1

A. hildebrandtii (Engl.) Engl. & 
Gehrm.

HBG 2009-G-62 lichenoid–sorediate with 
capitate or punctiform soralia

1

A. hottae Bogn. & Hett. HBG 2015-G-165, HBG 2015-G-166 lichenoid-Graphis type 1
A. impressus Ittenb. H.AM 1381 non-lichenoid pattern 0
A. infundibuliformis Hett., Dearden 

& A.Vogel
 Pertusaria type 3

A. interruptus Engl. & Gehrm. HBG 2007-G-86, HBG 2014-G-127 unicolour 0
A. johnsonii N.E.Br. HBG 2007-G-87 unicolour 0
A. josefbogneri Hett. HBG 2014-G-180 unicolour 0
A. julaihii Ipor, Tawan & P.C.Boyce HBG 2012-G-73 unicolour 0
A. juliae P.C.Boyce & Hett. HBG 2012-G-71 non-lichenoid pattern 0
A. kienluongensis V.D.Nguyen, Luu 

& Hett.
HBG 2017-G-88 unicolour 0

A. kiusianus (Makino) Makino HBG 2007-G-91, HBG 2007-G-92 mixed Graphis/Pyrenula type 4

APPENDIX  Continued
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Taxon Voucher Coloration type Character 
state

A. konjac K.Koch HBG 2007-G-95 non-lichenoid pattern 0
A. konjac K.Koch HBG 2007-G-71, HBG 2007-G-96 non-lichenoid pattern 0
A. koratensis Gagn. H.AM 1074 lichenoid-Graphis type 1
A. krausei Engl. HBG 2007-G-100, HBG 2014-G-203 non-lichenoid pattern 0
A. lacourii Linden & Andre H.AM 245 non-lichenoid pattern 0
A. lambii Mayo & Widjaja H.AM 1239 cyanobacterial-Cryptothecia 

type
5

A. lanceolatus (Serebryanyi) Hett.  
& C.Claudel

H.AM 179 non-lichenoid pattern 0

A. lanuginosus Hett. HBG 2012-G-74 mixed Graphis/Pyrenula type 4
A. laoticus Hett. HBG 2014-G-204, HBG 2014-G-206, 

HBG 2014-G-207, HBG 2014-G-208
mixed Graphis/Pyrenula type 4

A. latifolius (Serebryanyi) Hett. & 
C.Claudel

H.AM 167 non-lichenoid pattern 0

A. lewallei Malaisse & Bamps HBG 2007-G-102 unicolour 0
A. longicomus Hett. & Serebryanyi  Graphis type 2
A. longiconnectivus Bogn. H.AM 1132 non-lichenoid pattern 0
A. longituberosus (Engl.) Engl. & 

Gehrm.
HBG 2014-G-28, HBG 2014-G-30 non-lichenoid pattern 0

A. lunatus Hett. & M.Sizemore HBG 2014-G-107, HBG 2014-G-156 non-lichenoid pattern 0
A. macrophyllus (Gagn. ex 

Serebryanyi) Hett. & C.Claudel
H.AM 178 non-lichenoid pattern 0

A. macrorhizus Craib H.AM 990 mixed Graphis/Pyrenula type 4
A. mangelsdorffii Bogn. RMM 550 unicolour 0
A. manta Hett. & Ittenbach  Cryptothecia and/or Graphis 

type
2

A. margaritifer (Roxb.) Kunth H.AM 422 non-lichenoid pattern 0
A. maximus (Engl.) N.E.Br. HBG 2014-G-185 non-lichenoid pattern 0
A. maxwellii Hett. HBG 2007-G-106 non-lichenoid pattern 0
A. mossambicensis (Schott ex 

Garcke) N.E.Br.
HBG 2009-G-57, HBG 2014-G-57, 

HBG 2014-G-44
non-lichenoid pattern 0

A. muelleri Bl. HBG 2007-G-111 lichenoid-Graphis type 1
A. myosuroides Hett. & A.Galloway HBG 2013-G-3, HBG 2013-G-91 unicolour 0
A. napalensis (Wall.) Bogner & 

Mayo
HBG 2007-G-112, HBG 2014-G-146 non-lichenoid pattern 0

A. napiger Gagn. H.AM 852, H.AM 708 Graphis type 2
A. natolii Hett., A.Wistuba, 

V.B.Amoroso, M.Medecilo & 
C.Claudel

HBG 2012-G-57 non-lichenoid pattern 0

A. natolii Hett., A.Wistuba, 
V.B.Amoroso, M.Medecilo & 
C.Claudel

HBG 2012-G-55 unicolour 0

A. niahensis P.C.Boyce & Hett. HBG 2012-G-70 unicolour 0
A. obscurus Hett. & M.Sizemore  unicolour 0
A. ochroleucus Hett. & V.D.Nguyen HBG 2007-G-113, HBG 2014-G-255, 

HBG 2015-G-167
lichenoid-Pyrenula type 1

A. ongsakulii Hett. & A.Galloway HBG 2007-G-114 unicolour 0
A. operculatus (ined.) HBG 2007-G-115, HBG 2014-G-124 unicolour 0
A. opertus Hett. H.AM 141 Graphis type 2
A. paeoniifolius (Dennst.) Nicolson HBG 2007-G-116, HBG 2014-G-160, 

HBG 2014-G-181, A0-G-8828
lichenoid-Graphis type 1

APPENDIX  Continued
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Taxon Voucher Coloration type Character 
state

A. palawanensis Bogn. & Hett. HBG 2014-G-172, HBG 2014-G-173 unicolour 0
A. pilosus Hett. HBG 2014-G-202 mixed Graphis/Pyrenula type 4
A. polyanthus Hett. & M.Sizemore HBG 2017-G-89 unicolour 0
A. prainii Hook.f. HBG 2014-G-147, HBG 2014-G-215 mixed Graphis/Pyrenula type 4
A. prolificus Hett. & A.Galloway H.AM 1245 unicolour 0
A. pulchellus Hett. & Schuit. HBG 2014-G-122 unicolour 0
A. putii Gagn. HAM 972, H.AM 697 lichenoid-Graphis type 1
A. pygmaeus Hett. HBG 2007-G-121 unicolour 0
A. ranchanensis Ipor, Tawan, Simon, 

Meekiong & Fuad 
 lichenoid 1

A. reflexus Hett. & A.Galloway HBG 2014-G-31 unicolour 0
A. rhizomatosus Hett.  unicolour 0
A. richardsiae Ittenb. HBG 2007-G-130 non-lichenoid pattern 0
A. rostratus Hett. HBG 2016-G-268 lichenoid 1
A. sagittarius Steen.  cyanobacterial-Cryptothecia 

type
5

A. salmoneus Hett. HBG 2014-G-109, HBG 2014-G-125, 
HBG 2014-G-165, HBG 2014-G-171

unicolour 0

A. saururus Hett. HBG 2014-G-174 unicolour 0
A. schmidtiae Hett. & A.Galloway HBG 2013-G-2, HBG 2013-G-32 unicolour 0
A. scutatus Hett. & T.C.Chapman HBG 2014-G-89 non-lichenoid pattern 0
A. serrulatus Hett. & A.Galloway HBG 2017-G-85 unicolour 0
A. sizemoreae Hett. HBG 2007-G-127, H.AM 985 unicolour 0
A. stuhlmannii (Engl.) Engl. & 

Gehrm.
H.AM 1215 lichenoid-Graphis type 1

A. sumawongii (Bogn.) Bogn. HBG 2012-G-16, HBG 2014-G-40 non-lichenoid pattern 0
A. symonianus Hett. & M.Sizemore HBG 2014-G-96, HBG 2014-G-97, 

HBG 2014-G-98, HBG 2017-G-81
non-lichenoid pattern 0

A. symonianus Hett. & M.Sizemore HBG 2014-G-87 unicolour 0
A. taurostigma Ittenb. & Hett. HBG 2014-G-45 lichenoid-Graphis type 1
A. taurostigma Ittenb. & Hett. HBG 2014-G-46 non-lichenoid pattern 0
A. taurostigma Ittenb. & Hett. HBG 2009-G-50 unicolour 0
A. tenuispadix Hett. HBG 2007-G-136, HBG 2014-G-29 non-lichenoid pattern 0
A. tenuistylis Hett. HBG 2014-G-149 non-lichenoid pattern 0
A. terrestris Hett. & C.Claudel HBG 2014-G-254 non-lichenoid pattern 0
A. thaiensis S.-Y.Hu HBG 2014-G-86 lichenoid-Graphis type 1
A. thaiensis S.-Y.Hu HBG 2007-G-137, HBG 2014-G-99 non-lichenoid pattern 0
A. titanum (Becc.) Becc. ex ArcangeliHBG 2017-G-95 lichenoid-cyanobacterial/

Cryptothecia type
1

A. titanum (Becc.) Becc. ex ArcangeliHBG 2007-G-138, HBG 2017-G-94 lichenoid-cyanobacterial/
Graphis type

1

A. tonkinensis Engl. & Gehrm. HBG 2017-G-86 non-lichenoid pattern 0
A. tuberculatus Hett. & V.D.Nguyen HBG 2012-G-75, HBG 2012-G-76 lichenoid-Graphis type 1
A. variabilis Bl. HBG 2007-G-141, HBG 2007-G-142 cyanobacterial-Cryptothecia 

type
5

A. variabilis Bl. HBG 2007-G-140, HBG 2012-G-13, 
HBG 2014-G-213

lichenoid-Graphis type 1

A. variabilis Bl. HBG 2007-G-139 unicolour 0
A. verticillatus Hett. HBG 2007-G-144, HBG 2013-G-1 unicolour 0
A. vogelianus Hett. & H.Billenst. HBG 2007-G-145, HBG 2014-G-138, 

HBG 2014-G-139
non-lichenoid pattern 0

APPENDIX  Continued



214  C. CLAUDEL ET AL.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 190, 192–214

Taxon Voucher Coloration type Character 
state

A. xiei Li & Dao HBG 2013-G-25 non-lichenoid pattern 0
A. yuloensis H.Li HBG 2007-G-146, HBG 2013-G-29, 

HBG 2013-G-30, HBG 2014-G-100, 
HBG 2014-G-101, HBG 2014-G-102

unicolour 0

A. yunnanensis Engl. HBG 2007-G-151, HBG 2007-G-153, 
HBG 2014-G-88, HBG 2014-G-105

Graphis type 2

A. yunnanensis Engl. HBG 2014-G-79 lichenoid-Graphis type 1

APPENDIX  Continued
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Abstract
The genus Amorphophallus encompasses some 230 species and is one of the largest genera of the Araceae family. Most spe-
cies release scents, smelling of carrion, faeces, dung and similar nauseating odours for pollinator attraction and are therefore 
considered to have evolved a deceptive pollination syndrome. Some of the most iconic members of the genus, such as the 
A. titanum and A. gigas, are considered to be carrion mimics. Copro-necrophagous insects, beetles and flies in particular, 
are attracted by these scents and are therefore assumed to act as pollinators. However, many reports and observations on 
Amorphophallus pollinators are anecdotal in nature or do not distinguish between legitimate pollinators and non-pollinating 
visitors. Moreover, some published observations are not readily accessible as they are many decades old. Therefore, the 
available data and information about insect visitors and/or pollinators in the genus Amorphophallus is compiled, reviewed 
and discussed.

Keywords  Coleoptera · Diptera · Insects · Pollination · Scent compounds

Amorphophallus

The genus Amorphophallus Blume ex Decne. (Araceae) 
has a palaeotropical distribution with the majority of spe-
cies originating in Africa, Continental Asia and Southeast 
Asia (Claudel et al. 2017). It currently encompasses some 
230 validly published species (WCVP 2021; Bustamante 
et  al. 2020; Tamayo et  al. 2021). The Amorphophallus 
inflorescence consists of a spadix surrounded by a spathe 
(Mayo et al. 1997) (Fig. 1a). The spathe is usually funnel-
shaped but may occasionally be differentiated into a limb 
and a kettle, forming a chamber or a trap (Bröderbauer et al. 
2012) (Fig. 1b). The spadix is subdivided into three zones 
(Fig. 1b). The lowermost zone that bears the female (pis-
tillate) flowers (Fig. 1c), the adjacent zone that bears the 
male (staminate) flowers and a terminal zone, consisting of 
the appendix (Fig. 1b) that essentially serves the purpose of 

scent production and emission (Hetterscheid and Ittenbach 
1996; Kite and Hetterscheid 2017).

Amorphophallus inflorescences are protogynous and 
anthesis usually lasts for 2 days. On the first day of anthesis 
the stigmas of the pistillate flowers are receptive. On the sec-
ond day of anthesis, pollen is released by the staminate flow-
ers (Fig. 1d). Once the pollen is released, the female flow-
ers are no longer receptive and self-pollination is prevented 
(Mayo et al. 1997; Hesse 2006). Usually, stigma receptivity 
is announced by the emission of characteristic scent com-
pounds which serve to attract pollinators. In some species, 
such as A. konjac K. Koch, A. paeoniifolius (Dennst.) Nicol-
son and A. titanum Becc. ex Arcang, the scent volatilisa-
tion is enhanced through heat generation by the appendix 
(Skubatz et al. 1990; Barthlott et al. 2009; Korotkova and 
Barthlott 2009; Lamprecht and Seymour 2010).

The most famous species of the genus Amorphophallus 
are the two giants of the genus, A. titanum and A. gigas 
Teijsm and Binnend. These species develop large leaves and 
inflorescences, the latter exceeding three metres height (Het-
terscheid 1994; Hetterscheid and Ittenbach 1996; McPherson 
and Hetterscheid 2011). The inflorescences carry spathes 
that are inwardly purplish and are accompanied by foul 
smells of decomposing organic material, such as carrion, 
and are therefore referred to as “carrion” or “corpse flowers” 

Handling Editor: Dagmar Voigt.
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(Barthlott and Lobin 1998; Barthlott et al. 2009; Chen et al. 
2015; Jürgens and Shuttleworth 2016; Raman et al.  2017).

The scent compounds of nearly a hundred Amor-
phophallus species have been analysed (Kite and Het-
terscheid 1997, 2017; Kite et al. 1998; Kakishima et al. 
2011; Lamprecht and Seymour 2010; Shirasu et al. 2010; 
Chen et al. 2015; Raman et al. 2017) and most species 
release scent types that include “carrion, faeces, urine, 
dung, fishy, sewerage, nauseating gaseous, rancid cheese, 

fermenting fruit and mushrooms” (Kite and Hetterscheid 
2017). These odour types are effective cues for insects that 
search for such substrates for feeding, mating or breed-
ing, indicating the deceptive nature of the majority of 
Amorphophallus species (Kite et al. 1998; Jürgens et al. 
2006, 2013; Vereecken and McNeil 2010; Urru et al. 2011; 
Johnson and Schiestl 2016; Kite and Hetterscheid 2017). 
The deceived targets are usually Diptera or Coleoptera 
(Wiens 1978; Faegri and Van der Pijl 1979; Johnson and 

Fig. 1   Amorphophallus johnso-
nii. a Inflorescence consisting 
of a spadix surrounded by a 
constricted spathe, separated 
into a limb and a base form-
ing a floral chamber. b Same 
inflorescence cut open, showing 
the female flowers at the base, 
followed by the male flower 
zone and the appendix above. 
Note the broadened appendix 
base, which in combination with 
the constriction and the slippery 
floral chamber make it difficult 
for insects to leave once they 
have entered. c Close-up of the 
female flower zone and the male 
flower zone. Note the hair-like 
papillae covering the base inside 
the floral chamber. d Section 
from (c). Extrusion of pollen 
strands on the second day of 
anthesis. Scale bars: A = 10 cm. 
B = 5 cm. C = 1 cm. D = 0.5 cm. 
Photographs: Cyrille Claudel
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Schiestl 2016), defining most Amorphophallus species as 
oviposition-site mimics.

However, there are exceptions, as some Amorphophallus 
species are sweetly scented. Two clades, containing 13 of 
the 92 investigated species, release sweet odour types based 
on aromatic hydrocarbons, such as 1-phenylethanol deriva-
tives or 4-methoxyphenethyl alcohol (Kite and Hetterscheid 
1997, 2017). These odour types appear quite different from 
carrion, dung or other scent types that indicate decompo-
sition of organic matter. However, it must be considered 
that methoxylated aromatics, 4-methoxyphenethyl alcohol 
in particular, are strong attractants to various beetle taxa 
(Dötterl et al. 2012; Tóth et al. 2017; Lohonyai et al. 2018). 
That said, 4-methoxyphenethyl alcohol does not appear to 
be related to decomposition processes. However, although 
pleasantly scented to the human nose, at least one 1-phe-
nylethanol derivative, acetophenone, is a sweet odour that 
is released during cadaveric decomposition (Buis 2016). 
Therefore, these contrasting odour types may be very simi-
lar from a functional perspective, and a necrophagous insect 
might be similarly attracted to nauseating odours as to “the 
sweet stench of decay” (Ollerton and Raguso 2006).

However, the knowledge about pollinators in Amor-
phophallus is limited, particularly if the large size of the 
genus and its geographical spread are considered. Some 
reports consist in casual observations and rely on one single 
inflorescence. Furthermore, the distinction between insect 
visitors and pollinators is rarely specified, which makes it 
challenging to evaluate the plant-pollinator interaction in the 
genus Amorphophallus. Therefore, the available information 
is compiled and evaluated to bring together the observa-
tions about pollinators in Amorphophallus that are scattered 
through the literature, often extending over many decades.

Pollinators

Beetles are the main known pollinator group reported for 
Amorphophallus (Moretto et  al. 2019). Commonly, but 
not exclusively, three Scarabaeoidea families act as Amor-
phophallus pollinators, according to Moretto et al. (2019). 
These are the Dynastidae, more precisely the genus Peltono-
tus in India and South East Asia, the Hybosoridae, i.e., the 
genus Phaeochrous in Southeast Asia and Africa; and the 
copro-necrophagous Scarabaeidae in Southeast Asia and 
India (Moretto et al. 2019). Some Amorphophallus species, 
such as A. hohenackeri (Schott) Engl. and Gehrm., A. john-
sonii N.E. Br., A. konkanensis Hett., Yadav and Patil, A. 
julaihii Ipor, Tawan and P.C. Boyce, A. sylvaticus (Roxb.) 
Kunth and A. variabilis Bl. are considered specialists, polli-
nated by a single beetle species (van der Pijl 1937; Sivadasan 
and Sabu 1989; Beath 1996; Punekar and Kumaran 2010; 
Chai and Wong 2019).

However, most Amorphophallus species that have been 
investigated seem to attract a multitude of insects (van der 
Pijl 1937; Bogner 1976; Hetterscheid 1994; Beath 1996; 
Giordano 1999; Jung 2006; Punekar and Kumaran 2010; 
Gibernau 2011; Chaturvedi 2017; Moretto et al. 2019; Chai 
and Wong 2019); or, as in the case of A. paeoniifolius, the 
reported observations are contradictory (Singh and Gadgil 
1995; Grimm 2009; Sites 2017). Also, considering the large 
size of the genus Amorphophallus (> 230 species; WCVP, 
2021; Bustamante et al. 2020; Tamayo et al. 2021) very 
few actual field studies were conducted. As a consequence, 
actual pollination has rarely been observed and there are 
even fewer reports that include observations on fruit set, 
which could validate if the observed insects are truly the 
pollinators (Singh and Gadgil 1995; Beath 1996; Jung, 2006; 
Chai and Wong 2019).

In order to evaluate and discuss the reported insect and 
non-insects visitors and pollinators, all the known pollina-
tors, putative pollinators and visitors of Amorphophallus are 
listed in Table 1. The distinction between pollinator, putative 
pollinator and visitor is based on several considerations, first 
and foremost the observations and statements provided in 
the references. However, not all references make a distinc-
tion between a visitor and a pollinator, and some reports 
are contradictory. For example, Trigona bees are either not 
categorised at all, or categorised either as visitors or as pol-
linators, depending on the report. Similarly, some Diptera 
have been observed crawling on the stigma but were not 
reported as pollinators. However, they might contribute to 
pollination and are classified as putative pollinators in such 
cases. As for the visitors, they are usually classified in the 
various reports as such, on the grounds that they never visit 
the female flower zone, or if they are rare and the visiting 
organism, such as Arachnida, does not match the pollinating 
type. However, such visitors may also play a role in pollina-
tion as predators.

As previously mentioned, the most common pollina-
tors in Amorphophallus belong to the three beetle families 
Dynastidae, Hybosoridae and Scarabaeidae (Moretto et al. 
2019). However, smaller beetle taxa, i.e., Nitidulidae and 
Staphylinidae, also visit Amorphophallus inflorescences and 
act as pollinators (van der Pijl 1937; Punekar and Kumaran 
2010; Chen et al. 2015; Chai and Wong 2019). Furthermore, 
fly pollination has also been mentioned. Amorphophallus 
angolensis subsp. maculatus (N. E. Br.) Ittenb., A. prainii, 
A. konjac, A. titanum and A. gomboczianus were reported 
to be pollinated or at least visited by flies (Gombocz 1936; 
Bogner 1976; Soepadmo 1973; Chen et al. 2015). Whilst 
Gombocz (1936) and Soepadmo (1973) only casually men-
tioned flies as pollinators, Bogner (1976) reported them as 
pollinators with certainty, together with the beetle Phaeo-
chrous camerunensis. Chen et al. (2015) investigated the 
olfactory and visual attractors in A. konjac and provided 
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detailed experiments and observations. A total of 12 fly 
genera belonging to the three families Calliphoridae, Sar-
cophagidae and Muscidae were recorded to be attracted to 
A. konjac inflorescences, and the main visitors were species 
of the fly genera Lucilia and Chrysomya (Chen et al. 2015). 
However, Chen et al. (2015) did not investigate the fruit set. 
Moreover, Chen et al. (2015) also mentioned Dermaptera 
as well as several beetle families as natural pollinators of 
A. konjac, namely Histeridae, Staphylinidae and Nitiduli-
dae. For the time being therefore, the effectiveness of the 
recorded fly genera (Chen et al. 2015) acting as pollinators 
for A. konjac remains unsubstantiated for the time being.

Drosophila flies, usually not as pollinators but as visi-
tors, have been documented in A. bulbifer (Roxb.) Bl., A. 
commutatus (Schott) Engl. (Punekar and Kumaran 2010), 
A. henryi N.E. Br. (Jung 2006), A. napalensis (Wall.) Bog-
ner and Mayo (Chaturvedi 2017), and A. titanum (Giordano 
1999). Likewise, flies from the Calliphoridae and the Mus-
cidae have been observed as visitors in most of these species 
(Giordano 1999; Jung 2006; Punekar and Kumaran 2010). 
However, their exact contribution to pollination remains 
unclear in most cases even though they have occasionally 
been observed to crawl on the female flowers (Giordano 
1999; Punekar and Kumaran 2010).

Moreover, ants (Formicidae) and cockroaches (Blaberi-
dae/Panesthiinae) were observed as visitors in several Indian 
Amorphophallus species (Punekar and Kumaran 2010). Ants 
and cockroaches (Blattoidae and Blattodea) were also found 
as visitors in A. henryi and A. titanum (Jung 2006; Giordano 
1999) whereas ants without cockroaches were observed to 
crawl at the spathe base in A. koratensis (pers. comm. Sut-
thinut Soonthornkalump).

In A. napalensis, even honey bees (Apis indica) were 
recorded as flower visitors (Chaturvedi 2017). Also, earwigs 
(Dermaptera) were reported to be pollinators in A. konjac 
(Chen et al. 2015), and stingless bees (Trigona spp.) have 
been reported on several occasions as visitors or putative 
pollinators in several Amorphophallus species (Hettersc-
heid 1994; Singh and Gadgil 1995; Giordano 1999; Punekar 
and Kumaran 2010; Chaturvedi 2017). However, only one 
study explicitly reported that stingless bees (Trigona sp.) 
act as pollinators (Punekar and Kumaran 2010). Neverthe-
less, 14 years earlier, it was questioned if Trigona bees are 
likely to act reliably as pollinators in Amorphophallus (Het-
terscheid and Ittenbach 1996). However, they have been 
repeatedly observed crawling on both male and female 
flowers of A. titanum and A. koratensis and carrying pol-
len (Hetterscheid 1994; Giordano 1999; pers. comm. Sut-
thinut Soonthornkalump). Moreover, considering the varied 
trophic preferences of stingless bees (Eltz 2001), it seems at 
least possible that they are attracted to Amorphophallus spe-
cies. Recently, two fungi species of Cladosporium have been 
identified that form a fungal layer at the base of A. titanum G
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inflorescences (Ruprecht et al. 2021). Referring to Sayyad 
and Mulani (2016), Ruprecht et al. (2021) propose that 
Cladosporium species grow as endophytes in A. titanum, 
forming a fungal layer at the spathe base during inflores-
cence development. If these findings are confirmed in situ, 
future investigations will have to consider and investigate the 
impact of fungal layers on pollinator attraction, considering 
that Trigona collina stingless bees have been observed to 
harvest mold spores (Rhizopus sp.) (Eltz 2001).

As a side note, most Trigona bees reported as putative 
pollinators of Amorphophallus have not been identified at 
the species level (Hetterscheid 1994; Punekar and Kumaran 
2010; Chaturvedi 2017). However, the genus Trigona has 
been extensively revised in the meantime and various Asian 
species have been transferred to other genera (Michener 
2007). For this reason, stingless bees in general are referred 
to the following pages, unless the species or the genus has 
been specified.

Recently, stingless bees have been observed visiting the 
inflorescence of a cultivated plant of A. koratensis Gagn. 
in large numbers (pers. comm. Sutthinut Soonthornkalump, 
Prince of Songkla University, Thailand). The bees repeat-
edly visited the inflorescence and collected pollen, occasion-
ally falling down into the pistillate flower zone. They were 
identified as Tetragonula species by Kanuengnit Wayo, an 
entomologist from Prince of Songkla University. Besides the 
large number of Tetragonula bees, S. Soonthornkalump also 
observed small numbers of Formicidae at the base of the flo-
ral chamber. Interestingly, the bees were still attracted to the 
inflorescence after it ceased to smell, at least to the human 
nose. This behaviour has already been observed on behalf 
of A. titanum (Hetterscheid 1994), making it unclear what 
exactly attracts the bees. However, pollen has been shown to 
release fragrances that are attractive to bees but are not per-
ceptible by humans (Dobson and Bergström 2000; Flamini 
et al. 2002). This could signify that some Amorphophal-
lus species putatively attract two different pollinator guilds, 
copro-necrophagous insects and stingless bees. However, in 
the case of A. koratensis, the question if Tetragonula spp. is 
a pollinating taxon awaits confirmation as there was only one 
inflorescence, and because the inflorescence is protogynous, 
the pollination was unsuccessful.

It has been reported in several cases that the pollinating 
beetles are trapped in the floral chamber until pollen shed-
ding (Sivadasan and Sabu 1989; Beath 1996; Moretto et al. 
2019). Although most Amorphophallus species do not form 
complex traps (Bröderbauer et al. 2012), some still capture 
visitors or pollinators by means of slippery spathes and/or a 
floral chamber with a strong constriction, making it difficult 
for most trapped insects to leave the inflorescence (Siva-
dasan and Sabu 1989; Beath 1996; Chai and Wong 2019; 
Moretto et al. 2019). Similarly, or additionally, in some 
species, such as in A. johnsonii (Beath 1996) (Fig. 1) and 

A. titanum (van der Pijl 1937), the base of the appendix is 
broadened and forms an overhanging wall, functioning as an 
effective obstacle to insects that try to leave. Still, it has also 
been observed on several occasions that visitors and pollina-
tors were “disinclined” to leave for no apparent reason (Chai 
and Wong 2019), and according to Beath (1996), it must be 
assumed that the pollinators are kept by the smell.

Moreover, recent research indicates that some beetles 
respond differently to scent compounds, depending on their 
life-stage. Trumbo and Steiger (2020) investigated the attrac-
tiveness of five single scent compounds, as well as mix-
tures of these five compounds on burying beetles from the 
genus Nicrophorus. They showed that freshly emerged bee-
tles respond to the scent signatures of well-rotted carcasses 
whereas beetles in search of a suitable breeding site respond 
to the scent signatures of fresh carcasses which may serve as 
food for their own brood. Moreover, flying beetles in search 
of a breeding place were actually deterred by some com-
pounds, such as dimethyl trisulphide (Trumbo and Steiger 
2020). Four out of five of these scent compounds, namely 
dimethyl monosulphide, dimethyl disulphide, dimethyl 
trisulphide and s-methyl thioacetate are emitted by Amor-
phophallus species (Kite and Hetterscheid 1997, 2017). 
Nearly half of the Amorphophallus species studied by Kite 
and Hetterscheid (1997, 2017) emit oligosulphides as major 
scent compounds, often accompanied by s-methyl-thioesters. 
This underlines the necessity for future research as the spe-
cific ratio of the scent compounds might have very different 
effects on putative pollinators.

In some species, such as A. johnsonii, A. paeoniifolius 
and A. titanum, the floral chamber was used by insects as 
a mating place (Beath 1996; Giordano 1999; Grimm 2009; 
Chai and Wong 2019). Moreover, it has been observed that 
both the appendix and the pollen has been consumed or har-
vested by pollinators in A. napalensis (Chaturvedi 2017) 
and A. commutatus (Punekar and Kumaran 2010). Likewise, 
fruit bodies are offered in A. hohenackeri (Sivadasan and 
Sabu 1989; Punekar and Kumaran 2010) and A. konkanensis 
(Punekar and Kumaran 2010), as is food tissue in A. vari-
abilis (van der Pijl 1937) and stigmatic fluid in A. bulbifer 
(Punekar and Kumaran 2010), indicating that plant-pollina-
tor interactions in the genus Amorphophallus are diverse and 
can be based on several, not necessarily mutually exclusive 
strategies, such as deceit, trapping, provision of a reward 
or possibly even mutualism. Obviously, some insects are 
in search of food, whereas others use the floral chamber 
as a mating place, or both; a behavioural trait known from 
other plant-pollinator interactions, such as Glaphyridae 
beetles feeding and mating on large bowl-shaped flowers 
from Anemone coronaria L. and Papaver umbonatum Boiss. 
(Keasar et al. 2010). Besides visiting the inflorescence in 
search of females, some visitors are simply using the inflo-
rescence as a shelter (Wasserman and Itagaki 2003; Fishman 
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and Hadany 2013). However, the purpose of other visitors 
or pollinators in Amorphophallus remains obscure (van der 
Pijl 1937; Chai and Wong 2019).

Moreover, the picture is very heterogenous. For example, 
one of the species, A. commutatus comprises four subspe-
cies and the spectrum of insect visitors or pollinators differs 
markedly between the four subspecies (Table 1). Judging 
by the reported visitors/pollinators, it would seem that A. 
commutatus var. anmodensis is exclusively pollinated by a 
single beetle species whereas the other three subspecies are 
visited by a broad spectrum of different taxa (Table 1). It 
seems surprising that one subspecies is apparently a special-
ist when it comes to pollinator attraction whereas the other 
three subspecies are generalists. That said, it is unclear if 
more than one inflorescence of A. commutatus var. anmod-
ensis has been investigated and therefore more observations 
are required to validate these observations.

Similarly, there are three species that have been sampled 
by different investigators. Firstly, A. paeoniifolius that has 
been sampled five times (Table 1). Although Hybosoridae 
and Scarabaeidae prevail in most of these reports, other 
Coleoptera and Diptera have also been observed to visit the 
inflorescences. However, A. paeoniifolius is a crop plant that 
is widely distributed in the tropics and its natural distribution 
is not known (Hetterscheid 2012). It is therefore debatable 
if the reported insects can be regarded as the natural pol-
linators, especially as one of the reports explicitly state that 
some of the wild occurring A. paeoniifolius plants, and all 
of the cultivated plants, failed to develop fruits (Singh and 
Gadgil 1995).

Another example is A. titanum in which insect visi-
tors/pollinators in situ have been observed on three occa-
sions, with markedly different results. Hetterscheid (1994) 
observed only stingless bees during the second day of 
anthesis but no insects at all on the first day of anthesis. In 
contrast, van der Pijl report that Diamesus osculans beetles 
(Silphidae) in particular, as well as Creophilus villipennis 
beetles (Staphylinidae) have been observed to visit sev-
eral inflorescences of A. titanum. Lastly, Giordano (1999) 
observed several A. titanum specimens and reported a 
multitude of different taxa, including Coleoptera, Diptera 
and Hymenoptera and also ants, cockroaches and spiders 
(Table 1).

Lastly, A. variabilis, which has been investigated by 
Backer (1913) and van der Pijl (1937). At least in this spe-
cies both authors report a beetle from the Nitidulidae family 
as the main pollinator. Nonetheless, Backer also reports a 
second visitor, namely the beetle Philanthus crassicornis 
(Staphilinidae) that was not observed by van der Pijl (1937).

Another difficulty is that the numbers of sampled speci-
mens per site is not always referenced (Bogner 1976; 
Punekar and Kumaran 2010) and it remains unclear on 
how many inflorescences these observations are based. 

In some species, several specimens per population (Beath 
1996; Giordano 1999) or several populations per species 
have been investigated (Bogner 1976; Jung 2006; Punekar 
and Kumaran 2010). However, other observations rely on 
observations gathered on behalf of one single inflorescence 
per Amorphophallus species (Soepadmo 1973; Hetterscheid 
1994; Giordano 1999; Grimm 2009; Punekar and Kumaran 
2010; Sites 2017; Moretto et al. 2019).

Pollinating predators

One motive, which so far has been widely neglected, is that 
visitors and pollinators do not approach either the substrate 
(dung, carrion, etc.) or the mimic (the inflorescence) in 
themselves, but arrive there to prey on the feeding or mating 
insects, or insects larvae (Moretto et al. 2019). Apparently, 
some Amorphophallus species, such as A. titanum (Giordano 
1999; Moretto et al. 2019), A. henryi (Jung 2006) and A. 
commutatus (Punekar and Kumaran 2010), attract different 
insect groups as well as other arthropods. The attracted and 
deceived insects might feed on plant resources such as pol-
len, etc., or use the floral chamber as a mating place or as a 
shelter. However, some of the attracted insects or arthropods, 
exemplified by Arachnida, Blattaria, and predatory beetles 
(Giordano 1999; Jung 2006; Punekar and Kumaran 2010), 
do not arrive for the plant resources, etc., but rather to prey 
on the visiting insects.

For example, Creophilus beetles (Staphylinidae) are 
reported as exclusive pollinators in A. julaihii. However, 
Creophilus species are well investigated, as they provide 
useful forensic information; and Creophilus species are 
generally predators feeding on copro-necrophagous adult 
insects and on their larvae (Frątczak-Łagiewska et al. 2020). 
Similar predatory visitors have also been observed in A. tita-
num (Giordano 1999; Moretto et al. 2019). Fittingly, insect 
larvae, more specifically maggots, have been reported in 
inflorescences of A. variabilis and A. commutatus var. com-
mutatus (van der Pijl 1937; Punekar and Kumaran 2010).

Although these records constitute only a few observa-
tions, it must be noted that predators such as Arachnida, 
Blattodea and Formicidae are reported in all of the more 
detailed observations and investigations (Giordano 1999; 
Jung 2006; Punekar and Kumaran 2010). This could sig-
nify a complex interplay between the inflorescence and its 
visitors, and it begs the question, which group contributes 
the most to actual pollination? The insects that are deceived 
and not rewarded, those feeding on plant resources, or 
those predating the first two insect groups? And if preda-
tors are attracted first in a significant numbers, would other 
visitors still alight on the inflorescence? A most fascinating 
scenario would consist of a multitude of attracted insects 
that constitute the actual reward for a predatory beetle, with 
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prey and predator both potentially acting as pollinators. If 
such a relationship could be confirmed it would certainly 
add another dimension to the complexity of deceit flowers. 
Remarkably, this scenario was proposed as early as 1889 but 
has not received much attention ever since (Delpino 1889). 
Engler (1920, pp. 18 and 19 and references herein) gives a 
brief summary on a scientific dispute between Arcangeli and 
Delpino. Delpino had observed that Dracunculus vulgaris 
Schott is exclusively pollinated by flies, whereas Arcangeli 
reported beetles as the main pollinators (Engler 1920). In 
1889, Delpino emphasised the idea that flies are the main 
pollinators of Dracunculus vulgaris and that the beetles only 
follow the flies to prey on them. Subsequent investigations 
revealed that both Diptera as well as Coleoptera can act as 
pollinators in Dracunculus vulgaris (Engler 1920). How-
ever, the impact of predators on pollinators and pollination 
in deceit flowers still remains to be investigated, at least in 
Amorphophallus.

Summary and outlook

The aim of this review was to compile, review and discuss 
the state of the art of insect visitors and pollinators in the 
genus Amorphophallus. In summary, insect visitors or pol-
linators are reported for a total of 22 Amorphophallus spe-
cies, which is less than 10% of the species diversity of the 
genus (ca. 230 spp.). Moreover, approximately a third of 
the reported observations were made on behalf of a single 
Amorphophallus inflorescence in the wild (Table 1). and the 
actual success of pollination, the fruit set, has been reported 
or documented in only four cases (Singh and Gadgil 1995; 
Beath 1996; Jung 2006; Chai and Wong 2019).

A most interesting observation is that stingless bees have 
been repeatedly observed in different Amorphophallus spe-
cies, in India, Thailand and Sumatra. This may indicate that 
their role has to be considered more closely in future stud-
ies, particularly in conjunction with the observations made 
regarding fungal layers at the base of the spathe (Ruprecht 
et al. 2021).

It becomes evident through the presented data that the 
knowledge about pollinators in the genus Amorphophal-
lus remains limited. The motives of the visiting insects are 
often not obvious, i.e., if they are in search of a mating or 
a breeding place, possibly also attracted by the plant’s food 
resources or if they are predators in search of prey? Or sim-
ply in search of a shelter? However, if no clear motives are 
discernible, this may as well signify the unspecific attrac-
tion of all copro-necrophagous insects or the attraction of 
unspecialised Coleoptera and Diptera alike. For example, 
Moretto et al. (2019) identified members of the beetle genus 
Sphaeridium as pollinators of Amorphophallus. These bee-
tles are ubiquitous in tropical Africa and they are attracted 

by decomposing organic material of all kinds, such as excre-
ment, carrion, mushrooms, fruits, vegetables.

The only tentative conclusion that can be drawn from the 
compiled data is that beetles are most likely the main pol-
linator group in Amorphophallus, and that although various 
Diptera are attracted by many Amorphophallus species, they 
seem to contribute less to actual pollination. However, more 
detailed observations based on larger samplings are required 
to draw more specific conclusions.

In conclusion, the plant-pollinator interaction seems to 
follow a generalist pattern in most of the Amorphophallus 
species investigated, attracting copro-necrophagous Coleop-
tera and Diptera alike. Similarly, Gibernau et al. (2010) 
found an “imperfect discrimination” of quantitative floral 
traits between fly and beetle-pollinated aroids.

However, attracting a multitude of insects suggests a gen-
eralist pollination strategy that is at the same time highly 
efficient insofar as insects can be attracted anywhere as 
copro-necrophagous insects are ubiquitous. It might there-
fore be speculated that relying on this functional group of 
insects as pollinators, which is available everywhere on 
earth, might have contributed to the evolutionary success of 
the genus Amorphophallus, which is the largest palaeotropi-
cal aroid genus and the third largest genus of the Araceae 
altogether (Boyce and Croat (2018 onwards).
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REVIEW

Odor polymorphism in deceptive Amorphophallus species - a review
Odor polymorphism in Amorphophallus

Cyrille Claudel a and Simcha Lev-Yadunb
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ABSTRACT
Some plant lineages, such as Araceae and Orchidaceae, have independently evolved deceptive flowers. 
These exploit the insect’s perception and deceive the insects into believing to have located a suitable 
opportunity for reproduction. The scent compounds emitted by the flowers are the key signals that dupe 
the insects, guiding them to the right spots that in turn ensure flower pollination. Most species of the 
genus Amorphophallus of the Araceae emit scent compounds that are characteristic of a deceit, suggest
ing a specific plant pollinator interaction and according odors. However, only a few clear evolutionary 
trends in regard to inflorescence odors in Amorphophallus could be traced in previous studies – an 
intriguing result, considered the multitude of characteristic scent compounds expressed in 
Amorphophallus as well as the key function of scent compounds in deceptive floral systems in general. 
At least two factors could account for this result. (1) The deceptive pollinator-attraction floral system, 
including the emitted scent compounds, is less specific than assumed. (2) An evolutionary trend cannot be 
discerned if the intraspecific scent variation (odor polymorphism) exceeds the interspecific odor variation. 
Therefore, we discuss the potential deceptive function of the emitted scent compounds, in particular 
those that are related to cadaveric decomposition. Moreover, we review the data about emitted scent 
compounds in Amorphophallus with a focus on putative odor polymorphism. Upon examination, it 
appears that the emitted scent compounds in Amorphophallus are highly mimetic of decomposing 
organic materials. We show that several species display odor polymorphism, which in turn might 
constitute an obstacle in the analysis of evolutionary trends. An important odor polymorphism is also 
indicated by subjective odor perceptions. Odor polymorphism may serve several purposes: it might 
represent an adaptation to local pollinators or it might assumingly prevent insects from learning to 
distinguish between a real decomposing substrate and an oviposition-site mimic.
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Introduction

Deceptive flowers

The art of deception is known to be practiced by thousands of 
plant species for the sake of avoiding herbivory,1,2 for seed 
dispersal3 and for pollination.4–8 Deceptions by plants are 
based on visual components, chemical ones, or on both. One 
of the most complex deceit types is sexual deception in 
Orchidaceae, which consists of both visual and olfactory mimi
cry of a specific female insect by a flower.7–9 Another deceit 
type that exploits the reproductive instincts of insects is brood- 
site mimicry or oviposition-site mimicry.

Oviposition site mimicry has independently evolved in several 
angiosperm plant families such as the Annonaceae, Apocynaceae, 
Araceae, Orchidaceae and Rafflesiaceae.10,11 The flowers or inflor
escences visually and olfactorily mimic a specific substrate, which 
constitutes the main food source for saprophagous and copro- 
necrophagous insects and/or their larvae. The targets are deceived 
into believing to have located a suitable substrate for feeding, 
mating and/or breeding. Typical mimicked substrates are: car
casses, carrion, dung, feces, rotting plant material or mushrooms.10

The key communications signals in this type of plant- 
pollinator interaction are the scent compounds.10,11 

Based on chemical mimicry, they are emitted to specifi
cally exploit the insect’s perception.10,11 Moreover, scent 
compounds have a wide operational range, especially if 
they are promoted by heat, such as in thermogenic 
species.12–14

In the Araceae, oviposition-site mimicry is found in several 
genera from the Aroideae subfamily, the genus 
Amorphophallus among others.15 The plant-pollinator interac
tions within the Araceae are reported to be based on perception 
biases and not on co-evolution, the color and odor preferences 
of the visiting insects, beetles in particular are evolutionary 
conserved and the plants exploit preexisting preferences.
5,10,16–19 The evolutionary conservation of preferences for 
olfactory signals such as methoxylated aromatic hydrocarbons, 
and by consequence animal perception, can be described as 
“variation around a theme”.18 The convergence between the 
scent chemistry of Amorphophallus, stapeliads and other brood 
site deceit flowers is likely to be based on sensory 
exploitation.10,20,21
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However, only few authors investigated and actually tested 
the evolutionary relationship between innate preferences of 
pollinating insects and the emitted volatile organic compounds 
(VOCs) of the pollinated oviposition-site mimics; within one 
or even across convergent plant lineages.8,10,16,18,22 Moreover, 
it has been demonstrated that varied proportions of scent 
compounds can lead to different signaling functions.23 

Furthermore, we emphasized the necessity to consider the 
pollinators and the herbivores when investigating the evolution 
of floral traits. Similarly, because carrion and dung odors are 
good predictors of three potential dangers to mammalian her
bivores, namely pathogenic microbes, proximity of carnivores, 
and feces-contaminated habitats that present high risks of 
parasitism, it has been proposed that in addition to pollinator 
attraction, carrion and dung odors may repel mammalian 
herbivores.24

Amorphophallus

The genus Amorphophallus Blume ex Decne comprises some 
230 species25–28 and is the third largest genus in the Araceae 
family [29,onwards] as well as the largest Araceae genus with a 
paleotropical distribution. The genus has been delimited into 
four subgenera, namely the subgenera Afrophallus Hett. & 
Claudel, Amorphophallus, Metandrium and Scutandrium 
Hett. & Claudel.30

Amorphophallus inflorescences consist of a spadix and a 
spathe borne on a peduncle.31 In most species, the spathe is 
funnel or bowl shaped during anthesis and the spadix is freely 
accessible to insect visitors or pollinators (Figure 1a, b). More 
rarely, the spathe is constricted in a lower base (kettle) and an 
upper limb (Figure 1c). When strongly constricted, the kettle 
forms a floral chamber or a trap.32 The spadix has three zones 

Figure 1. Inflorescences of A: Amorphophallus thaiensis and B: A. albus, consisting of a spadix surrounded by a spathe. C: spathe separated into a limb and a base forming 
a floral chamber in A. angolensis. The pistillate and the staminate flowers are freely accessible in A & B. D: Inflorescence of the iconic A. titanum the largest carrion flower 
of the genus. Scale bars: A, B & C = 5 cm. D = 10 cm. Photographs: A, B & C = Cyrille Claudel. D = Steve Jackson.
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(Figure 1a). The lowermost zone bears the female (pistillate) 
flowers, and the zone above it bears the male (staminate) 
flowers. The terminal zone, the appendix, essentially serves 
for attraction of pollinators through scent emission, sometimes 
enhanced through heat generation, such as in the iconic A. 
titanum (Figure 1d).12,13,33 Typical of the Araceae, 
Amorphophallus inflorescences are protogynous and anthesis 
usually lasts for two days. Stigma receptivity is signaled by the 
release of VOCs which serve to attract insect visitors and 
pollinators.

Identification and evolution of scent compounds in 
Amorphophallus

The scent compounds of nearly a hundred species of the genus 
Amorphophallus have been identified13,34–41 (Supplemental 
material, Table S1). The scents emitted by Amorphophallus 
species are reminiscent of carrion, various forms of excre
ments, fish, sewerage, nauseating gases, rancid cheese, ferment
ing fruit and mushrooms.34–41 Table S1 lists all the investigated 
Amorphophallus species, the analyzed voucher and sampling 
time and the identified scent compounds in their relative 
amount as well as the subjective perception.

Kite and Hetterscheid37,38 identified the scent compounds 
of 92 Amorphophallus species using GC-MS [gas chromatogra
phy–mass spectrometry). They generated seven main cate
gories based on the chemical identity of the defining scent 
compound per Amorphophallus species, mapped these as char
acters onto the Bayesian consensus tree from 30 and investi
gated the evolutionary trends of inflorescence odors in 
Amorphophallus. However, the inferred trends provided a het
erogeneous picture 38, which is an intriguing result, consider
ing that scent compounds are assumed to be the key elements 
of deceptive floral systems.10,11,21,23,42,43

38 found that dimethyl oligosulphides are released in species 
across all four subgenera and are the most common constitu
ents in half of the 92 species studied. Dimethyl oligosulphides 
are characteristic of the decomposition of various organic 
matters, ranging from sulfur-rich vegetables, to cancerous 
wounds and most importantly cadaveric decomposition and 
carnivore dung.10,41,44 They are released in various plant 
lineages and represent well-known attractants for various 
copro-necrophagous beetles and flies.45–47 Furthermore, two 
distantly related Amorphophallus clades, comprising a handful 
of species each, were found to be characterized by the emission 
of benzenoid compounds, which are considered to be strongly 
evolutionarily constrained.38 Moreover, several smaller phylo
genetic subunits comprising a few closely related species were 
identified, such as the A. aphyllus group, sharing a similar 
inflorescence morphology and similar odor types, namely 
dung odors.38

In contrast, other odor types were found to have a high 
degree of plasticity, evidenced by the observation that some 
sister species release different scent types.38 For example, two 
closely related Asian species with fungal odors, A. obscurus and 
A. polyanthus emit chemically very different scent compounds. 
Amorphophallus obscurus releases high proportions of various 
alcohols, such as isoamyl alcohol whereas A. polyanthus mainly 
emits a ketone, more precisely 2-heptanone. Similarly, A. 

ongsakulii and A. myosuroides are characterized by the emis
sion of 90% 2-nonanol and 75% α-ketoisocaproic acid respec
tively. Consequently, although closely related, both species are 
placed in two different categories sensu 38. Moreover, a third 
closely related species, A. sumawongii, is characterized by the 
emission of dimethyl oligosulphides. However, at least this 
species is also morphologically different.38 Lastly, the two 
African mainland sister species A. abyssinicus and A. mossam
bicensis share a similar inflorescence morphology; however, A. 
mossambicensis is a member of the aliphatic esters group and 
smells of carrion whereas A. abyssinicus smells of dung and 
belongs to the terpenoids and alkanes group.38

Beyond that, similarly to previous phylogenetic studies,48–50 

no characters could be identified that would circumscribe 
larger phylogenetic units. 38,proposed that variation in polli
nator taxa is the driving force, leading to the divergence of odor 
types in some species as well as to the convergence of some 
odor types in others.

However, besides specific olfactory cues, such a specialized 
plant-pollinator interaction may also have to rely on an evolu
tionary constrained inflorescence morphology, discriminating 
between different insect types. This appears to be unlikely as 
the spathe of many Amorphophallus species forms a funnel- or 
bowl-like structure (Figure 1), which is easily accessible for a 
large insect array. Some Amorphophallus species, such as A. 
ongsakulii or A. interruptus have small and frail inflorescences 
or a very tight spathe entrance, which excludes pollinators of a 
larger size. However, beyond that, there seems to be few further 
discriminatory traits, especially if compared to highly con
strained flowers of another deceit type, namely sexual decep
tion in orchids.7–9 What is more, the apparent olfactory deceit 
of the majority of Amorphophallus species is based on the 
emission of dimethyl oligosulphides, which is not indicative 
of a specific plant pollinator interaction as these volatiles attract 
a wide array of insects searching for decomposing organic 
matter for feeding, mating or breeding. Unfortunately, the 
pollinators of Amorphophallus species are largely unknown, 
making it impossible to investigate this putative relationship 
on a larger scale.51 Insect pollinators or visitors have been 
reported for little more than 20 Amorphophallus species and 
roughly a third of these observations rely on a single inflores
cence per species.51 Moreover, most observations suggest an 
unspecialized plant-pollinator interaction or at least the attrac
tion of a multitude of different insects or other arthropods.51 

Nonetheless, beetles appear to be the main pollinator group in 
most investigated species.51,52

That said, there is another hypothesis possibly accounting 
for the several trends in Amorphophallus inflorescence odors 
that have not been considered yet, which is intraspecific scent 
variation or odor polymorphism. Investigations of the scent 
emissions in the genus Arum, another and better studied 
member of the subfamily Aroideae, revealed that the emitted 
scent compounds can vary considerably within a single species. 
Significant differences in the proportion of the emitted scent 
compounds were detected in Arum italicum and A. 
maculatum.39,53–55 In some cases, the differences in the spec
trum of the emitted scent compounds were so significant that 
they were categorized as chemotypes.54 Another study investi
gated the inflorescence morphology, pollinators and scent 
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compounds in natural hybrids, originating from parental 
populations from Arum italicum and A. maculatum.56 

Remarkably, eight scent compounds that were not detected in 
the floral odor of either parental species were detected in the 
hybrid offspring.56 Odor polymorphism has also been docu
mented in the deceptive orchid Dactylorhiza romana.17

Objectives

The aim of the present review is twofold. (1) Decomposition of 
organic matter, be it vegetable matter, carrion or dung, appears 
to represent the dominant deceit type in the genus 
Amorphophallus [e.g., 38]. In order to ascertain their deceptive 
function, several of the scent compounds emitted by the model, 
cadaveric decomposition in particular, are compared to the 
scent compounds emitted by Amorphophallus carrion mimics. 
(2) Assuming that intraspecific odor polymorphism in 
Amorphophallus is as important as in the genus Arum, it is 
likely to shade putative evolutionary relationships and trends 
in regard to inflorescence odors. Consequently, the relevant 
literature is reviewed in regard to odor polymorphism in 
Amorphophallus.

Scent compounds emitted by cadaveric decomposition

Volatile organic compounds (VOCs) released after death are 
described as the chemistry of death or thanatochemistry.57 The 
decomposition of a cadaver is initiated by the degradation of 
the body through its own enzymatic and chemical reactions, 
defined as autolysis. The breakdown of four major biological 
molecule classes during the various stages of decomposition is 
at the base of the resulting mixture of volatile organic com
pounds, i.e., the scents of death. The classes are: proteins, 
nucleic acids, lipids and carbohydrates, and their degradation 
ultimately leads to VOCs such as diamines, sulfur compounds 
(dimethyl oligosulphides), phenolic molecules such as indole 
and skatole, organic acids, alcohols, ketones, aldehydes, esters 
and ethers, hydrocarbons, nitrogen and oxygenated com
pounds such as acetone.57 Conversely, the emitted compounds 
inform the insects about the nutritive potential of the decom
posing organic material, since decomposing lipids will lead to 
different signals from proteins, etc.10 However, not only the 
nutritive composition but also the stage of decomposition is 
indicated by the emitted volatiles.10

Once internal microorganisms take the lead, bloating marks 
the beginning of putrefaction. The environment and abiotic 
parameters such as temperature, humidity, and oxygen con
centrations can have a strong influence on microorganismal 
activity, and therefore on decomposition itself. Following 57, 
autolysis and putrefaction can be subdivided into five general 
stages; fresh, bloated, active decay, advanced decay and skele
tonization. 58 investigated the human decomposition fluid 
formed during autolysis and corpse putrefaction, in order to 
identify the most characteristic scent compounds for a cadaver- 
detection dog-training program. 58, identified 35 VOCs found 
in 95% of all analyzed samples, among others: dimethyl trisul
fide, which after dimethyl disulfide constitutes the most abun
dant compound across the genus Amorphophallus, and 
pyrazine, the defining volatile compound of A. preussi.38 

Furthermore, 58, identified 2-decanone, hexanal, nonanal, phe
nol and 2-undecanone, all being minor volatile compounds in 
different Amorphophallus species,38 and also 2-heptanone, the 
major scent compound in A. polyanthus, as well as propionic 
acid, which is present in A. gigas.36,38,also identified acetone in 
88% of the analyzed samples, a compound also released by A. 
borneensis (8%), A. commutatus (11%), A. erythrrorhachis 
(12%), A. konjac (2% + 6%), A. plicatus (2%), A. macrorhizus 
(3%), A. henryi (7%), A. eburneus (18%) and A. tinekeae (9%).58

Similarly, 59,analyzed the profile of VOCs released by pig 
carcasses during the first 75 hours after death. Dimethyl oligo
sulphides were identified, notably ethyl acetate, which is the 
major volatile component of A. antsingyensis and A. consimilis. 
Furthermore, 1-propanol and 3-methyl-1-butanol, two of the 
major volatile compounds for the Amorphophallus group 
defined by high proportions of aliphatic alcohols and ketones38 

were identified. 57,also investigated the decomposition of pig 
carcasses and recovered 104 volatile organic compounds, 
amongst them trimethylamine, the defining scent compound 
of the nitrogen-containing Amorphophallus group,38 together 
with 4-methylpentanoic acid (isocaproic acid) and butanoic 
acid, the defining scent compounds of the Amorphophallus 
group defined by high proportions of aliphatic acids.38 

Without comparing every scent compound of the models and 
the mimics one by one, it becomes apparent that there is a 
remarkable overlap between the single scent compounds 
emitted by human decomposition fluid formed during putre
faction, pig carcasses and various Amorphophallus species 
(Table 1). Therefore, referring to the first objective of this 
review, it is reasonable to assume that the function of these 
scent compounds is mimicking cadaverous decomposition.

Investigation of odor polymorphism in Amorphophallus

Kite and Hetterscheid37,38 analyzed 15 Amorphophallus species 
twice and four species thrice (Table S1). Some species, such as 
A. macrorhizus, A. mossambicensis, A. paeoniifolius and A. 
sumawongii, yielded more or less similar scent compound 
spectra in all analyses, although different individuals were 
investigated and compared. Amorphophallus consimilis, A. var
iabilis and A. yuloensis were also analyzed twice and showed 
similar results. However, similar results should be expected 
here since clonally propagated plants had been analyzed. The 
documented variation can obviously at least partly be 
accounted for by different study methodologies37,38,40 or 
because of different sampling times or sample overloads, 
etc.38 Particularly, the sampling time seems to be a critical 
aspect, as the variation in scent composition may strongly 
vary during anthesis.13,38,41,55 Thus, whenever possible, a con
sistent sampling protocol was ensured, minimizing the influ
ence of the sampling time.38 However, some individuals reveal 
a broader intraspecific variation or scent polymorphism.

Table 2 shows the Amorphophallus species that have been 
analyzed repeatedly and which show the most significant dif
ferences between the analyzed individuals. The three analyses 
of A. konjac also showed significant differences (Table 2; 37,38). 
Even more so, if compared to the analysis of A. konjac by 34, 
(Table S1).
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Likewise, a significant variation was detected in the two speci
mens of A. scutatus (Table 2). The scent of the first individual 
consists of 100% dimethyl oligosulphides, whereas the scent of 
the second individual contains dimethyl oligosulphides (59%), 1- 
butanol (12%), 4-methyl-1-pentanol (5%), butanoic acid (4%), 
S-methyl thioesters (2%), acetic acid (2%), ethylacetate (2%), 
isocaproic acid (7%), and 2-methylbutanoic acid (2%).38

Particularly two of the three analyses of A. eichleri are of 
interest, insofar as the major compound was not the same in 
analysis one (56% dimethyl disulfide) and in analysis two (30% 
2-heptanone) [38, Table 2]. Therefore, the second individual of 
A. eichleri could be categorized under “alcohols and ketones” 
group instead of the “sulphur compounds” one.38

However, the most remarkable differences are found between 
the different analyses of A. titanum.13,35,37,38,40,41 The compar
ison of the results must be done cautiously, as different sampling 
and analysis methods have been employed. Particularly the 
methodological approach from 40 differs strongly. Nevertheless, 
some differences are noteworthy. 37, identified dimethyl disulfide 
(75%) and trimethyl disulfide (10%) as the major volatile com
pounds in A. titanum and described the scent as gaseous plus 
urine (Table 2). In a second analysis 38, identified dimethyl 
disulfide (70%), trimethyl disulfide (25%), tetra disulfide (1%) 
and S-methyl thioesters (3%) and described the scent as gaseous 
or as rotting vegetables (Table 2).

41,identified dimethyl trisulfide as the major component; 
moreover, they identified various compounds not detected by 
38. Furthermore, 41 closely followed anthesis of A. titanum by 

the human nose, and the scent changed over time from “slight 
rotten-fruit-like odor” to “yellow-pickled-radish, rotten-egg, 
rotting-animal-like odour”, then “strong rotting-animal-like 
odor” and finally “rotten-fish and rotten-egg” (Table 2). The 
scent composition obviously varies strongly during anthesis. 
Based on the results of35,41,attempted to objectively describe 
the scent compounds of A. titanum using electronic noses, 
based on semiconductor-sensors. They compared the odor 
profile of an A. titanum plant grown in Kagoshima with the 
odor profile of the A. titanum plant grown in Tokyo that was 
previously studied by 41. 35 described the odor profile from A. 
titanum as “decayed cabbage, garlic and pungent sour”.

In contrast, no sign of dimethyl disulfide and dimethyl 
trisulfide could be detected in the analysis of A. titanum.13 

Moreover, the initial carrion smell changed to a weak sweet 
smell during anthesis. Benzaldehyde, an almond-like smelling 
compound, was identified as the dominant compound during 
the ongoing of anthesis.13 The analyzed plant descended from 
material cultivated in the Palm Garden in Frankfurt/Main, 
Germany and had been originally collected near Padang in 
Indonesia.

Another investigation of the scent chemistry of A. titanum 
was performed by 40. However, it belonged to another plant 
source, i.e., Dr. Louis Ricciardiello, New Hampshire, USA. A 
total of 25 scent compounds were identified in this case, and 
the resulting odor profiles were again different [40, Table 2]. No 
dimethyl- di- or trisulfides were identified. Instead, the three 
major scent compounds emitted by the appendix were 

Table 1. Scent compounds released by human decomposition fluid, pig carcasses and Amorphophallus species. Numbers refer to: 1) 58, 2] 59, 3) 57. Except for A. gigas,36 

all scent compounds emitted by Amorphophallus species are retrieved from Kite and Hetterscheid.37,38 Group defining compounds refer to compounds used by 38,to 
categorize major scent groups.

Selected VOCs emitted during 
cadaveric decomposition ref.

also emitted by the Amorphophallus species (rel. % of the total odor composition in 
descending order)

used as group defining 
compound38 of the:

1-phenylethanone (acetophenone) 1 A. symonianus (60%), A. amygdaloides (60%), A. cicatricifer (55%, 39%), A. pulchellus 
(5%), A. putii (2%), A. yuloensis (11%, 6%)

benzenoid compounds group

1-propanol 2 A. cirrifer (16%, 11%), A. obscurus (10%), A. pilosus (7%) aliphatic alcohols and 
ketones group

2-decanone 1 A. ankarana (2%)
2-heptanone 1 A. polyanthus (85%, 62%), A. eichleri (30%, 25%), A. ankarana (3%) aliphatic alcohols and 

ketones group
2-undecanone 1 A. ankarana (3%)
3-methyl-1-butanol 2 A. ankarana (39%), A. cirrifer (36%, 16%), A. henryi (30%, 7%), A. obscurus (21%), A. 

borneensis (8%), A. commutatus (3%), A. konjac (3%)
aliphatic alcohols and 

ketones group
4-methylpentanoic acid 3 A. elatus (100%), A. atroviridis (98%), A. linearis (94%), A. macrorhizus (97%, 95%), A. 

angustispathus (50%), 
A. saraburiensis (23%), A. scutatus (7%), A. baumannii (6%), A. johnsonii (4%),

aliphatic acids group

acetone 1 A. eburneus (18%), A. erythrrorhachis (12%), A. commutatus (11%), A. tinekeae (9%), A. 
borneensis (8%), A. henryi (7%), 

A. konjac (6%, 2%), A. macrorhizus (3%), A. plicatus (2%)
butanoic acid 3 A. taurostigma (74%), A. saraburiensis (4%), A. scutatus (4%) aliphatic acids group
dimethyl oligosulphides 2 identified in varied proportions in 58 out of 92 investigated Amorphophallus species sulfur-containing compounds 

group
dimethyl trisulfide 1 identified in varied proportions in 47 out of 92 investigated Amorphophallus species sulfur-containing compounds 

group
ethyl acetate 2 A. consimilis (77%, 57%), A. haematospadix (65%), A. annulifer (60%), A. antsingyensis 

(43%), A. laoticus (23%), 
A. borneensis (10%), A. baumannii (5%), A. henryi (2%)

aliphatic esters group

hexanal 1 A. pilosus (3%)
nonanal 1 A. elliottii (3), A. eburneus (3%), A. erythrorrhachis (2%)
phenol 1 A. impressus (6%)
propionic acid 1 A. gigas (4%)
pyrazine 1 A. preussi (61%) nitrogen-containing 

compounds group
trimethylamine 3 A. brachyphyllus (85%), A. eburneus (64%), A. tinekeae (35%), A. angolensis (18%), A. 

plicatus (13%), A. longispathaceus (4%), A. konjac (2%)
nitrogen-containing 

compounds group
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isovaleric acid (21.6%), butyric acid (17.0%) and benzyl alcohol 
(16.2%) (Table 2). However, the methodological approach 
followed by 40,differed significantly in that the analyzed tissues 
were cut off the plant and pre-treated.

Additionally, it should be noted that 60 examined two flow
ering A. titanum individuals. These two plants were the first 
ones to flower on the European continent and their develop
ment was closely followed.60 One plant was found to be 
strongly scented whereas the second inflorescence was found 
to be nearly scentless.60

Only the two analyses from Kite and Hetterscheid37,38 on 
the one hand, and the two analyses from 41,and 35,on the 
other, yielded a similar odor profile for A. titanum. It was 
not specified if Kite and Hetterscheid37,38 repeatedly analyzed 
the same plant, or two different plants. In any case, if two 
different plants were analyzed, they are likely to have the same 
origin since at that time only a few clones of A. titanum were 
shared among different botanical gardens. As for the plants 
analyzed by 41,and 35, they both originated from one infruc
tescence, harvested in 1993.61,62 These plants are therefore 
unequivocally of the same maternal origin and a similar odor 
profile could be expected.

Therefore, the odor profiles from all analyzed A. titanum 
plants, except from those of the same genetic origin, are 
markedly different.13,35,37,38,40,41 Thus, at least in the case of 
A. titanum, the odor profiles of single specimens only 
partially reflect the genetic and olfactory variability of the 
species. Moreover, if categorized per major scent com
pounds, these plants would not be categorized under “sul
phur compounds”37,38 but under benzenoid compounds,13 

nitrogen-containing compounds,41 and under aliphatic 
acids.40 Thus, A. titanum could be placed in four different 
scent categories sensu 38.

The scent experience based on human perception also 
indicates significant variation in A. titanum and in several 
other species (Table 3). Although subjective, the differences 
are too important to be ignored. Some species, such as A. 
cicatricifer and A. fallax, show slight differences in their 
odor profiles (Table 3). More important, however, is the 
perceived odor variation within the subspecies of A. com
mutatus, which range from “rottening meat” to “gaseous 
and fruity”.63 Likewise, one individual of A. gigas was 
perceived as smelling like “spoiled meat”,61 whereas 
another has been described as smelling “rotten, fishy and 
sour”.36 Furthermore, A. maximus and A. mossambicensis 
can smell like “rotting meat” or “dung”,37,38 whereas A. 
konkanensis is either reminiscent of “cheese”38 or of “rot
tening meat”.63 Furthermore, the scent of A. sylvaticus has 
been described as “rottening” meat by 63,and as “bad 
vegetables” by 38. The scent of two specimens of A. symo
nianus has been described as “almond, chemical” by 38. 
However, some specimens of A. symonianus also smell 
fruity and strongly cinnamon-like with a pinch of shoe 
polish (personal observation). Strikingly, the scent of A. 
aphyllus, a species that is known as a dung species par 
excellence30,38 has recently been described as “fruity, 
melon-like, with added alcohol” [Steve Jackson, pers. 
comm.]. Apparently, the olfactorily deceit in A. aphyllus 
ranges from dung to fermenting fruit.

From carrion to sweet odors

38,also sampled two individuals of A. symonianus that showed a 
strong difference in the emitted quantities of two aromatic com
pounds or benzenoids, 1-phenylethylacetate and 1-phenyletha
none. The scent of plant one consisted mainly of 1- 
phenylethanone (60%) and the scent of plant two, of 1-pheny
lethylacetate (89%) (Table 2). Disregarding the difference in scent 
composition between the two specimens, the odor is composed of 
only a few scent compounds.38 Two questions emerge from these 
finds. First, how do sweet odor types fit into the variation around a 
theme revolving around decomposition and decay? Second, is the 
number of contributing scent compounds indicative of the rela
tionship between the plant and its pollinators? In essence, does a 
scent composition that comprises exclusively one or two scent 
compounds indicate a more specialized plant-pollinator interac
tion than a scent composition that comprises 10–20 scent com
pounds? One further VOC identified in 95% of all samples of 
human decomposition fluid was 1-phenylethanone or 
acetophenone.58 Acetophenone is the simplest aromatic ketone, 
and interestingly, the major scent compound of one of the A. 
symonianus individuals. It is also a major scent compound in A. 
amygdaloides and A. cicatricifer, and a minor scent compound in 
A. pulchellus, A. putii, and A. yuloensis.38 Although speculative, it 
is conceivable that these species just mimic an earlier and sweet- 
scented phase of decomposition and/or target a different pollina
tor group as suggested by 38.

However, another well-supported clade in the subgenus 
Metandrium contains five species that, except for A. amygda
loides (see above), emit a scent that is entirely composed of 1- 
phenylethyl acetate.38 The species are A. dunnii, A. putii, A. 
thaiensis and A. yunnanensis, and the scent is reported to be 
generally perceived as fruity, or in the case of A. dunnii, A. putii 
and A. yunnanensis as reminiscent of grated carrots.38 This 
scent compound cannot be related to cadaveric decomposition 
and is not reported to be a known attractant otherwise. 
However, unfortunately the pollinators of all the mentioned 
species are completely unknown.

Similarly, there is another clade containing sweet-scented 
species of the subgenus Scutandrium, such as A. albispathus, A. 
longituberosus and A. tenuispadix, and these species emit anise- 
like odors almost solely based on 4-methoxyphenethyl alcohol 
as well as a minor addition of methyl 4-methoxybenzoate.37,38 

It is unclear if and how these scents fit into the theme, as at least 
4-methoxyphenethyl alcohol does not seem to be linked to 
cadaveric decomposition processes. Nonetheless, it is known 
that methoxylated aromatics in general, and 4-methoxyphe
nethyl alcohol in particular, are strong attractants to various 
beetle taxa.67–69

Apparently, species that emit benzenoid compounds have 
little variation if any, in their odor profiles.38 This suggests an 
evolutionary trend, linked to a specific pollinator.38,70 

However, it must also be taken into account that only a handful 
of species, almost exclusively emit either 4-methoxyphenethyl 
alcohol or 1-phenylethanol derivatives each. Moreover, the 
species within both clades are closely related and the morpho
logical variation between the species is low in both clades.71,72 

For example, A. putii and A. yunnanensis from subgenus 
Metandrium are morphologically hardly distinguishable, the 
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main difference being that the appendix in A. putii is laterally 
compressed.71 Likewise, the overall inflorescence morphology 
is identical in A. albispathus, A. longituberosus and A. tenuis
padix; the defining characters of the species refer to the leaf 
architecture, the tuber shape and the pores of the anthers.71 

Moreover, they all occur in Thailand.71 Consequently, both 
clades might represent starting points of speciation that puta
tively exploit another olfactory preference of Coleoptera.

Discussion and conclusions

Obviously, the documented intraspecific variation in odor 
composition can be partly attributed to differing methodologi
cal approaches and/or to different sampling times.38 However, 
it might not fully account for the highlighted differences 
between individuals of several species. Furthermore, although 
subjective, it appears legitimate to address odor polymorphism, 
considering the varied odor characterizations in several 
Amorphophallus species.

Most species of two smaller and not closely related clades, 
the clade containing A. albispathus, A. longituberosus and A. 
tenuispadix from subgenus Scutandrium and the clade contain
ing A. putii, A. symonianus and A. yunnanensis from subgenus 
Metandrium, exclusively emit benzenoid compounds, 4-meth
oxyphenethyl alcohol or 1-phenylethanol derivatives. These 

species have little or no variation at all in their scent composi
tion. Moreover, except for acetophenone, these benzenoid 
compounds cannot be related to decomposition.

That said, the majority of Amorphophallus species emit 
more complex odor compositions that can be specifically 
related to decomposition processes. The emitted scent com
pounds perfectly mimic their natural decomposing counter
parts and some species show a significant odor polymorphism. 
This particularly applies to A. titanum, where practically each 
analysis yielded a different odor spectrum. A high degree of 
odor polymorphism, as documented in A. titanum may blur 
the study of evolutionary trends when the intraspecific varia
tion exceeds the interspecific variation in several species. 
Consequently, although the presented differences are only 
indicative, they nonetheless demonstrate the need for a more 
extensive and systematic sampling.

Moreover, odor polymorphism may serve several purposes 
that need to be addressed. Odor polymorphism might repre
sent an adaptation to local variations in the entomofauna.73 

Consequently, specimens of different geographical origins, 
ideally covering the full geographic distribution and/or the 
morphological range, should be investigated, in order to iden
tify the whole odor profile of an Amorphophallus species. This 
would allow investigation of the correlation between scent 
composition and the local entomofauna. Moreover, if the full 

Table 3. Amorphophallus species which show significant odor polymorphism based on the subjective human scent perception, with according reference.

species subjective odor perception as described in according reference reference

A. aphyllus dung 30

A. aphyllus fruity, melon-like, with added vodka [pers. commun. S. Jackson]
A. cicatricifer gaseous plus fruity 37

A. cicatricifer gaseous, almonds 38

A. commutatus dead meat 38

A. commutatus rottening meat 63

A. commutatus var. anmodensis gaseous, fruity 63

A. commutatus var. anshiensis gaseous, fruity 63

A. commutatus var. wayanadensis rottening meat 63

A. fallax gaseous 37

A. fallax [1] gaseous, sweet 38

A. fallax [2] gaseous, sweet 38

A. gigas spoiled meat 61

A. gigas rotten, fishy, sour 36

A. johnsonii sewerage 38

A. johnsonii carrion 64

A. konkanensis cheese 38

A. konkanensis rottening meat 63

A. mossambicensis [1] carrion 38

A. mossambicensis [2] carrion 38

A. mossambicensis [3] acidic, dung 38

A. prainii gaseous 37

A. prainii rotten meat Soepadmo, 651973
A. sylvaticus bad vegetables 38

A. sylvaticus rottening meat 63

A. symonianus fruity, cinnamon, shoe polish (personal obs.]
A. symonianus [1) almond, chemical 38

A. symonianus [2] almond, chemical ]38

A. titanum gaseous plus urine 37

A. titanum gaseous, rotting vegetables 38

A. titanum carrion and weakly sweet 13

A. titanum old fish 61

A. titanum rotting flesh, changing to excrement 66

A. titanum decayed cabbage, garlic and pungent sour 35

A. titanum nearly scentless 60

A. titanum strong scent 60

A. titanum: appendix sample rotting meat 40

A. titanum slight rotten fruit like, yellow pickled radish, rotten egg, rotting animal-like, rotten fish, rotten egg 41
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repertoire of emitted scent compounds of each species is 
known, finer boundaries between species or species groups 
might be revealed and more subtle evolutionary trends might 
be detected.

Alternatively, odor polymorphism might prevent insects 
from learning how to distinguish between the real decomposing 
substrate and the mimic.74 Carrion, dung and the like are sub
jected to several abiotic parameters. Moreover, decomposition 
processes are strongly influenced by the action of various micro
organisms and never smell 100% identical.57 Consequently, var
iation in odor composition might in itself be evolutionarily 
constrained. Under this scenario it would be challenging to 
trace evolutionary trends based on major scent classes in odor 
composition, as variation in itself would constitute a trend. 
Variation would then constitute a form of speciation. 
Moreover, it might also imply a lower evolutionary constraint 
of floral traits that are related to the deceptive floral system, 
leading to increased morphological variation. Although assump
tive, the observed intraspecific odor variation is important 
enough to consider and investigate this phenomenon.

From a functional point of view, it becomes evident that 
more detailed studies are required in order to better under
stand the reproductive strategies of Amorphophallus species. 
The visiting and pollinating insects need to be observed and 
documented. Moreover, when investigating the evolution of 
floral traits, the necessity not only to consider the pollinators 
but also the herbivores has been emphasized and in the case of 
Amorphophallus, the putative repellence of mammalian herbi
vores through carrion or dung odors should be investigated.24 

Similarly, the simultaneous attraction of predators, preying on 
visiting insects needs to be considered too.51
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SUMMARY

Thermogenesis – the ability to generate metabolic heat – is much more common in animals than in plants,

but it has been documented in several plant families, most prominently the Araceae. Metabolic heat is pro-

duced in floral organs during the flowering time (anthesis), with the hypothesised primary functions being

to increase scent volatilisation for pollinator attraction, and/or to provide a heat reward for invertebrate pol-

linators. Despite in-depth studies on the thermogenesis of single species, no attempts have yet been made

to examine plant thermogenesis across an entire clade. Here, we apply time-series clustering algorithms to

119 measurements of the full thermogenic patterns in inflorescences of 80 Amorphophallus species. We

infer a new time-calibrated phylogeny of this genus and use phylogenetic comparative methods to investi-

gate the evolutionary determinants of thermogenesis. We find striking phenotypic variation across the phy-

logeny, with heat production in multiple clades reaching up to 15°C, and in one case 21.7°C above ambient

temperature. Our results show that the thermogenic capacity is phylogenetically conserved and is also asso-

ciated with inflorescence thickness. Our study paves the way for further investigations of the eco-

evolutionary benefits of thermogenesis in plants.

Keywords: Amorphophallus, pollinator attraction, reward, volatilisation, thermogenesis, phylogeny.

Linked article: This paper is the subject of a Research Highlight article. To view this Research Highlight article

visit https://doi.org/10.1111/tpj.16413.

INTRODUCTION

Thermogenesis is the ability of an organism to raise its

metabolism in order to elevate the temperature of its body

or of particular tissues or organs and is characteristic of two

major animal groups: mammals and birds. However, meta-

bolic thermogenesis also occurs in plants, albeit rarely.

With few exceptions, it is restricted to some gymnosperms

and to early lineages of angiosperms. To date, it has been

documented in 13 extant families of seed plants (Sey-

mour, 2010). Of these, the best-investigated family, with the

highest number of known thermogenic genera and species,

is the Araceae, also known as the arum family (Grant

et al., 2010; Ivancic et al., 2008; Mayo et al., 1997; Meeuse &

Raskin, 1988; Seymour, 2010; Vogel, 1963, 1990).

Like in animals, plant metabolic thermogenesis is

based on elevated mitochondrial respiration. Heat is pro-

duced through an intense increase in mitochondrial metab-

olism, during which carbohydrates or lipids are used as

substrate by alternative oxidase (AOX) and/or by uncou-

pling proteins (UCPs) (Grant et al., 2010; Ito–Inaba, 2014;
Miller et al., 2011; Onda et al., 2008; Seymour et al., 2015;

Vogel, 1963, 1990; Wagner et al., 2008). Some thermogenic
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plant species are also thermoregulatory, which enables

them to regulate the excess temperature to a certain extent

(Nagy et al., 1972; Seymour, 2004; Seymour et al., 1998; Sey-

mour &Matthews, 2006; Seymour & Schultze–Motel, 1998).

Thermogenesis in the Araceae occurs during anthesis

and is restricted to floral organs – more specifically, the

male flowers and their derivatives, such as staminodes

(Ivancic et al., 2008; Kakishima et al., 2011; Skubatz

et al., 1990). Except for the genus Taccarum Brongn. ex

Schott, the female flowers are not known to be thermo-

genic (Maia et al., 2013). The thermogenic patterns can

vary strongly in timing, intensity and cycles (Kakishima

et al., 2011). If an appendix (a sterile floral organ) is pre-

sent, thermogenesis of the appendix and of the male

flowers may occur either simultaneously or in an alternat-

ing pattern (e.g. Albre et al., 2003; Barab�e et al., 2002;

Chouteau et al., 2007; Gibernau & Barab�e, 2000, 2002;

Ivancic et al., 2004, 2005). The thermogenic phase usually

lasts 2 days (Skubatz et al., 1990), but in extreme cases can

last up to 30 days (Gibernau et al., 2010).

The functions of plant thermogenesis have long been

debated and remain a contentious topic. The phenomenon

has been associated with the prevention of freezing, spathe

unfolding, anther dehiscence, carrion mimicry, infrared

radiation, heat reward for pollinators, CO2 release and the

generation of heat for optimal pollen tube growth (Albre

et al., 2003; Angioy et al., 2004; Dormer, 1960; Knut-

son, 1979; Korotkova & Barthlott, 2009; Pati~no et al., 2002;

Seymour, Yuka, et al., 2009; Vereecken & McNeil, 2010).

Yet, the two most common hypotheses associate thermo-

genesis with (i) improved scent volatilisation during stigma

receptivity and (ii) heat reward for insect pollinators. Such

reward could be either direct – increasing the body temper-

ature of the visiting insects – or indirect, by providing them

with a heated floral chamber that could be used as a shel-

ter, food place or mating site (e.g. Angioy et al., 2004;

Bay, 1995; Meeuse & Raskin, 1988; Seymour & Giber-

nau, 2008; Seymour, Gibernau, & Itoh, 2003; Seymour,

White, & Gibernau, 2003; Seymour, White, & Giber-

nau, 2009; Skubatz et al., 1990; van der Kooi et al., 2019).

Floral biology and thermogenesis in Amorphophallus

Amorphophallus Blume ex Decne. is one of the largest

genera of the Araceae (Boyce & Croat, 2023). The genus

consists of four subgenera: Afrophallus Hett. and Claudel,

Amorphophallus, Metandrium Stapf and Scutandrium Hett.

and Claudel (Claudel et al., 2017) and currently encom-

passes 237 species (Boyce & Croat, 2023). The genus

Amorphophallus is widely distributed across the Old World

tropics (Africa and Australasia) and is morphologically

diverse (Claudel et al., 2017; Hetterscheid & Ittenbach, 1996;

Pouchon et al., 2022) (Figure 1).

The inflorescence is protogynous (the female flowers

become functional before the male flowers) and consists

of a spadix surrounded by a spathe (Figure 2). The spathe

is usually triangular or ovate and is more rarely funnel

shaped (Hetterscheid & Ittenbach, 1996). It can be sepa-

rated by a constriction, dividing the spathe into a floral

chamber and an upper limb (Hetterscheid & Itten-

bach, 1996). The spadix is subdivided into three main

zones, with or without sterile delimitations in between

(Hetterscheid & Ittenbach, 1996). The lowermost zone

bears the female flowers and is adjacent to an intermediate

zone that bears the male flowers (generally within the flo-

ral chamber), terminating with the final distal sterile zone –
the appendix (above the floral chamber). The appendix is

considered to be derived from fused staminodes (Mayo

et al., 1997) and serves the biosynthesis and volatilisation

of the scent compounds (Kite & Hetterscheid, 2017). More-

over, it serves as a landing or departing platform for the

attracted insects (Gibernau et al., 2004). In Amorphophal-

lus, the reported thermogenic zones are consistently both

the male flower zone and the appendix (Korotkova &

Barthlott, 2009; Lamprecht & Seymour, 2010; Shirasu

et al., 2010; Skubatz et al., 1990).

Some Amorphophallus species develop large, dark

inflorescences, accompanied by foul smells, and are referred

to as carrion or corpse flowers (Chen et al., 2015; Lamprecht

& Seymour, 2010), or more generally, oviposition-site

mimics (Johnson & Schiestl, 2016; J€urgens et al., 2006, 2013;

J€urgens & Shuttleworth, 2016). Oviposition-site mimicry

refers to plant species that deceive and attract beetles and

flies, which breed or feed on substrates such as carrion,

dung, decaying matter or the like (Johnson & Schiestl, 2016;

J€urgens et al., 2006, 2013; Kite et al., 1998; Kite & Hettersc-

heid, 1997, 2017; Moretto et al., 2019; Urru et al., 2011; Ver-

eecken & McNeil, 2010). Additional features of floral

oviposition-site mimicry include floral chambers, floral

gigantism and thermogenesis (Johnson & Schiestl, 2016).

Copro-necrophagous beetles are assumed to be the main

pollinator group in Amorphophallus (Moretto et al., 2019).

However, knowledge about the species identity of the polli-

nating invertebrates remains limited for most species in the

genus (Claudel, 2021).

The key elements of oviposition-site mimicry are the

scent compounds (J€urgens et al., 2013; J€urgens & Shuttle-

worth, 2016), which are very diverse in the genus and are

usually unpleasant to a human nose, ranging from carrion,

faeces, urine, dung, fish, sewerage, nauseating gases, ran-

cid cheese to fermenting fruit and mushrooms (Claudel &

Lev-Yadun, 2021; Kite & Hetterscheid, 1997, 2017). How-

ever, the species of two distantly related Amorphophallus

clades are characterised by sweet fragrances or benzenoid

compounds (Kite & Hetterscheid, 1997, 2017). Kite and Het-

terscheid (1997, 2017) categorised 92 Amorphophallus spe-

cies depending on the main emitted scent compounds and

benzenoids represent one of seven scent categories sensu

Kite and Hetterscheid (2017). One clade from the subgenus
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Scutandrium is characterised by the emission of 4-

methoxyphenethyl alcohol, whereas the other clade from

subgenus Metandrium is characterised by the emission of

2-phenylethanol derivatives (Kite & Hetterscheid, 1997,

2017). However, although sweetly scented, at least some of

these compounds can be related to various stages of

cadaveric decomposition (Claudel & Lev-Yadun, 2021).

To date, thermogenesis has been investigated in only

9 out of 237 Amorphophallus species (Barthlott et al., 2009;

Handayani et al., 2020; Kakishima et al., 2011; Korotkova &

Barthlott, 2009; Lamprecht et al., 2002; Lamprecht & Sey-

mour, 2010; Prakash & Nayar, 2000; Shirasu et al., 2010;

Skubatz et al., 1990; Teijsmann & Binnendijk, 1862; van der

Pijl, 1937; Wagner et al., 1998). It has been proposed that

thermogenesis in the appendix serves improved scent

volatilisation (Barthlott et al., 2009; Handayani et al., 2020;

Korotkova & Barthlott, 2009; Lamprecht & Seymour, 2010;

Seymour, 2010), whereas thermogenesis in the male

flower zone might also offer heat reward to pollinating

insects (Handayani et al., 2020; Korotkova & Barthlott, 2009;

Figure 1. Floral diversity within the four subgenera of Amorphophallus, exemplified here by some of the species analysed.

(a–c) Amorphophallus antsingyensis, A. mossambiciensis and A. lewallei from subgenus Afrophallus.

(d–g) A. konjac, A. napalensis, A. longituberosus and A. fuscus from subgenus Scutandrium.

(h–j) A. myosuroides, A. prainii and A. bangkokensis from subgenus Amorphophallus.

(k–m) A. laoticus, A. symonianus and A. pilosus from subgenus Metandrium. Scale bars: (a–m) = 10 cm. Photographs: Cyrille Claudel.
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Lamprecht et al., 2002; Seymour, 2010). However, to the

best of our knowledge, these functions have never actually

been tested. Moreover, although A. krausei Engl. (Wagner

et al., 1998), A. muelleri (van der Pijl, 1937), A. paeoniifo-

lius (Handayani et al., 2020; Lamprecht et al., 2002; Lam-

precht & Seymour, 2010; Prakash & Nayar, 2000) and A.

titanum (Barthlott et al., 2009; Korotkova & Barthlott, 2009;

Lamprecht & Seymour, 2010; Shirasu et al., 2010) showed

a significant temperature increase, only a moderate

temperature increase could be observed in A. bulbifer

(Roxb.) Blume, A. forbesii Engl. & Gehrm. (Skubatz

et al., 1990) and A. konjac (Lamprecht & Seymour, 2010;

Skubatz et al., 1990) whereas no temperature increase at

all was observed in A. gigas (Kakishima et al., 2011; Teijs-

mann & Binnendijk, 1862) and A. variabilis Bl (van der

Pijl, 1937).

Our literature compilation indicates that the knowl-

edge of thermogenesis in Amorphophallus remains

Figure 2. Inflorescences of Amorphophallus (here exemplified by A. declinatus).

(a) Inflorescence consists of a spadix and a spathe. The spadix has two parts: a limb and a base, the latter forming a floral chamber.

(b) The same inflorescence with the spathe base cut open to show the spadix composed of the appendix (above, outside the floral chamber) and the flower zone

(below, within the floral chamber). The main thermogenic floral organs are the appendix and the male flower zone.

(c) First day of anthesis, close-up of the male flower zone (above) and the female flower zone (below).

(d) Second day of anthesis, pollen extrusion. Scale bars: a and b = 10 cm. c and d = 1 cm. Photographs: Cyrille Claudel.
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incomplete and biased towards a single species: A. tita-

num. The lack of thorough data across most Amorphophal-

lus species currently hinders our understanding of the

patterns and potential role(s) of this fascinating phenome-

non in the ecology and the evolution of the group.

Unravelling the evolution of thermogenesis in

Amorphophallus

Beyond its functional role in particular species, the evolu-

tion of thermogenesis remains unexplored in plants.

Although thermogenesis has evolved independently in

several angiosperm families (Seymour, 2010; Thien

et al., 2009), we do not know whether within Amorpho-

phallus it originated once or multiple times independently.

The physiological and morphological complexity associ-

ated with this phenomenon could potentially limit the labil-

ity of this trait and result in a high level of phylogenetic

conservatism. Furthermore, it is not clear what could be

the evolutionary fate of such a complex trait, considering

the likely trade-off between the considerable costs of heat

production (Lamprecht & Seymour, 2010) and its benefit

for reproductive success. If this mechanism is too costly to

maintain, a tendency towards the loss of thermogenic

capacity across a thermogenic clade could be expected.

Alternatively, if thermogenesis represents a cost-effective

way to enhance pollination, the evolution of this trait might

have positively impacted the diversification rate of heat-

producing lineages or evolved multiple times indepen-

dently within the genus. Besides a putative impact on

diversification, given that thermogenesis occurs only in

reproductive organs and may play a role in pollination, it

could also have influenced the evolution of floral

morphology.

The high species richness, large variation in inflores-

cence size and form, broad geographical distribution, well-

documented scent production, reported occurrence of ther-

mogenesis in multiple species and an available multi-locus

phylogeny (Claudel et al., 2017), makes the genus Amor-

phophallus a suitable system for studying the evolution of

plant thermogenesis. Here we apply quantitative measure-

ments of the thermogenic activity of 80 species along with

comparative phylogenetic methods in order to explore the

relationship between thermogenesis and morphology in

Amorphophallus. We ask, address and discuss the follow-

ing specific questions:

Q1: Is thermogenic capacity an ancestral, phylogeneti-

cally conserved trait or did it evolve several times

independently?

Q2: Has the evolution of thermogenesis triggered spe-

cies diversification?

Q3: Is floral morphological evolution associated with

the emergence of thermogenic capacity?

Q4: To what extent, can the thermogenic capacity be

predicted from morphological traits?

RESULTS

Thermogenic activity

Graphs of the temperature measurements from all 80 spe-

cies represented by 119 specimens are provided in

Data S1, while thermal images from selected species are

presented in Figure 3, highlighting key biological aspects

of thermogenesis as well as some technical considerations

related to thermogenic recordings. Additionally, time-lapse

movies based on thermal images were generated for eight

selected species representing the four subgenera, namely

A. albispathus, A. lewallei, A. paeoniifolius, A. prainii,

A. schmidtiae pattern 1, A. schmidtiae pattern 2, A. tuber-

culatus, A. yunnanensis (Data S2 embedded movie).

Our measurements show that thermogenesis in Amor-

phophallus is restricted to the male flowers, the stami-

nodes and the appendix. However, the thermogenic

pattern of the staminodes and the male zone are largely

identical and therefore staminodes are not discussed fur-

ther. Similarly, the female flowers are not discussed since

they did not exhibit temperature increase, except for a few

species that had a strong temperature increase in the adja-

cent male flower zone. In these cases, the observed tem-

perature increase in the female flower zone is due to

passive heat transfer.

The beginning of anthesis was usually marked by the

beginning of the first thermogenic peak of the appendix,

whereas in several species, the end of anthesis was indi-

cated by a decrease in temperature of the male zone (e.g.

Figure 4. A. symonianus). Cooling of the male zone after

pollen extrusion can be attributed to evaporation through

Figure 3. Thermal imaging observations in Amorphophallus.

(a) In A. lambii, the appendix and the spathe base cool down below ambient temperature. The cooling of the spathe base is remarkable, indicating evaporative

cooling, possibly associated with scent emission by the spathe.

(b) Cooling of the spathe base and the appendix is not interrupted by thermogenesis of the male zone.

(c) Thermogenic peak of the male zone preceding the thermogenic peak of the heating-up appendix in A. prainii. The adjacent female zone below shows a tem-

perature increase due to some passive heat transfer.

(d) A. yunnanensis. Although the overhanging spathe slightly blocks the view, strong temperature differences in the appendix can be observed, probably due to

the irregularly folded appendix. In contrast, the male flower zone below is evenly warmed-up.

(e–h) Similarly, in A. fuscus, the appendix heats from bottom to top or from top to bottom rather than simultaneously all over. Different local temperature max-

ima are reached in the appendix, which illustrates the need for a consistent scheme for temperature sensor insertion.

(h) So far, A. fuscus is the only Amorphophallus species that ends anthesis with a temperature increase of the appendix. Scale bars: a–h = 10 cm. Day numbers

are relative to the total duration of anthesis. Photographs: Cyrille Claudel.
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the open pores or slits of the anthers. As pollen release

generally coincides with the end of the anthesis, this cool-

ing effect is not likely to have impacted the temperature

pattern before pollen release. This is supported by the fact

that the temperature curve of the male flower zone does

not drop below ambient temperature before or during

anthesis in nearly all investigated species. There are some

exceptions, such as A. brachyphyllus and A. juliae, which

may require specific investigation in future studies.

To illustrate the wide range of thermogenic patterns

observed in Amorphophallus, eight selected distinctly dif-

ferent temperature curves are shown in Figure 4. These

include the species with the highest temperature increase

(A. longituberosus), and the species with the longest ther-

mogenic activity (A. schmidtiae), one species with several

peaks of the appendix temperature (A. fuscus), one species

with several thermogenic peaks exclusively in the male

flower zone (A. vogelianus), one species displaying ther-

mogenic activity in the appendix only (A. symonianus),

one species (A. yunnanensis) with a strong thermogenic

activity of the male zone occurring prior to thermogenesis

of the appendix and scent release (personal observation,

C.C.), one species (A. lambii) with cooling of the appendix,

but with a strong thermogenic activity of the male zone.

Finally, one species (A. lewallei) with a distinct biphasic

pattern, starting with a peak of the appendix temperature

on the first day of anthesis, followed by a peak of the tem-

perature of the male flower zone on the second day.

The full thermogenic sequence of most species (74/80)

lasted approximately 48 h or slightly longer. However, we

found several exceptions, such as A. borneensis, A. consi-

milis, A. dracontioides and A. lambii (Figure 4), where

anthesis and thermogenesis lasted for about 5–6 days, and

A. schmidtiae (Figure 4), an extreme case in which the

thermogenic activity lasted up to 3 weeks.

In total, 20 species (25%) did not exceed a tempera-

ture increase of 1.5°C in the appendix and in the male

flowers and we consider these species as ‘non-

thermogenic’. There were eight species (10%) that we

consider ‘weakly thermogenic’ because they did not

exceed ambient temperature by more than 2°C both in

the appendix and male zone. Nearly half of the species

(36/80 or 45%) exhibited a temperature increase of

between 2°C and 10°C in at least one part of the inflores-

cence and we classify them as ‘thermogenic species’. Six-

teen species (20%) exceeded ambient temperature by

10°C or more in at least one part of the inflorescence, and

these are referred to as ‘strongly thermogenic’ in the fol-

lowing discussion. Repeated analyses of plants clonally

propagated through tuber multiplication showed that the

thermogenic pattern is usually similar and reproducible

within clones (ramets) of the same genet. Examples

included A. interruptus, A. lewallei, A. myosuroides, A.

napalensis, A. prainii, A. tenuispadix and A. thaiensis.

One notable exception was found in A. schmidtiae, where

the clones exhibited two different thermogenic types. In

the first type, thermogenic activity lasted several weeks,

even though scent emission was only noticeable by a

human nose on the first day of anthesis. In contrast, ther-

mogenesis lasted 2 days in the second type, similar to

many other Amorphophallus species.

Thermogenic patterns were usually similar between

different individuals of a given species, as observed in A.

curvistylis, A. myosuroides, A. napalensis, A. prainii and A.

tuberculatus. However, a certain amount of intraspecific

variation was found in some of the species. For example,

the beginning of anthesis differed between A. albispathus

HBG 2014-G-37, and A. albispathus HBG 2014-G-39

(Data S1). Likewise, the beginning of anthesis and the num-

ber of appendix peaks slightly differed between the two

documented accessions of A. albus (Data S1). These results

indicate that thermogenic patterns are largely reproducible

under similar conditions, although further investigations

may provide a more detailed understanding of intraspecific

variation. We cannot exclude that several variables, such as

ambient temperature, air humidity, airflow and plant size

might influence the thermogenic activity to a minor extent.

Consequently, the temperature peaks might be higher

under higher ambient temperature and relative humidity,

unless the inflorescence is thermoregulated – a factor not

directly investigated in our experiments.

Time-series clustering

The cluster dendrogram resulting from the multivariate

time-series analyses of appendix and male zone tempera-

ture series show that most thermogenic species cluster

together, separated from most of the non-thermogenic or

weakly thermogenic species (Figure 5). However, our ana-

lyses also show that, because thermogenesis is not equal

in the different parts of the inflorescence, some thermo-

genic species fall in fact into the mostly non-thermogenic

cluster. For example, in A. symonianus and A. scutatus,

thermogenic activity is high in the male zone but weak in

the appendix and they both cluster with species that have

low activity in both parts of the inflorescence (Figure 5).

However, both A. coudercii and A. lambii have a high ther-

mogenic activity restricted to the appendix, but while A.

coudercii clusters with other species that have a high ther-

mogenic activity in the appendix, A. lambii stands out

among a group of weakly thermogenic species, which may

be explained by the unusual cooling of the appendix below

room temperature observed in that species. The two den-

drograms from the univariate time clustering analyses are

broadly similar, both displaying two main clusters, one of

species with medium to high-temperature increase and a

second of weakly or non-thermogenic species (Figure S1).

In the analysis with intraspecific sampling, replicate

individuals cluster together in A. atroviridis, A. bulbifer, A.
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interruptus, A. lewallei, A. myosuroides, A. opertus and

five out of the seven individuals of A. schmidtiae (Data S3).

For the remaining 14 species with multiple samples, indi-

viduals did not form an exclusive cluster, although they

often belonged to the same broader cluster.

Time-calibrated phylogeny

The MCMC analyses in BEAST (Bouckaert et al., 2014) con-

verged and all parameters have effective sample size

values above 300. The topology of the inferred phyloge-

netic tree is very similar to the previously recovered one in

Claudel et al. (2017), with an improved resolution despite

not being fully resolved (Figure 6; Figure S2), with 63% of

the nodes have a posterior probability above 0.8 and 55%

above 0.9. Hence, although the monophyly of each of the

four subgenera is well supported, their relationship with

one another remains inconclusive, a result encountered in

most previous studies (Claudel et al., 2017; Sedayu

et al., 2010) but resolved and discussed in Pouchon

et al. (2022).

Models of diversification

The most likely model of diversification selected in the

model comparison analysis is a birth-death model with all

parameters (k, l and net diversification rate) decreasing lin-

early through time (Figure 6). The pulled speciation rate

also decreases through time, from 0.33 at the root, to 0.069

at the tips, with a sharp decrease before 25 MY and a

plateau between 25 MY and 10 MY (Figure 6), suggesting

that the estimated speciation rate decrease is robust to

identifiability issues. In the HiSSE analysis, the best-fit

model is the character-independent model (DAIC = 2.61,

Table S1), indicating that the evolution of thermogenesis is

not associated with significant changes in diversification

rates across lineages.

Evolution of thermogenesis

Through ancestral state estimation performed on thermo-

genesis treated either as a binary or continuous trait, ther-

mogenic capacity was inferred to be of a single origin in

Amorphophallus, present at the origin of the group and

subsequently lost in several species belonging to different

clades (Figure 7).

Display of peak temperature of the inflorescence dur-

ing anthesis at the tips of the phylogeny shows that the

thermogenic capacity is not a randomly distributed trait:

despite missing data, some clades clearly appear to be

made up of mostly weakly thermogenic species, and

others of mostly of strongly thermogenic species. For

example, the subgenus Amorphophallus comprises mostly

of weakly or non-thermogenic species, such as the Philip-

pine species A. declinatus, the Brachyphyllus clade, the

Pusillus clade and the Pulchellus clade (Figure 6). In con-

trast, the subgenus Metandrium contains both a clade with

weakly or non-thermogenic species (Pygmaeus clade) and

a clade of strongly thermogenic species, that is the

Figure 4. Time series of temperature in the appendix and the male flowers zone measured in eight different species of Amorphophallus. For display purpose,

raw measurements have been smoothed with a loess function.
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phenylethanol scents clade (Figure 6). Finally, the most

strongly thermogenic species of the African subgenus

Afrophallus (A. mossambicensis and A. lewallei) are sister

species, but no reliable trend can be inferred in this clade

due to the low number of sampled species. This visual pat-

tern is confirmed by Pagel’s lambda estimates (k = 0.552

for the appendix’ peak temperature, and k = 0.568 for the

male zone’s peak temperature), which indicate a significant

amount of phylogenetic signal, although less than

expected under Brownian motion evolution (see Figure 8).

Association between thermogenesis and morphological

evolution

The overall amount of phylogenetic signal across the mor-

phological dataset is low, as most values of lambda on the

phylogeny are below 0.5, except for mean pollen size, spa-

dix length, the ratios of appendix length/spadix length,

peduncle length/peduncle diameter (Figure S3). On the

cluster dendrogram, lambda values are generally close

to zero, except for three traits which have a high

lambda on the cluster dendrogram: male zone radius

(kdendro = 0.9620), peduncle diameter (kdendro = 0.8639),

spathe length (0.6871) and width (kdendro = 0.8214)

(Table S2).

Our multiple regression model showed a significant

positive correlation between the peak temperature in the

appendix and the radius of the male zone (Figure 9;

Table S3). The same association was recovered for the

peak temperature of the male zone but was not significant.

We also found a significant but small negative correlation

between the height of the male zone and the peak temper-

ature of the appendix (Figure 9; Table S3).

DISCUSSION

Our study provides an unprecedentedly detailed and con-

sistent recording of thermogenesis for 80 plant species

belonging to the Araceae genus Amorphophallus. We find

substantial evidence of widespread thermogenic activity in

the genus, a phenomenon that we report for species in all

continents where this plant group occurs, and which is

produced by species with vastly different morphologies –
from huge to small inflorescences.

Relevance of time-series clustering to the study of

thermogenesis

Thermogenesis is a highly complex and dynamic biologi-

cal phenomenon that challenges attempts to classify ther-

mogenic types. The approach developed here aimed at

tackling this complexity in a more statistically and biologi-

cally realistic way, by taking into account the full temporal

trajectories of temperatures. Our results show that apply-

ing time-series clustering to temperature measurements in

the inflorescence of thermogenic species is a coherent and

powerful approach, which enables a more biologically

realistic classification of thermogenic patterns. Indeed,

instead of focusing on a single aspect of thermogenesis,

that is, the peak of temperature elevation, clustering of the

several day long full time series takes into account the full

thermogenic pattern of each species. This approach, there-

fore, integrates the natural complex variation observed in

this trait which includes the potentially differential temper-

ature elevation of the different parts of the inflorescence,

as well as either their synchronicity or temporal separation

and the overall trend in temperature increase throughout

anthesis (e.g. linear increase, single or multiple peaks). The

time-series clusters identified are therefore different from

the groups we would have observed had we classified spe-

cies based solely on the peak of their temperature eleva-

tion (Figure 5). For example, A. symonianus and A.

scutatus are two strongly thermogenic species clusters

within a group of species that are mostly weakly thermo-

genic, yet all of these species share a common characteris-

tic: a net cooling of the male flowers part after pollen

release once anthesis has ended (Data S1). Likewise, A.

lambii, a species with a strong temperature peak in the

male zone clusters with species that exhibit only such a

small peak, yet all of them share a simultaneous cooling of

the appendix. In summary, our analysis of temperature

curves revealed that thermogenesis displays great biologi-

cal variation across Amorphophallus, in terms of duration,

location in the inflorescence, intensity and shape, a strong

indication of the evolutionary flexibility of this trait.

A phylogenetic perspective on thermogenesis

Q1: Is thermogenic capacity an ancestral, phylogenetically

conserved trait or did it evolve several times indepen-

dently?

Ancestral reconstructions of peak temperature at anthesis

suggest that the presence of thermogenesis is an ancestral

character in Amorphophallus and that this capacity has

been lost several times in non-sister clades during the long

evolutionary history of the group. Despite considerable

variation in thermogenic patterns, temperature increase

during anthesis still exhibits some degree of phylogenetic

conservatism as indicated by Pagel’s lambda intermediate

values and this is reflected in some clades being made up

of mostly strongly thermogenic, or mostly weakly thermo-

genic species.

Considering that we had temperature data for only

half (80/157) of the species included in the Amorphophal-

lus phylogeny, the precise sequence of trait shifts (i.e. ori-

gin and loss of thermogenic capacity) remains to be

confirmed with a more comprehensive species dataset.

However, we believe that future analyses will not under-

mine our main result, which is that the presence of ther-

mogenesis is an ancestral character in Amorphophallus.

Indeed, our sampling was sufficient to show that thermo-

genic activity is present across the whole genus (Figure 5)
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Figure 5. Cluster dendrograms based on multivariate time-series clustering of temperature series obtained from measuring temperature increase above room

temperature during anthesis in the male zone and appendix. Coloured squares at the tips represent species’ peak temperature in °C.
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Figure 6. Time-calibrated phylogeny of Amorphophallus. Coloured dots at terminals indicate species’ broad geographical distribution; followed by coloured

squares which indicate the thermogenic activity measured in this study, by showing peak temperature during anthesis in the male zone (left) and the appendix

(right) of the inflorescence. Names of subgenera are provided at notes and clades mentioned in the text are delimited with colour-coded boxes. The inset box

on the left shows the speciation, extinction and net diversification rate through time inferred under a time variable birth-death model and the pulled speciation

rate. Time in millions of years from the present.
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and that only 15% of the analysed species did not exhibit

significant temperature increase, which indirectly supports

the scenario of a single origin early in the evolution of the

genus, with subsequent losses, reductions or increases.

The exact evolutionary advantage of this trait and its geno-

mic underpinning are beyond the scope of this study and

remain to be investigated. A possible scenario could be

that once it evolved, the genetic assemblage necessary for

a thermogenic capacity was retained throughout the evolu-

tionary history of Amorphophallus, and that the observed

variation in thermogenic patterns (e.g. duration and inten-

sity of temperature elevation, differences in a location

within the inflorescence) is controlled by regulatory mech-

anisms at the level of gene expression. Under this sce-

nario, genes necessary for thermogenesis may still be

present, but not fully expressed, even in non-thermogenic

species. Comparative transcriptomic studies of non-

thermogenic, weakly thermogenic and strongly thermo-

genic Amorphophallus species would allow us to test this

hypothesis and shed light on the genomic underpinning of

this complex physiological trait.

Q2: Has the evolution of thermogenesis triggered species

diversification?

Results from the two analyses of diversification (Table S1)

suggested that the diversification rate of Amorphophallus

decreased over time. Furthermore, the rejection of a trait-

dependent model in favour of a null, trait-independent

one, suggests that the evolution of thermogenesis did not

significantly impact the diversification rate within the

group. This is coherent with our finding that thermogene-

sis was present at the origin of the group and is not

restricted to a certain clade. Hence, thermogenesis, at least

within Amorphophallus, seems to be decoupled from the

rate of diversification, although additional data would be

necessary to further test this hypothesis beyond the spe-

cies included in our analyses. A macroevolutionary analy-

sis across the entire Araceae family could confirm that the

evolution of thermogenesis is truly decoupled from the

rate of diversification or alternatively show that an effect

on species diversification can only be detected over a

larger evolutionary timeframe.

Q3: Is morphological evolution primarily linked to thermo-

genesis or to shared ancestry?

Given the probable occurrence of thermogenesis early in

the evolutionary history of Amorphophallus and its puta-

tively important ecological role in pollinator attraction, we

asked whether this trait has influenced the evolution of

inflorescence morphology. If the constraint played by ther-

mogenic capacity on morphological traits were stronger

than the effect of shared ancestry, we would expect

Pagel’s lambda values for morphological traits to be higher

on the dendrograms of peak temperature than on the

phylogeny. Our findings revealed that three traits (male

zone radius, peduncle diameter and spathe width) had very

high lambda values on the temperature dendrogram. This

suggests that the evolution of inflorescence thickness or

width is tightly linked to the thermogenic pattern. Interest-

ingly, the other morphological traits, which appear to have

evolved independently of thermogenic capacity, were only

weakly conserved phylogenetically. This suggests that the

evolution of most floral traits in Amorphophallus is highly

labile or linked to other factors, such as environmental var-

iables that were not included in our analyses.

Q4: To what extent can individual morphological traits pre-

dict the strength of the thermogenic capacity?

The fact that weakly or non-thermogenic species include

the smallest species in the genus, bearing inflorescences

not exceeding a few centimetres in length (Claudel

et al., 2017), hints that thermogenesis may be linked with

the evolution of large inflorescences. However, the oppo-

site is also true: some species with the highest recorded

temperature elevations, such as A. albispathus, are among

the smallest species. Finally, some of the largest species,

for instance, A. gigas, display no temperature elevation at

all (Kakishima et al., 2011) and see Claudel et al. (2019) for

alternative hypotheses to explain floral gigantism in

Amorphophallus.

Beyond anecdotal evidence, we formally tested for a

possible correlation between overall inflorescence mor-

phology and thermogenic activity in Amorphophallus. Our

results reject the simplistic view that larger species are

more likely to be thermogenic. Instead, we found that tem-

perature increase is mostly associated with the width of

the inflorescence as indicated by the positive association

between appendix peak temperature and width of the male

zone. Similar but non-significant positive associations

were found between male zone peak temperature and

width, and between the width of the appendix and peak

temperature in both the appendix and male zone. We also

found a significant, although weak, correlation between

the appendix and male zone’s height with peak tempera-

ture in the male zone and in the appendix, respectively.

These results suggest a tendency for thermogenesis to be

stronger in species which are shorter but thicker. These

traits are characteristic of an overall robustness of the

inflorescence, a typical adaptation to beetle pollination

(Bernhardt, 2000; Kevan & Baker, 1983). Thick and warm

inflorescences may play a role in pollinator attraction or

provide a warm shelter for visiting insects, but data on vis-

iting insects and pollinators are too limited to confidently

test these hypotheses (Claudel, 2021). The overall weak

relationship we found between thermogenic activity and

inflorescence morphology suggests that there is no

emblematic thermogenic inflorescence and that floral traits

cannot be used as a proxy for temperature measurements
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to reliably predict whether a species is thermogenic.

Although we tried to include as many variables as possible

in our analyses, we cannot exclude that thermogenic

activity may actually have a stronger correlation with other

morphological traits such as the number and size of excret-

ing pores.

Figure 7. Ancestral state reconstruction of thermogenic activity treated as a continuous character (log peak temperature of the appendix, left; and of the male

zone, middle) and as a binary trait (right).

Figure 8. Pagel’s lambda values estimated for morphological traits on (1) cluster dendrogram (yellow dots), and (2) a set of 100 trees representing the whole

phylogeny (light green), or a pruned phylogeny with the same number of species as cluster dendrogram (dark green).
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Deciphering thermogenesis: future directions

Our findings shed new light on the biology and evolution

of metabolic thermogenesis. Despite these advances, the

exact function/s of temperature elevation during anthesis

remains elusive. For example, the correlation we found

between thermogenesis and floral morphology typical of

beetle pollination does not shed light on the putative func-

tion of temperature elevation in scent emission and polli-

nator attraction. Thermogenesis could potentially

contribute to CO2 release and thus to the attraction of

invertebrate pollinators (Pati~no et al., 2002). Indeed, CO2

detection is widespread in insects (Jones, 2013), which are

known to rely on CO2 gradients for locating suitable food

sources (Jones, 2013; Vereecken & McNeil, 2010).

Interestingly, two species groups from the subgenera

Scutandrium and Metandrium, here named in reference to

their emitted major scent compounds, the methoxy phe-

nethyl alcohol scents clade and the phenylethanol scents

clade (Figure 5), produce sweet, fruity or almond odours

based on aromatic hydrocarbons (Kite & Hettersc-

heid, 2017). These clades comprise mostly thermogenic or

strongly thermogenic species, in particular A. albispathus,

A. longituberosus and A. tenuispadix, all of which can

exceed 15°C above room temperature. One of the greatest

temperature elevations recorded in a plant species so far,

for example A. longituberosus (21.7°C above ambient tem-

perature, Figure 5), is only matched by two other species

within the Aroideae (Ivancic et al., 2005; Nagy et al., 1972).

However, the putative role of thermogenesis in the volatil-

ity of these scent compounds has not been formally

tested.

Taken together, the available evidence suggests that

rather than playing a fixed and universal role, the function

of thermogenesis is likely to vary with the species’ ecol-

ogy, depending for instance on whether a species emits

specialised scent compounds or occurs in cooler climates

(subtropical regions or high elevation in the tropics). We

hypothesise that if such links exist, they are largely loose

and non-deterministic, similar to what we found for mor-

phological traits.

A final aspect that deserves closer attention in future

studies is the occasional uncoupling of temperature eleva-

tion in the appendix and the male flowers zone, in species

that heat up only one of the floral organs. A deeper study

of such patterns might reveal that the heating of different

parts of the inflorescence plays a different role. Thus, the

contribution of thermogenesis to pollination success needs

to be investigated experimentally for both floral organs

independently.

Methodological considerations

Temperature elevation in tissues might not fully quantify

total thermogenesis, due to potential heat loss through

evaporation or other physical constraints (Gibernau

et al., 2005; Lamprecht & Seymour, 2010; Seymour, 2010;

Seymour & Schultze–Motel, 1999). Therefore, to quantify

thermogenesis, the use of respirometry instead of tempera-

ture measurements has been emphasised (Seymour, 2010).

It has been argued that (evaporative) heat loss due to the

high surface area of the appendix can significantly lower

the temperature despite high respiration rates (Lamprecht

& Seymour, 2010; Seymour, 2010; Seymour & Schultze–

Figure 9. Result of multiple regression between morphological variables and peak temperature in the appendix (left) and in the male zone (right).
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Motel, 1999). Moreover, it has been argued that evaporation

could lead to water droplet formation on the appendix of A.

konjac (Lamprecht & Seymour, 2010).

However, several points are debatable and should be

addressed. It appears unlikely that the droplets described

by Lamprecht and Seymour (2010) were actually water.

First, the analysed plant was placed under a respiratory

hood which can be expected to limit the evaporation. Sec-

ond, droplet formation on the appendix has been observed

in other species too and has been identified as odoriferous

secretions (Kakishima et al., 2011; Shirasu et al., 2010; per-

sonal observation CC).

Moreover, heat loss is generally not detected in the

appendix before anthesis. The cuticle effectively insulates

the appendix and prevents evaporative heat loss. Therefore,

heat loss through convection/radiation begins only once

anthesis and heat production starts. But even then, convec-

tion/radiation is probably not the main cause of heat loss.

Instead, some of the emitted scent compounds, for example

trimethylamine and oligo dimethylsulphides, have a very

high vapour pressure. It must therefore be considered that

scent volatilisation itself is either the main or at least an

important contributor to the evaporative cooling, as the

appendix is designed to volatise significant amounts of

scent compounds in a short time. It is likely not just a coin-

cidence that species that emit large proportions of the

highly volatile trimethylamine are the species that cool

below ambient temperature during anthesis, such as A. bra-

chyphyllus (appendix) and A. gigas (Kakishima et al., 2011).

This is more likely to contribute to a temperature decrease

than passive evaporation, convection or radiation.

It should also be considered that most Amorphophal-

lus species have a short pistillate phase, often less than

12 h. Ample amounts of scent compounds are discharged

within a short time and it needs to be investigated if this

requires an active, energy-consuming release system, as

well as the formation of secretory channels shortly before

and during anthesis. The morphological changes preced-

ing and during scent release have been investigated in

Sauromatum venosum, another thermogenic Aroideae and

important morphological changes accompanying anthesis

were described by Skubatz et al. (1993, 1995) and Skubatz

and Kunkel (1999). Moreover, Terry et al. (2016) studied the

relationship between temperature elevation, increased res-

piration rates and the formation and emission of volatiles

in Macrozamia Miq. cycad cones. These authors concluded

that the energetically expensive synthesis and release of

monoterpenes – and not thermogenesis – is at the origin

of the respiratory metabolic burst (Terry et al., 2016).

It is therefore reasonable to consider that respiration

rates during anthesis could be elevated through metabolic

activities, such as the biosynthesis of some scent com-

pounds, the formation of secretory channels, and the

release of scent compounds. Consequently, if the

temperature elevation is low and the respiration rates are

high, it does not forcefully imply a strong heat loss (Lam-

precht & Seymour, 2010; Seymour, 2010). Instead, it might

signify that other metabolic activities linked to anthesis

lead to the elevated respiration rates.

Moreover, the temperature measurements are taken

at 2–3 mm depth, and it is unlikely that the tissue loses

heat so quickly. Therefore, even if temperature measure-

ments are not fully accurate, they should still represent a

valid approximation.

Last but not least, there are potential pitfalls in the

comparison of temperature measurements from a multi-

tude of morphologically different species. This is usually

‘overcome’ by the comparison of mass-specific respiration

rates (Seymour, 2010). However, in our case, many flower-

ing events were unique, making it impossible to take the

according data without damaging the inflorescence. That

said, the case of A. schmidtiae demonstrates that the

impact of morphology appears to have limits of its own.

Plants grown from clonally propagated tubers of A.

schmidtiae yielded two distinctly different temperature pat-

terns, despite their identical floral morphology and genet-

ics. This phenomenon requires additional research.

Nonetheless, it clearly demonstrates that morphology

alone cannot account for the varied temperature patterns.

These morphological aspects deserve closer observa-

tion and have to be addressed in forthcoming studies. The

interplay between metabolism, scent production and

release, temperature elevation, thermo-regulation and

morphology appears to be more complex than previously

assumed. In the meantime, temperature measurements

have provided a reliable approximation of thermogenesis

in several studies (Seymour et al., 2004; Seymour, Giber-

nau, & Itoh, 2003) and have been widely used in multiple

systems (Hoe et al., 2020; Marotz–Clausen et al., 2018;

Prieto & Cascante–Mar�ın, 2017; Sayers et al., 2020; Skubatz

et al., 2019). Temperature measurements also present

some experimental advantages, such as the possibility of

simultaneous individual recording of different floral organs

or tissues, and the ease of use, particularly when dealing

with large inflorescences. From an ecological perspective,

detecting temperature elevation is particularly informative

when considering biotic interactions among species, such

as heat reward to pollinators. Based on these theoretical

and practical considerations, this study does not quantify

all the physiological variables involved in thermogenesis

and instead uses detailed temperature measurements to

approximate thermogenic activity in the plants surveyed.

The evolution of thermogenesis in plants remains a hot

topic.

CONCLUSIONS

The variation in thermogenic patterns and temperature

fluctuation in Amorphophallus easily outranks the variation
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in any other thermogenic plant group studied so far. Our

results indicate that thermogenesis evolved only once

early in the evolutionary history of Amorphophallus and,

despite the loss of this function in several lineages, closely

related species tend to display a similar temperature eleva-

tion. We also show that thermogenesis is at least partly

decoupled from evolutionary success, as it did not influ-

ence the rate of species diversification within the genus.

Although neither phylogenetic relationships nor thermo-

genic activity are the primary correlates of floral morphol-

ogy in Amorphophallus, we find that thermogenic capacity

is associated to some degree to inflorescence types that

are likely adapted to beetle pollination. Yet, the phenome-

non is only partly understood and the exact functional role

that thermogenesis may have in pollinator attraction

remains to be further clarified. Additional measurements

and observations are required, particularly concerning the

identity and the behaviour of visiting and pollinating

insects.

Amorphophallus provides an exciting window into the

evolution and natural history of thermogenesis in plants.

However, as long as accurate data about species distribu-

tion, ecological niche and their pollinators are lacking for

most Amorphophallus species, the evolution of thermo-

genesis will remain only partly understood. In addition to

increased sampling and temperature measurements under

controlled conditions, extensive field observations are also

crucially needed to fill the remaining knowledge gaps.

Unfortunately, gaining such understanding from natural

ecosystems represents a race against time. Indeed, 12 out

of the only 16 species assessed by the International Union

for Conservation of Nature are threatened or nearly threat-

ened, of which four species are classified under the highest

threat category ‘Critically Endangered’, and two species

have too sparse data for being reliably categorised (IUCN

v. 2022–2; https://www.iucnredlist.org; accessed in April

2023). Further assessments of the remaining species are

urgently needed to guide effective conservation strategies

and safeguard the future of these unique and fascinating

plants.

MATERIALS AND METHODS

Quantitative measurements of thermogenic activity

We recorded the temperature elevation above room temperature,
a proxy for thermogenic activity, of 119 individuals representing
80 Amorphophallus species (Data S1) using an Extech SD200 3-
channel- or an Extech SDL200 4-channel data logging thermome-
ter (accuracy �1°C). Fine-wired type K thermocouples of less than
1 mm diameter width were chosen in order to keep the plants as
intact as possible. Most measurements took place between 2014
and 2020 in a climatised room in the Institute for Plant Science
and Microbiology, Hamburg, Germany, after pilot trials also car-
ried out at the Gothenburg Botanical Garden, Gothenburg, Swe-
den. Thirty of the measurements were performed in Cairns,

Australia, under similar conditions. Most plants were either placed
in a shaded and climatised room with largely constant ambient
temperature, usually in the range of 20–25°C, or in a shaded office
under low-temperature fluctuations. Six plants (A. gallaensis, A.
josefbogneri, A. ochroleucus, A. palawanensis, A. pilosus and A.
thaiensis) were directly analysed in the greenhouses where it was
ensured that no direct sunlight reached the plants. Lastly, two
plants (A. polyanthus and A. terrestris) were analysed within a ter-
rarium under similar conditions as in the greenhouse (~85%
humidity) around 20°C. Many investigated plants originate from
cultivated material derived from the former research collection
from Wilbert Hetterscheid in Leiden, or from the collection from
Steve Jackson, a retired horticulturist from Cairns Botanic Gar-
dens, Australia. Although cultivated in botanical gardens, they
represent original in situ collections. Plants for investigation were
chosen opportunistically, depending on the formation of an inflo-
rescence. It must be noted that many flowering events were
unique opportunities as several of our studied species rarely
flower. This unpredictability in flowering, combined with the com-
plexity and costs of the equipment used, jointly explains why our
measurements took 7 years.

The thermocouples were inserted at ~2–3 mm depth in the
middle of the pistillate (female) zone, the staminate (male) zone
and the lower third of the appendix, usually at their broadest zone.
The fourth thermocouple recorded room temperature as a refer-
ence. Measurements were taken every 5 min, starting at the onset
of anthesis. Additionally, in eight species (Data S2 embedded
movie), thermal images were shot using an InfraTec mobileIR E9
thermal camera (accuracy �2°C). Emissivity was set to 0.98 and
one image was taken every 5 min. The spathe of the inflorescence
was removed either partially or totally, for visualisation purposes.
Thermal imaging served to identify the thermogenic zones and to
detect putative spatial dynamics not detectable by the thermocou-
ples. Beyond that, thermal imaging was not used for analytical
purposes. In eight selected species A. albispathus, A. lewallei, A.
paeoniifolius, A. prainii, A. schmidtiae pattern 1, A. schmidtiae
pattern 2, A. tuberculatus, A. yunnanensis, representing the four
subgenera, thermal images were assembled to generate time-
lapse movies (Data S2 embedded movie).

Several species were analysed in multiple replicates, either
of the same clonally propagated plant or of different individuals of
a species, in order to assess both the reproducibility and the vari-
ability of the thermogenic patterns within species (Data S1).

Time-series clustering

Thermogenesis is a dynamic phenomenon, and we recorded it as
time series, that is temporal measurements of a continuous value
(temperature) in the floral organs. Therefore, we used time-series
clustering to classify species according to their thermogenic pat-
tern, based on the full length of the temperature series rather than
on punctuated events such as maximum temperature or tempera-
ture range. We applied shape-based clustering, an approach that
aligns the shapes of two time series by warping some of their
points along the time axis in order to find the optimal path
between them (Aghabozorgi et al., 2015). We performed three dif-
ferent hierarchical clustering analyses, based on the time series of
(1) the male zone, (2) the appendix, and (3) the male zone and
appendix combined (i.e. multivariate time series). Clustering was
performed using the Dynamic Time Warping (DTW) distance
implemented in the R package dtwcluster (Sard�a–Espinosa, 2019).
The analyses were performed on: (i) the complete dataset with
119 time series, including multiple measurements available for 20
species; in some cases, based on clonally propagated plants, in
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some cases different specimens of a species; and (ii) a dataset
with 80 time series, containing a single individual per species,
usually the individual reaching the highest temperature unless its
time-series was incomplete due to measurements starting after
the onset of thermogenesis or ending too early. Prior to the analy-
sis, all variables were smoothed using the loess function in the R
package stats.

In order to be used in downstream analyses, the output clus-
ters from the clustering analysis were subsequently converted to
dendrograms using the function as.dendrogram from the R pack-
age stats (version 3.6.2), and exported to the newick format, using
the function as.phylo.dendrogram, from the R packages ape. Addi-
tionally, because the complete temperature time series of the
appendix and male zone cannot be used in phylogenetic compara-
tive analyses, we summarised them by computing for each of the
80 species the maximum temperature (later in the text referred to
as peak temperature) of the appendix and male zone.

Phylogenetic analyses

We inferred a new time-calibrated molecular phylogeny of Amor-
phophallus including 157 species, that is 67% of the described tax-
onomic diversity of the genus (Claudel et al., 2017) and three
outgroup species from other genera of the Araceae family, Ancho-
manes difformis (Bl.) Engl., Gonatopus angustus N.E. Br. and
Hapaline sp. We used the molecular data from Claudel
et al. (2017), which included one nuclear (ITS1) and two chloro-
plast (rbcL and matK) genes. In contrast to Claudel et al. (2017),
who concatenated the three DNA markers and did not estimate
divergence times, here we used the partitioned dataset to jointly
estimate the tree topology and divergence times in a Bayesian
framework using BEAST v2.5.0 (Bouckaert et al., 2014). The align-
ment was partitioned into nuclear and chloroplast genes, with a
GTR + G substitution model for each partition. We applied a
birth–death tree prior and an uncorrelated log-normal clock.

In order to produce a time-calibrated phylogeny, we imple-
mented three secondary calibration points using the age estimates
of Nauheimer et al. (2012) on the following nodes: (1) crown
Amorphophallus: 95% HPD (highest posterior density) = 9.76–
40.43; (2) Amorphophallus + Hapaline: 95% HPD = 47.42–68.23
and (3) the root node (node 38 of Nauheimer et al., 2012): 95%
HPD = 77.1–97.03. All calibrations were set with a uniform prior to
the 95% HPD interval. Convergence of the Markov chains Monte
Carlo (MCMC) was assessed in Tracer v1.7.1 (Rambaut
et al., 2018). We removed the first 10% of the MCMC samples as a
burn-in and produced the maximum clade credibility tree using
BEAST plug-in logAnalyser. The phylogeny and traits were visua-
lised using the R package ggtree (Yu et al., 2017).

Diversification rate analyses

We investigated the species diversification dynamic of Amorpho-
phallus by testing for constant diversification versus time-varying
models. We used RPANDA (Morlon et al., 2016) to fit ten birth–
death models, including a pure birth model, constant rate birth–
death (BD) and other BD models with k and/or l varying exponen-
tially or linearly as a function of time. We selected the best-fit
model using AIC. However, because the temporal dynamics of
diversification rates has been shown to suffer from unidentifiabil-
ity issues (Louca & Pennell, 2020), we also estimated the ‘pulled
speciation rate’ on a time grid using the R package castor (Louca
& Doebeli, 2018). The pulled speciation rate is fully identifiable
and corresponds to the speciation rate under zero extinction and
complete sampling, meaning that in the presence of extinction or
missing taxa, its value is lower than the speciation rate

(Helmstetter et al., 2022) and can be informative or overall rate
variation (Louca & Pennell, 2020).

Additionally, we tested whether thermogenesis impacted
diversification rates in Amorphophallus. We compared character-
dependent and character-independent models of diversification
using the R package HiSSE (Beaulieu & O’Meara, 2016). We fitted
a Hidden State Speciation and Extinction model where speciation
and extinction rates are allowed to differ between thermogenic
and non-thermogenic species, or due to another, hidden trait. This
has been shown to reduce the risk of finding spurious evidence of
trait-dependent diversification (Beaulieu & O’Meara, 2016). We
compared the HiSSE model against a character-independent
model and performed model selection using the AIC criterion.

Evolution of thermogenesis

To explore the evolutionary history of thermogenesis in Amor-
phophallus we performed ancestral state estimation for the 80
species with available temperature data. We carried out two
sets of analyses with thermogenesis considered first as a con-
tinuous trait (peak temperature during anthesis in °C) and sec-
ondly as a binary trait (present/absent). For the latter, given the
uncertainty of 1°C in the thermometer, species were coded as
thermogenic only if they displayed >1.5°C heating above room
temperature during anthesis in at least one of the two heat-
producing parts of the inflorescence. All analyses were per-
formed in the R package phytools (Revell, 2012). First, stochas-
tic character mapping was done using the make.simmap
function with 1000 simulations. Posterior probabilities of each
state (thermogenic or not thermogenic) were plotted on the
phylogenetic tree using the densityMap function. For the two
continuous variables (peak temperature in the male part and in
the appendix), we used maximum likelihood implemented in
the function contMap to infer ancestral states at nodes and
paint the inferred trait history along the phylogenetic tree.

In addition, we estimated the degree of phylogenetic conser-
vatism of thermogenesis by computing Pagel’s lambda
(Pagel, 1999) for peak temperature of the male zone and of the
appendix using the phylosig function in phytools. Departure from
the null hypothesis of no phylogenetic signal (k = 0) was tested
using a Likelihood Ratio Test.

Determinants of thermogenesis

Thermogenesis has been associated with insect pollination (e.g.
Seymour & Matthews, 2006). More particularly, beetle pollination
has been reported to be characteristic for intensely thermogenic
flowers with floral chambers (Bernhardt, 2000). Though most
Amorphophallus species attract a wide array of arthropods (Clau-
del, 2021), beetles appear to be their main pollinator group (Mor-
etto et al., 2019). Therefore, to test whether thermogenesis is
associated with floral morphological traits, we scored for all spe-
cies included in the phylogeny a matrix of 10 quantitative vari-
ables describing the main elements of the inflorescence (height
and radius of the appendix and of the male zone, peduncle length
and diameter, spadix length, spathe length) as well as pollen size.
Some of these variables, for instance, appendix and male zone
parameters are directly related to thermogenesis whereas others
are part of the pollination system. For example, beetle pollination
is associated with floral chambers and inflorescence robustness
(Bernhardt, 2000; Johnson & Schiestl, 2016; Kevan & Baker, 1983),
represented here by spathe parameters and peduncle diameter.
Moreover, the length of the peduncle might be related to the flight
ability of a pollinating insect. Lastly, pollen size is generally asso-
ciated with biotic and abiotic parameters, such as wind- and insect
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pollination as well as the feeding behaviour of the pollinating
insects (Ackerman, 2000; Hao et al., 2020). Considering the signifi-
cant size spread of pollen grains within Amorphophallus, ranging
from 25 to 90 lm (Punekar & Kumaran, 2010; Ulrich et al., 2017;
van der Ham et al., 1998), pollen size might be a significant
variable.

To assess whether the evolution of inflorescence size and
shape is more tightly linked to thermogenesis or to shared ances-
try (Q3), we estimated Pagel’s lambda for each of the 10 morpho-
logical traits, first on the phylogeny and second on the cluster
dendrogram which reflects the degree of closeness in the thermo-
genic pattern. Tests for the null hypothesis of no phylogenetic sig-
nal were performed using a likelihood ratio test. For the analysis
on the phylogeny, we took into account phylogenetic uncertainty
by computing Pagel’s lambda on a set of 1000 phylogenetic trees
randomly sampled from the posterior distribution of trees. The
larger number of species included in the phylogenetic tree com-
pared to the cluster dendrogram (157 versus 80) hinders a direct
comparison of Pagel’s lambda values. To address this, we
repeated the analysis with the phylogenetic tree pruned to keep
only the species included in the cluster dendrogram.

We then built a multivariate regression model to evaluate
whether thermogenic activity can be predicted from morphological
traits. We used phylogenetic mixed models to model thermogenic
activity as a function of morphological traits, using the Bayesian
implementation in the R package mcmcglmm (Hadfield, 2010). To
account for phylogenetic non-independence, phylogenetic relation-
ships were included as a random variable. Two variables with a
high proportion of missing data (pollen size and spadix width)
were discarded from the analysis so that in total, the regression
included 8 variables and 67 species. We carried out two analyses
where the response variable was peak temperature in the appendix
and in the male zone, respectively. The glmm analyses were run
for 20 million MCMC generations, sampling every 12 000 genera-
tions. After discarding a burn-in of 120 000 generations, we
checked the convergence of the MCMC chains. It would have been
desirable to run a mixed model that also included geography as an
explanatory variable, in order to test whether the intensity of ther-
mogenic activity differs significantly between Asian, African and
Malagasy species. However, there was insufficient statistical power
in our dataset to test this hypothesis, given that only three African
species and two species from Madagascar could be included in the
phylogeny together with 43 Asian species.
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Data S1. Time series of appendix and male zone temperatures for
the 119 measured individuals representing 80 Amorphophallus
species. Each time series is represented by two graphs: the first
graph displays the temperature measurement and the second
graph shows the absolute temperature increase.

Data S2. Time-lapse movies from A. albispathus, A. lewallei, A.
paeoniifolius, A. prainii, A. schmidtiae pattern 1, A. schmidtiae
pattern 2, A. tuberculatus, A. yunnanensis are accessible in the
embedded movie file.

Data S3. Hierarchical dendrograms obtained from the clustering
of the time series of appendix and male zone separately or com-
bined, with 119 individuals (including replicates) or 80 (one indi-
vidual per species).

Figure S1. The two cluster dendrograms based on the univariate
time clustering analyses from the male zone and the appendix are
broadly similar. Both display two main clusters, one containing
species with medium to high-temperature increase and a second
cluster consisting of weakly or non-thermogenic species.

Figure S2. Time calibrated molecular phylogeny of Amorphophal-
lus inferred in BEAST. Node labels indicate posterior probabilities.
Time in million years is shown in the horizontal axis.

Table S1. Comparison between the Hidden State Speciation and
Extinction (HiSSE) and character-independent (CDI2) models of
diversification.

Table S2. Values of Pagel’s lambda for morphological variables
estimated both on the cluster dendrogram of thermogenic activity
and on the phylogenetic tree (with all species or pruned to the
same tips as the dendrogram).

Table S3. Regression coefficients from the generalised-linear-
mixed-model regression between the thermogenic activity of the
male zone and appendix parts and morphological variables.
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Abstract Encompassing ca. 200 species distributed in paleotropical Africa and Asia, Amorphophallus is one of the
largest genera of Araceae. In spite of the great economic interest in its glucomannan production, only a few
studies have attempted to grasp the evolutionary history of this genus. In the current state of knowledge, four
main clades, mostly linked to biogeographical delineation, have been identified from phylogenies based on a few
genes. However, relationships among and within these clades still remain unclear, due to the rapid radiation that
occurred during the early evolutionary history of the genus. Here, we generated genome skimming libraries for 43
specimens from 36 species distributed across the 4 clades, which allowed us to produce a phylogenetic matrix for
a set of 71 plastid genes. Our phylogenies confirm the monophyly of these clades but show a new and well‐
resolved arrangement among these clades. Our analyses therefore provide a new scenario and timeline for the
evolution of the main Amorphophallus clades, consistent with the morphological characteristics of the clades.
The inferred scenario is also in agreement with climate dynamics and the onset of long‐distance dispersal by the
earliest migratory birds near the Oligocene/Miocene transition around 23 million years ago. Our study provides an
up‐to‐date baseline to understand biogeographic and ecological processes that shaped the current diversity and
distribution of Amorphophallus, paving the way for larger‐scale phylogenomic studies based on plastid and nuclear
genomes.

Key words: Alismatales, genome skimming, molecular dating, Oligocene/Miocene dispersion, organelle genomes.
.

1 Introduction
The burst of angiosperm diversification in the plant kingdom,
presumably triggered by a unique flower innovation and a
large array of coevolution processes with pollinators (Hu
et al., 2008; Suchan et al., 2015), represents an ideal system
for examining how species and traits have evolved. Among
Angiosperms, Araceae are one of the most species‐rich,
morphologically and ecologically diversified of all land‐plant
families. Displaying highly diverse morphologies ranging from
the smallest known Angiosperms in the genus Wolffia Horkel
ex Schleid., to the largest inflorescence structures in the
genus Amorphophallus Blume ex Decne. with A. titanum
(Becc.) Becc. ex Arcang. Araceae encompass ca. 3750 species
(Christenhusz & Byng, 2016), most of which have evolved
peculiar adaptations to pollinators. Since they arose in the

Early Cretaceous ca. 135 millions of years ago (Ma)
(Nauheimer et al., 2012), Araceae have undergone multiple
radiations into worldwide tropical, temperate, and circum-
boreal regions, ranging from aquatic to terrestrial habitats
(Mayo et al., 1997), with a particularly large proportion of
lineages having evolved lure‐and‐trap pollination systems
(Bröderbauer et al., 2012). Araceae is thus a relevant family to
examine how the evolution of pollination traits has triggered
diversification of or within lineages.
With ca. 230 described species (Bustamante et al., 2020;

Govaerts et al., 2021; Tamayo et al., 2021), Amorphophallus
Blume ex Decne. is the largest Araceae genus with a
paleotropical distribution (Hetterscheid & Ittenbach, 1996;
Boyce & Croat, 2011). Its species diversity is only surpassed by
the genera Philodendron Schott and Anthurium Schott
(Boyce & Croat, 2011). With an origin estimated ca. 25 Ma
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(Nauheimer et al., 2012), its distributional range extends from
tropical Africa to India, southeastern China, Southeast Asia,
Indonesia, the Philippines, and northern Australia (Hettersc-
heid & Ittenbach, 1996).
Despite inhabiting a (sub)tropical environment, most

Amorphophallus species demonstrate a broad ecological
tolerance toward a large array of abiotic parameters. For
instance, they tolerate varying levels of light intensity,
ranging from deep shade (forest floors) to higher levels of
irradiation (forest margins or open fields). Moreover, the
tuber properties enable them to tolerate drought periods
and to occupy small crevices filled with little humus or litter
and many Amorphophallus species are considered to be
pioneering plants (Hetterscheid & Ittenbach, 1996). Morpho-
logically, Amorphophallus plants are perennial geophytes that
usually consist of an underground tuber, bearing a single
compound leaf per growing season. The tubers of some
species have a high content of glucomannan, in particular for
A. albus P.Y.Liu & J.F.Chen, A. konjac K. Koch, A. muelleri Bl.,
and A. paeoniifolius (Dennst.) Nicolson, a carbohydrate that is
used for nutritional or industrial purposes (Yin et al., 2019;
Srzednicki & Borompichaichartkul, 2020). Moreover, the
leaves of some species are sold as vegetables in local food
markets in Asia (Sookchaloem et al., 2016). As in all Araceae,
the inflorescence consists of a spadix surrounded by a

spathe, borne on a peduncle (e.g., Fig. 1. 1–10). If strongly
constricted, the spathe is divided into an upper limb and a
base (kettle), forming a chamber or a trap (van der Pijl, 1937;
Beath, 1996; Bröderbauer et al., 2012). The spadix is divided
into a lower pistillate zone, followed by an upper staminate
zone and finally on top, a sterile appendix that serves scent
volatilization (Mayo et al., 1997; Kite & Hetterscheid, 2017).
Scent volatilization is known to be promoted by heat
generation in the appendix, at least in some species (Skubatz
et al., 1990; Barthlott et al., 2009; Lamprecht & Sey-
mour, 2010; Shirasu et al., 2010).
The exceptional morphological diversity across the genus

is best illustrated by size, which ranges from a few
centimeters in dwarf species to several meters in giant
species, such as the iconic A. titanum (Claudel et al., 2017).
Morphological diversity is equally important in inflorescence
morphology (Grob et al., 2002; Sedayu et al., 2010),
inflorescence odors (Kite & Hetterscheid, 2017; Claudel &
Lev‐Yadun, 2021), life cycle and berry color (Sedayu
et al., 2010), pollen ultrastructure (van der Ham et al., 2005),
leaf size and architecture, and petiole patterning with lichen
mimicry (Claudel et al., 2017, 2019) (see examples in Fig. 1). In
addition, some morphological characters, such as hair‐like
staminodes (Fig. 1. 13–14), are apparently homoplastic
(Hetterscheid, 2012), highly variable (Grob et al., 2002), or

Fig. 1. Examples of morphological diversity within Amorphophallus with variations in (1–10) inflorescences for spathe and
spadix shape and size, in (6, 10–12) petiole patterning with lichen mimicry, in (13–14) types of staminode with hair‐like
staminodes, or in (15–18) berry colors. Species: A. albus (9), A. bulbifer (15), A. gomboczianus (7), A. konjac (10), A. laoticus
(12, 13, 16), A. mossambicensis (1), A. muelleri (6), A. natolii (14), A. ochroleucus (4), A. paeoniifolius (3), A. sumawongii (8, 17),
A. taurostigma (11), A. verticillatus (5), A. yuloensis (2, 18). Photos were taken by C. Claudel.
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polymorphic (van der Ham et al., 2005). The morphological
heterogeneity of larger phylogenetic units makes it
challenging, if not impossible, to identify morphological
synapomorphies (Grob et al., 2002; van der Ham et al., 2005;
Sedayu et al., 2010; Claudel et al., 2017). Grob et al. (2002)
were the first to explore the phylogeny of Amorphophallus
using traditional plastid markers (matK and trnL intron
sequences). They inferred 5 main clades based on a sampling
of 46 Amorphophallus and 2 species of Pseudodracontium
N.E.Br., the latter genus being subsequently sunk into
Amorphophallus (Hetterscheid & Claudel, 2012; Claudel
et al., 2017). The authors found several main phylogenetic
units to be “morphologically highly heterogeneous.” When
incorporating Floricaula/Leafy second intron (FLint2) into the
analysis, two out of the five clades were inferred as a single
clade in a subsequent investigation (Grob et al., 2004).
Subsequently, the resulting strict consensus tree (maximum
parsimony [MP] analysis) of the combined data set (rbcL,
matK, trnL, and FLint2) demonstrated a substantial biogeo-
graphic component and was further used to explore the
evolution of traits, such as pollen ultrastructure and
ornamentation (van der Ham et al., 2005). Pollen mor-
phology was shown to be very variable across the genus;
however, no morphological pollen characters were found to
support the monophyly of the genus, nor to support any of
the four major groups retrieved. Moreover, some species
were shown to be polymorphic, indicating that “ectexine
features are not necessarily fixed in Amorphophallus” (van
der Ham et al., 2005).
Based on the work of Grob et al. (2004), Sedayu et al.

(2010) expanded the sampling up to 69 species, using trnL,
rbcL, and Flint2 as molecular markers. Similar to Grob et al.
(2004), the resulting phylogenetic trees comprised four
major clades that largely reflect the biogeographic distribu-
tion of the genus. Consequently, the four clades were named
the African (AFR) clade, the Continental Asia I (CA‐I) clade,
the Continental Asia II (CA‐II) clade, and the South East Asia
(SEA) clade (Sedayu et al., 2010). However, the inter‐
relationship of the four clades was not resolved in both
studies due to unresolved polytomies affecting the basal
relationships between these clades (Grob et al., 2004; Sedayu
et al., 2010).
In a further attempt to infer the evolutionary history of the

genus Amorphophallus, Claudel et al. (2017) again expanded
the sampling number, investigating a total of 157 Amorpho-
phallus species. The internal transcribed spacer 1 (ITS1) was
included in the data set whereas Flint2 was excluded as the
latter proved to be too variable (and perhaps paralogous) on
a larger scale (Claudel et al., 2017). Again, four major groups
were inferred using the plastid and nuclear makers in
combined analyses, similar to those inferred by Sedayu
et al. (2010) but with a better delineation owing to their
extended sampling. This ultimately resulted in the subgeneric
delineation of four subgenera, namely Amorphophallus (SEA),
Afrophallus Hett. & Claudel (AFR), Metandrium Stapf (CA‐I),
and Scutandrium Hett. & Claudel (CA‐II). Claudel et al. (2017)
provided a diagnosis for the newly erected subgenera
Afrophallus and Scutandrium; moreover, Claudel et al.
(2017) demonstrated the congruence between the molecular
approach and the morphology on behalf of smaller
phylogenetic units, such as the Pusillus, Pulchellus, or the

Paeoniifolius‐Manta clades, to name a few. However, when
analyzing separately the nuclear and the plastid markers, the
relationships among the four subgenera were still partially
resolved in the plastid tree, and differed from the nuclear
tree with regard to the arrangement of the three Asian
subgenera (Amorphophallus, Metandrium, and Scutandrium;
see Fig. 3). On the other hand, the four clades were not
completely monophyletic within the nuclear tree, which
illustrates the limitation of such markers to resolve the
evolutionary history of this genus.
Rapid radiation makes it challenging to establish well‐

resolved phylogenies (Whitfield & Lockhart, 2007), a process
that seems to have been at work during the early evolution
of Amorphophallus. In particular, subgenera Amorphophallus
and Metandrium are morphologically highly diverse, which
makes it challenging to identify suitable morphological traits
that trace the evolutionary history of the genus. During rapid
radiations, the number of DNA substitutions is rather low,
leading to little support for phylogenetic inferences and
short internodes that reflect shared ancestry (Kong
et al., 2021). In the meantime, pervasive introgressions,
gene duplications, or incomplete lineage sorting (ILS) where
the alleles coalesce before the splitting of species, further
complicating the phylogenetic study of such clades and
underlying evolutionary questions (Maddison & Knowles,
2006). So far, molecular phylogenies on Amorphophallus,
which relied on the concatenated analysis of a handful of
genes, still leave uncertainties about the initial radiation of
the genus by a lack of phylogenetic signal on basal
relationships (Grob et al., 2004; Sedayu et al., 2010) or by
alternative histories (Claudel et al., 2017), which may be
related to ILS and/or gene flow, two processes that are
expected during a species′ radiation.
The last decade has seen the rise of high‐throughput

sequencing, allowing the comparison of multiple loci in a large
number of taxa. However, subsequent analyses generally rely on
high‐quality data, to ensure sufficient levels of depth and
coverage, a task that might be costly both economically and
computationally (Harrison & Kidner, 2018). In order to decrease
costs, recent methodological developments gathering key data
from low‐coverage sequencing have been proposed (Barrett
et al., 2016a; McKain et al., 2018). Genome skimming, consisting
of shotgun sequencing of the whole genome at low coverage,
allows to target high copy number of certain genomic
components, which include chloroplast genomes (cpDNA),
mitochondrial genomes (mtDNA), and nuclear ribosomal DNA
(nrDNA) repeats (Straub et al., 2012; McKain et al., 2018). This
method has been widely used, in both fresh and degraded
samples (Trevisan et al., 2019; Alsos et al., 2020; Nevill et al., 2020),
for barcoding (Coissac et al., 2016; Bohmann et al., 2020) or
phylogenetic applications in both animals (Johri et al., 2020; Tan
et al., 2021a, 2021b) and plants (Malé et al., 2014; Barrett
et al., 2016b; Givnish et al., 2018; Liu et al., 2018; Pouchon
et al., 2018).
Taking benefit of such recent developments, our study

uses genome skimming libraries from Amorphophallus taxa
and available annotated cpDNA genomes to capture plastid
DNA genes in order to (i) resolve the phylogenetic positions
of the four subgeneric clades of Amorphophallus, and (ii)
estimate the timing and tempo of Amorphophallus diversi-
fication.
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2 Material and Methods
2.1 Sampling, DNA extraction, and sequencing
Genome skimming libraries were produced for 39 accessions,
representing 32 Amorphophallus species, plus 2 accessions as
outgroup species (see Table S1). Among these accessions,
DNA extracts were already collected for 31 Amorphophallus
samples processed by Claudel et al. (2017), representing 31
species (see Claudel et al., 2017 for voucher number and
extraction protocol). The eight remaining accessions were
collected newly for this study, including two additional
samples of A. mossambicensis Klotzsch ex Garcke and one
potentially undescribed species A. spec. Sabah (Table S1).
Lastly, the two outgroup taxa, Caladium bicolor (Aiton) Vent.
and Hapaline brownii Hook.f. were included. Fresh leaf
tissues were collected for the new accessions and outgroup
taxa in the Hamburg botanical garden (Germany), and in the
Vienna botanical garden (Austria) for A. spec. Sabah. DNA
extractions were performed using the Qiagen plant tissue
kit. Additionally, two extraction replicates of the same
accessions were also performed for two ingroup species,
A. natolii Hett. and A. rhizomatosus Hett., as quality control
to evaluate the efficiency of the following bioinformatic
method to capture plastid genes in sequencing libraries.
We then produced 43 shotgun libraries, including the two
extraction replicates, with a dual indexing strategy
following Meyer & Kircher (2010). The library pool was
sequenced using an Illumina HiSeq. 2500 protocol
(Lausanne Genomic Technologies Facility).

2.2 Data acquisition
Four additional sequencing libraries were retrieved in the
European Nucleotide Archive (ENA) for the following
Amorphophallus species, generated in Liu et al. (2019):
Amorphophallus albus (SRR7938683), A. bulbifer (Roxb.)
Blume (SRR7938684), A. konjac (SRR7938681), and A.
muelleri Blume (SRR7938682).
In order to estimate the divergence time of the crown

Amorphophallus from fossil records available for monocots
(Iles et al., 2015), we also completed our outgroup sampling
for Alismatales by adding 11 genome skimming libraries
generated within the framework of the PhyloAlps project
(Alsos et al., 2020), and 38 fully annotated cpDNA available
from NCBI GenBank/Refseq (Table S1). Among these, three
Acorus L. species (Acorales; Acoraceae), sister to all other
monocots, were included to root the phylogenies (Nau-
heimer et al., 2012).

2.3 Plastid gene capture
Plastid genes were captured in silico in the genomic libraries
by using ORTHOSKIM (Pouchon et al., 2022; https://github.
com/cpouchon/ORTHOSKIM) on the GRICAD infrastructure
(https://gricad.univ-grenoble-alpes.fr) with 24 cores and
125 GB of RAM.
We first performed global assemblies using the assembly

mode, using the SPAdes assembler (Bankevich et al., 2012),
with the default parameters (i.e., kmer size of 55, minimal
kmer coverage ≥3, minimal contig size ≥500 bp). The contigs
were next cleaned with cleaning mode by using a similarity
threshold of 65% and a minimal mapping length of 140 bp. We
set the expected taxonomy of contig mapping at the

“Embryophyta” level, to exclude all contigs outside of this
clade (i.e., contaminants) during this cleaning step.
We next computed a database of references for the

cpDNA using the database mode with the 38 full cpDNA
annotations collected from NCBI Genbank/Refseq and the
given seed sequences from the cpDNA genome of
Arabidopsis thaliana (L.) Heynh. (AP000423). This database
consisted of 79 coding genes (CDS) and 4 rRNA non‐coding
gene sequences.
The capture of cpDNA genes was performed with the

capture mode for the CDS and rRNA‐targeted sequences.
Only the exonic regions were targeted for both types of
genes. We also set a minimal reference sequence coverage
of 50% and a minimal open reading frame (ORF) coverage of
80% to consider the successful capture of CDS sequences.
In order to combine captured CDS and rRNA sequences

with those from the full‐annotated cpDNA of outgroups in
the ORTHOSKIM architecture, we developed a bash script
Annotation_extraction.sh available at https://github.com/
cpouchon/ORTHOSKIM. This script consisted of: (i) extracting
all gene sequences from the annotations; (ii) mapping them
onto the same seeds used in ORTHOSKIM to keep a standard
gene name; and (iii) writing the gene sequences in the same
output format. We used this script on the 38 full cpDNA
annotations.

2.4 Construction of phylogenetic matrices
In order to estimate the phylogenetic relationships between
the four clades and to date the divergence of Amorpho-
phallus taxa, two phylogenetic data sets were built: (i) one
focusing on ingroup relationships; and (ii) one on outgroup
taxa for the dating. For both data sets, a gene‐based
partitioned alignment was produced using the alignment
mode in ORTHOSKIM on the same CDS and rRNA gene set,
based on the MAFFT algorithm (Katoh & Standley, 2013), and
trimmed with trimAl using the heuristic automated1
algorithm (Capella‐Gutiérrez et al., 2009). We filtered out
libraries with more than 85% of missing data on the
concatenated alignments. The first data set consisted of 45
Amorphophallus taxa and a subsampling of 9 Araceae
outgroups. The second data set consisted of the same 45
Amorphophallus taxa with all 51 Alismatales outgroups.

2.5 Ingroup phylogenetic reconstruction
Phylogenetic reconstructions were performed using max-
imum likelihood (ML) and Bayesian inference (BI) approaches
on the concatenated gene‐partitioned alignment. Moreover,
we also used a MP approach, as high levels of ILS can mislead
the concatenated ML inferences and not MP reconstructions
(Kubatko & Degnan, 2007; Mendes & Hahn, 2018). The ML
reconstruction was performed in IQ‐TREE‐2 v.2.1.2 (Minh
et al., 2020). We used ModelFinder (Kalyaanamoorthy
et al., 2017) to determine the best‐fitted model for each
partition in IQ‐TREE‐2 along with 1000 ultra‐fast bootstrap
(UFBoot) replicates, the SH‐like approximate likelihood ratio
test to assess branch support under 1000 replicates, and the
hill‐climbing nearest neighbor interchange (NNI) search
option. The BI reconstruction was done in ExaBayes v1.5
(Aberer et al., 2014) using two independent MCMC runs with
4 × 1 000 000 generations, sampled every 500. Chain con-
vergence was assessed using the postProcParam function in
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ExaBayes with an expected effective sampling size (ESS)≥
200. An extended majority‐rule consensus was generated
using the consense function. MP tree reconstruction was
performed in MPBoot v1.1.0 (Hoang et al., 2018) using 1000
UFBoot replicates along with the NNI search option.

2.6 Molecular dating
Molecular dating was performed on the outgroup data set
by using BEAST2 v2.6.4 (Bouckaert et al., 2014). For
computation purposes, we ran BEAST2 analysis on the
plastid concatenated matrix without partition schemes, as
performed by Nauheimer et al. (2019) on full plastid genes,
by assuming a simple Yule process. We used the GTR+ I+ G
substitution model, estimated by ModelFinder (Kalyaana-
moorthy et al., 2017) in IQ‐TREE‐2 (Minh et al., 2020) with
four gamma categories, and an optimized relaxed clock
(ORC) especially efficient with long alignments (Douglas
et al., 2021). Two parallel MCMC chains with 200 million
generations each were run, sampling every 5000th
generation. We assessed the convergence of runs with an
estimated ESS> 200 using Tracer v.1.7.2 (Rambaut et al., 2018)
after removing 25% of samples as burn‐in. The resulting trees
of different runs were next combined in LogCombiner
v.2.6.5 and summarized in a maximum clade credibility tree
using TreeAnnotator v.2.6.4 (Bouckaert et al., 2014).
We used a total of nine fossil records (Table 1), available

for monocots (Nauheimer et al., 2012; Iles et al., 2015). Our
constraint scheme consisted of gamma‐distributed priors for
all nine fossils, resulting in high probabilities for ages to be
close to the minimum constraint (Ho & Phillips, 2009;
Nauheimer et al., 2012). The same gamma constraint scheme
as used by Nauheimer et al. (2012) was applied to the root in
order to estimate the divergence time of Araceae. The offset
was set at 123.9 Ma with shape and scale parameters of 2
and 3.07, respectively (see Nauheimer et al., 2012). This
allowed the root age to be 5% younger than the earliest
monocot pollen Liliacidites (125 Ma, Table 1) and 5% older
than 138.5 Ma, a median age inferred for the monocot
crown group in molecular clock studies (Bell et al., 2010;
Smith et al., 2010). For the other calibration points, shape
and scale parameters were set at 2 and the offset was
adjusted so that the median age could correspond to the
minimum boundary age of fossils. The XML input file was
generated in BEAUti v.2.6.5.

3 Results
3.1 Sequencing and cpDNA gene capture
DNA sequencing of the shotgun libraries generated on average
6.26 million reads per sample (Fig. S1). We collected 7.05 million
reads per sample on average for the additional libraries we
used. For the global assemblies, more contigs were assembled
for the shotgun libraries produced than for the ones added,
resulting in a median of 26 887 and 18 947 contigs, respectively.
Nevertheless, cpDNA assemblies were more fragmented in our
shotgun libraries in comparison to the additional libraries,
resulting in a higher cpDNA contigs number on average (33.23
vs. 9.26), a smaller cpDNA reconstructed size (80 617 vs.
133 857 bp), and a weaker mean coverage (42.62 vs. 173.89), for
which the gene capture was efficient (Fig. S1). Differences in Ta
bl
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such statistics were also noted between the extraction
replicates, in particular for A. natolii AmphSG11, which
demonstrates a lower number of reads (Fig. S1).
Concerning plastid gene recovery, the success rate of capture

for CDS and rRNA was, respectively, 69.55% and 81.67% for
ingroups (including produced and added libraries) and 84.81%
and 96.15% for outgroups (Fig. 2). Two genes, infA and petN,
were missing in ingroups, whereas some genes were missing in
produced libraries (i.e., rpl14, rpl16, rpl36, rpoA, rps11, and rps8) or
captured at a weaker rate, such as petG and petL (Fig. 2). Overall,
we obtained weaker capture rates for the genome skimming
libraries we produced than for the ones we added, for both CDS
and rRNA genes. Indeed, we captured 72.91% of CDS and 81.39%
of rRNA genes in produced libraries vs 89.03% and 95%,
respectively, for the additional libraries. Among the extraction
duplicates, a lower capture rate was again obtained for the A.
natolii AmphSG11 library than for its replicate AmphSG43 (62.65%
vs. 83.13% of success), which is consistent with its lower
sequencing depth (Fig. S1). Fewer differences over capture
were found between A. rhizomatosus replicates (77.1% vs. 83.13%
of success).

3.2 Ingroup phylogenetic reconstructions
To infer the phylogenetic relationships of ingroup taxa, we
excluded eight missing or nearly missing genes from the
concatenation along with accD, clpP, ycf1, and ycf2, for which
spurious alignments were produced. The resulting matrix
consisted of 71 plastid genes (67 CDS and 4 rRNA), 52 781 bp,
with 3310 informative sites, and 26.75% of missing data.
The ML and BI analyses showed fully congruent and well‐

resolved phylogenetic reconstructions, with 88.23% of nodes
supported by UFBoot values≥ 95% and 94.11% by PP≥ 0.95
(Fig. 3). The MP tree revealed slightly weaker node supports with
84.31% of nodes supported by UFBoot values≥ 95% (Fig. S2). In
the three analyses, all replicates clustered together and the four
main clades were monophyletic (Figs. 3, S2). The basal
divergence of Afrophallus (AFR) was fully supported with a
BPP value of 1.0 and by ML and MP‐Ufboot values of 100%. The
Scutandrium clade (CA‐II) next diverged from Metandrium (CA‐I)
and Amorphophallus (SEA), which were sisters in the three
analyses. These two splits were highly supported with BPP,

ML‐UFBoot, and MP‐UFBoot values of 1.0, 86%, and 98% for the
Scutandrium split, and 1.0, 98%, and 93% for the split between
Metandrium and Amorphophallus clades (Fig. 3). The only
topological difference between the MP, ML, and BI trees
concerned the position of A. natolii within Metandrium. In both
ML and BI trees, A. natolii is nested within a clade after an earlier
split of A. elatus Hook.f., A. laoticus Hett., and A. napiger Gagnep.
(Fig. 3). This position is however poorly supported (BPP= 0.65
and ML‐UFBoot= 61%). In the MP tree, A. natolii appeared sister
to the A. elatus and A. napiger clade (Fig. S2), with no support
(MP‐UFBoot= 41%).

3.3 Divergence time of Amorphophallus
The outgroup data set used to infer divergence time in
BEAST2 analyses comprised 53 106 positions, including 27.50%
of informative sites and 17.03% of missing data. The resulting
phylogenetic tree was highly resolved with 94.73% of nodes
fully supported (BPP= 1.00, see Fig. 4). Moreover, con-
cerning the ingroup relationships, we obtained a similar
topology between and within the four main clades as for
those inferred on the ingroup data set. As stated in the
previous analyses, the only topological difference concerned
the position of A. natolii, appearing sister to the (A. elatus,
(A. laoticus, A. napiger)) clade (BPP= 0.86).
All divergence time estimates for each node are given in

Table S2 and summarized in Fig. 4. Our analysis estimated the
monocot′s crown node ca. 128.9 Ma (HPD: 124–137 Ma), in
the Early Cretaceous (chronogram given in Fig. 4). The
Araceae arising ca. 121.2 Ma (HPD: 105–134Ma) and beginning
to differentiate ca. 94.1 Ma (HPD: 76–114 Ma). The divergence
between Butomaceae and Hydrocharitaceae was estimated
at 72.7 Ma (HPD: 61–87Ma) during the Late Cretaceous, more
recently than the divergence of Aponogetonaceae and
Scheuchzeriaceae ca. 80.7 Ma (HPD: 78–86Ma). Regarding
the other representative monocot families, our estimates
dated the crown node of Alismataceae at 41.4 Ma (HPD:
26–60Ma), Aponogetonaceae at 22.9 Ma (HPD: 12–39Ma),
and Hydrocharitaceae ca. 57.4Ma (HPD: 53–64Ma). Within
Araceae, Aroideae appear to have diverged from Calloideae
during the Eocene ca. 41.9 Ma (HPD: 33–50Ma) and differ-
entiated near the Eocene/Oligocene transition ca. 34.1 Ma

Fig. 2. Chloroplast genes capture within shotgun libraries using the ORTHOSKIM pipeline (Pouchon et al., 2022). Success
capture rates are given by plastid genes, for both outgroup and ingroup taxa from produced libraries (in green and orange
colors) or collected libraries (in blue and red). Gene excluded for the phylogenetic reconstructions are highlighted with an
asterisk.
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(HPD: 26–43Ma). The monotypic Thomsonieae (encom-
passing the genus Amorphophallus) diverged from Caladieae
during the Oligocene at ca. 30.0 Ma (HPD: 23–38Ma), while
the four Amorphophallus main clades rapidly evolved in
the Oligocene/Miocene transition and started diverging in
the Early Miocene. Indeed, the Amorphophallus crown node,
with Afrophallus (AFR) differentiating, is dated to ca. 22.5 Ma
(HPD: 17–29Ma) whereas the Afrophallus crown node to ca.
11.4 Ma (HPD: 4–21 Ma). The Scutandrium (CA‐II) stem and
crown nodes were estimated at ca. 20.8 Ma (HPD: 15–27 Ma)
and ca. 18.1 Ma (HPD: 12–25Ma). The Amorphophallus (SEA)
and Metandrium (CA‐I) clades diverged at ca. 19.9 Ma (HPD:
15–26Ma) and began differentiating at ca. 17.3 Ma (HPD:
12–23 Ma) and ca. 17.4 Ma (HPD: 12–23Ma), respectively.
Finally, without considering the root constraint, the

posterior age estimates for seven of eight calibrating nodes
were close to their priors: Aponogeton harryi (estimated at
ca. 80.7 vs. 81.1 Ma constraint), Araciphyllites tertiarius (45.8
vs. 47.0 Ma), Caldesia brandoniana (21.5 vs. 20.0 Ma),

Keratosperma allenbyense (50.23 vs. 48.7 Ma), Limnobio-
phyllum scutatum (67.6 vs. 66.0 Ma), Petrocardium cerrejo-
nense (54.07 vs. 55.8 Ma), and Stratiotes (57.4 vs. 55.9 Ma),
while Thalassites parkavonenses was estimated ca. 10Ma
younger (Table S2). The posterior age estimate for the root
at ca. 128.9 Ma was also close to the Liliacidites pollen
(125 Ma).

4 Discussion
The plastome phylogeny inferred here, with coding and non‐
coding cpDNA genes captured in low coverage shotgun
libraries, helped us to resolve for the first time phylogenetic
hypotheses among Amorphophallus subgenera, and to clarify
subgeneric delineation. This phylogeny also provided a new
timeline for the evolution of Amorphophallus. We detail
below key points regarding these relationships and dating
hereafter.

Fig. 3. Majority‐rule consensus tree of the Bayesian inference analysis inferred from the concatenation of the 71 plastid genes
for Amorphophallus subgenera. All nodes have full support, except for those where the specific support value is indicated.
Bayesian posterior probability is indicated first, followed by bootstrap support from maximum likelihood (ML) and maximum
parsimony (MP) analyses. Subgenera delineation is given according to Sedayu et al. (2010) and Claudel et al. (2017). Extraction
replicates of the same Voucher specimens are highlighted by asterisks.
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4.1 Backbone evolution of Amorphophallus
Previous phylogenetic works on Amorphophallus, based on a
handful of genes, failed to resolve the backbone relation-
ships between the four main clades owing to the rapid
radiation of these species, providing few informative sites to
discriminate internodes and discordant histories (Grob
et al., 2002, 2004; Sedayu et al., 2010; Claudel et al., 2017).

The fast proliferation of lineages that occur during species′
radiations may imply such short durations for speciation that
there is not enough time for lineage sorting and/or
reproductive isolation to be completed (Pinho & Hey, 2010;
Townsend et al., 2012). In such a scenario, high levels of ILS
and/or intensive gene flows after secondary contacts of
interfertile populations can lead to an “anomaly zone” with a

Fig. 4. Time‐calibrated maximum clade credibility tree indicating divergence time of Amorphophallus radiation from BEAST2
analysis. Blue bars at nodes show 95% confidence intervals. Exact age estimates are shown in Table S2. Black dots with a white
center indicate Bayesian posterior probability (BPP) values < 1.0. Red dots indicate fossil calibrating nodes used (see Table 1).
Subgenera delineation is given according to Sedayu et al. (2010) and Claudel et al. (2017). Extraction replicates of the same
Voucher specimens are highlighted by asterisks.
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conflicting signal between gene trees and the species tree
(Rosenberg & Tao, 2008; Degnan & Rosenberg, 2009), or for
concatenated data between methods (e.g., ML/BI vs. MP
trees, see Kubatko & Degnan, 2007; Mendes & Hahn, 2018).
In previous studies, topological incongruence was found for
the phylogenetic placement of the four subgenera
depending on the markers analyzed (nuclear ITS1 vs. plastid
matK‐rbcL trees in Claudel et al., 2017). Moreover, most of
the intra and inter subgenera relationships were poorly
resolved, as shown by polytomies affecting basal relation-
ships in Sedayu et al. (2010) or in the plastid tree of Claudel
et al. (2017). The lack of phylogenetic signal provided by the
few markers used could explain such topological discor-
dances. This is concomitant with the short branches
delineating the four subgenera highlighted on our plastome
trees and the relatively low variability provided by the 71
plastid genes used (i.e., only ~6.3% of informative sites).
Our plastome tree provides a new scenario about the

evolution of the main clades of Amorphophallus, making sense
of the morphology of these species. Despite our cpDNA‐based
phylogeny is only able, by essence, to infer the evolutionary
history of maternally inherited lineages, the very robust
supports obtained advocate a strong biological component in
the obtained topology. Last, but not least, our plastome
topology is also congruent overall regarding the subgenera
delineation with the one previously inferred separately based
on ITS1, but conflicting with the plastid one inferred on matK
and rbcL only or the combined nuclear‐plastid phylogeny
(Claudel et al., 2017). Indeed, our plastome tree indicated an
early split between the Afrophallus (AFR) subgenus and the
Asian lineages. This is in agreement with the previous nuclear
ITS1 tree while Afrophallus was not monophyletic (Claudel
et al., 2017). Several morphological traits, such as the life‐cycle,
stylar length, the shape of the lamina segments, and the
absence of staminodes, support this basalmost position within
the whole genus (Sedayu et al., 2010; Claudel et al., 2017;
Hetterscheid, 2020). Within the Asian clades, our study
identifies a further split between the subgenus Scutandrium
(CA‐II) and the subgenera Amorphophallus (SEA) and
Metandrium (CA‐I), which are the most derived sister clades.
As for the divergence of Afrophallus, these splits are also
concomitant with the previous nuclear tree but conflict with
the plastid tree inferred on matK‐rbcL, on which Scutandrium
and Amorphophallus clades were sisters (Claudel et al., 2017).
This discordance is probably explained by the DNA sampling
incompleteness of the matK and rbcLmarkers, on which there
was likely no sufficient time to accumulate informative sites
that allow them to trace back the branching pattern and
which can reflect a different topology due to ILS. This is
highlighted in our phylogeny by the short branch discrim-
inating Scutandrium from the Metandrium+ Amorphophallus
clades. The addition of a larger number of plastid loci, for
which the lineage sorting could be complete, would thus allow
our plastome tree to converge toward a similar topology for
the four subgenera to one of the nuclear trees of Claudel et al.
(2017), which strengthens our understanding about the
evolutionary history of the whole genus.
Several morphological characters support our new

subgeneric arrangements, such as the berry color, the
plant size, or the overall morphological diversity. Indeed,

subgenera Afrophallus and Scutandrium exclusively contain
species with red/orange berries (Claudel et al., 2017), a
dominant state in the genus Amorphophallus (Sedayu
et al., 2010), which seems to be plesiomorphic according to
our topology (as well as according to Sedayu et al., 2010). In
contrast with these clades, most changes regarding berry
color and berry surface are found in subgenera Amorpho-
phallus and Metandrium (e.g., Fig. 1. 15–18). For example,
some species within the subgenus Amorphophallus bear
greenish‐ or grayish‐colored warty berries, which occur near
the ground (Claudel et al., 2017; own observation) and may
suggest that animals that move on the forest floor could
serve as dispersal agents. Moreover, green‐grayish warty
berries could also indicate a case of seed camouflage
(Lev‐Yadun, 2021). However, neither the dispersal agents
nor the putative herbivores are known (Claudel et al., 2019).
In contrast, green, white, yellow, orange, blue, or red berries,
all of which have a smooth surface, are found within
subgenus Metandrium (Hetterscheid & Ittenbach, 1996; Li &
Hetterscheid, 2010; Sedayu et al., 2010; Hetterscheid, 2012;
Claudel et al., 2017), suggesting birds as their major dispersal
agents (Hetterscheid, 1994; Hetterscheid & Ittenbach, 1996;
Singh & Gadgil, 1996; Sedayu et al., 2010).
On the other hand, size and morphological diversity may

also be associated with the diversification process across the
four subgenera. Indeed, the plant size and morphological
diversity are relatively homogeneous within the two basal-
most subgenera Afrophallus and Scutandrium (Hetterscheid
& Ittenbach, 1996; Ittenbach, 2003; Hetterscheid, 2012;
Claudel et al., 2017). In contrast, all the dwarf species (i.e.,
the Pusillus‐ and the Pulchellus‐clade), as well as all the giants
of the genus (i.e., A. borneensis Engl. & Gehrm., A. decus‐
silvae Backer & Alderw., A. lambii S. Mayo & Widjaja, A. gigas
Teijsm. & Binn., A. hewittii Alderw. and A. titanum), are
included in the subgenus Amorphophallus (Claudel
et al., 2017). Although the Pygmaeus‐clade from subgenus
Metandrium comprises small species (Claudel et al., 2017),
differences in plant sizes are less striking within this
subgenus. However, the inflorescence morphology is highly
heterogeneous in the subgenusMetandrium (Grob et al., 2002;
Sedayu et al., 2010; Claudel et al., 2017) (e.g., Fig. 1. 4, 6,
13, 14). In contrast to the other Asian clades, the subgenus
Metandrium has also developed specialized types of
staminode, notably hair‐like staminodes (e.g., Fig. 1. 13, 14).
The exact function of hair‐like staminodes is unknown.
However, when covering the appendix, hair‐like staminodes
may possibly contribute to the illusion of a dead hairy
mammal in carrion mimicking Amorphophallus species
(Hetterscheid et al., 2012). Alternatively, hair‐like staminodes
covering the appendix might impede the successful landing
of insect visitors, which might subsequently drop into the
basal parts of the spathe. Thus, hair‐like staminodes might
“help” the insect visitors to leave the appendix and find the
spot they are required to visit. Moreover, when situated
along the male or the female flowers, hair‐like staminodes
may play a role in the plant–pollinator interaction, allowing
insects of a specific size only to approach the female flowers.
However, for the time being, the knowledge about visiting
and pollinating insects remains too limited to explore the
specific function(s) of hair‐like staminodes (Claudel, 2021).
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It is noteworthy to add that the increasing complexity of
petiolar coloration might also be an indicator of the
relationship among the four subgenera (Claudel et al., 2019),
starting from relatively simple pattern types in the subgenera
Afrophallus (e.g., Fig. 1. 11) and Scutandrium but reaching
highly complex mimicry patterns in the subgenera Amorpho-
phallus and Metandrium (e.g., Fig. 1. 6, 12).
The distinction of the four subgenera, as shown here and

by previous works (Sedayu et al., 2010; Claudel et al., 2017),
with the African vs. Asian and Central vs. South East Asian
splits, seems to indicate that vicariance events probably
shaped the diversification of the genus Amorphophallus.
However, our plastome tree also reflects a recent increasing
complexity for some vegetative and reproductive traits
within the most recently diverged Amorphophallus and
Metandrium clades, which may be related to ecological
parameters (Claudel et al., 2019). This might suggest that
ecological processes probably also acted sequentially with
biogeographic processes to drive diversification of these
clades, in a “leapfrog” pattern over time, as already shown
for some continental or insular plant radiations (Barrabé
et al., 2019; Pouchon et al., 2021). However, our knowledge is
still limited on the pollination and seed dispersal interactions
(with insects and birds, respectively) within the genus to
associate such morphological diversity with ecological
preferences.

4.2 Delineation within subgenera
Our study provides a fully resolved phylogenetic tree for
Amorphophallus that clarifies the evolutionary history of both
genus and subgenera, and also helps to delineate clades
within subgenera by providing new sister species and
subclade relationships.
4.2.1 Afrophallus (AFR) clade
Two African mainland species (A. gomboczianus Pic.Serm and
A. mossambicensis) and one Malagasy species (A. taurostigma
Ittenb., Hett. & Bogner) were selected to represent the
subgenus Afrophallus in the present analysis. Our plastome
trees indicated an early divergence of A. gomboczianus in
contrast to the two other species, as shown in the plastid
tree of Claudel et al. (2017). Such relationships support a later
evolution of Malagasy species from African mainland species
(Sedayu et al., 2010; Claudel et al., 2017).
4.2.2 Scutandrium (CA‐II) clade
The subgenus Scutandrium here shows a similar topology
when compared to previous phylogenetic works (Sedayu
et al., 2010; Claudel et al., 2017). Indeed, our plastome tree
fully supports the basalmost position of A. rhizomatosus as
found in these studies, indicating that rhizomes constitute a
primitive character. The next diverging clade, consisting of A.
tenuistylis Hett. and A. pseudoharmandii Hett. & C. Claudel, a
member of the former Pseudodracontium genus (Hettersc-
heid & Claudel, 2012; Claudel et al., 2017), confirmed the
previously established relationships (Claudel et al., 2017).
Similarly, A. kachinensis Engl. & Gehrm., A. carneus Ridl., A.
curvistylis Hett., and A. excentricus Hett. also form a well‐
supported clade (Claudel et al., 2017). The only noticeable
difference is that A. albus and A. konjac are sister species in
the present analysis. This is surprising at first sight,
considering that A. albus is a small‐growing species with
pale green inflorescences (Fig. 1. 9) and a nauseating smell

whereas A. konjac is representative of the large and dark‐
colored carrion flower type (Fig. 1. 10) (Chen et al., 2015; Kite
& Hetterscheid, 2017). However, the position of both species
differs in Claudel et al. (2017) between the nuclear and the
plastid trees. As discussed by Claudel (2020), this result might
be attributed to the fact that both species can be easily
artificially hybridized and have a long breeding history in Asia.
4.2.3 Amorphophallus (SEA) clade
The basal phylogenetic relationships within the subgenus
Amorphophallus were previously left unresolved due to a
polytomy between two main subclades and A. verticillatus
Hett, another rhizomatous species (Claudel et al., 2017). Our
analyses here clarify these relationships by fully supporting
an early divergence of A. verticillatus Hett., followed by a
split between the two main subclades. The relationships
within these two subclades are similar to the ones inferred in
the plastid tree of Claudel et al. (2017). For example, A.
sumawongii (Bogner) Bogner & Mayo, nested within the
Pusillus‐subclade, was closer to the A. variabilis/A. rancha-
nensis clade than to the A. manta/A. paeoniifolius clade in the
nuclear tree but sister to the A. manta/A. paeoniifolius clade
in the plastid tree (Claudel et al., 2017). Our plastome tree
supported such a sister relationship previously inferred on
rbcL‐trnL markers. In this study, A. sp. nov. “sabah,” a
putative new and yet undescribed species is related to A.
ranchanensis Ipor, A. Simon & Meekiong. It is also note-
worthy to point out that A. manta Hett. & Ittenb. is
confirmed as sister species to the clade comprising A. prainii
Hook.f. and A. paeoniifolius (Claudel et al., 2017).
4.2.4 Metandrium (CA‐I) clade
Phylogenetic relationships within the subgenus Metandrium
were poorly resolved in previous works (Sedayu et al., 2010;
Claudel et al., 2017). Here, three main subclades were fully
supported across our plastome trees and seem to be
congruent with the color of the mature berries, which is
highly diverse in the subgenus (Sedayu et al., 2010). However,
this tentative congruence needs to be tested by increasing
the species sampling within the three subclades since our
sampling is very limited to reach any solid conclusion on
this. Given these caveats, the earliest diverging clade is
characterized by species bearing white (A. laoticus: see Fig. 1.
16; Hetterscheid, 2006; Claudel CC, pers. obs., 2017), yellow
(A. napiger: Hetterscheid et al., 2012), or orange to red berries
(A. elatus, Hetterscheid et al., 2012; Galloway AG, pers. obs.,
2011). Referring to Claudel et al. (2017), these three species
were nested within a clade composed of species with white
to yellow or occasionally green berries; colors found
exclusively within this subclade, except for A. elatus and
A. macrorhizus Craib bearing orange to red berries (Hettersc-
heid et al., 2012; Claudel et al., 2017). Moreover, as found in
previous phylogenetic works (Sedayu et al., 2010; Claudel
et al., 2017), the two other sister clades are composed of
species with red mature berries (i.e., A. cicatricifer, A. bulbifer
and A. muelleri: Fig. 1. 15, Hetterscheid et al., 2012; A.
sylvaticus: Jaleel et al., 2011), an ancestral character of the
genus (Sedayu et al., 2010), or blue berries (i.e., A. henryi N.E.
Br.—A. ochroleucus Hett. & V.D.Nguyen clade; Fig. 1. 18), a
unique feature of the subgenus Metandrium (Sedayu
et al., 2010; Claudel et al., 2017). Blue berries are likely to
have an adaptive significance as, except for the primitive and
distantly related Gymnostachys anceps R. Br., they are unique
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to the Araceae (Mayo et al., 1997). It has been hypothesized
that the distributional range of blue‐berried species,
representing the northernmost range of the genus, is linked
to a particular group of birds, occurring in the same
geographical areas (Hetterscheid & Ittenbach, 1996; Sedayu
et al., 2010). Therefore, it is conceivable that the putative
dispersal agents had a strong impact on the speciation of
blue berried Amorphophallus species. However, the dispersal
agents have not been observed nor reported so far.
Finally, the positioning of A. natolii was not congruently

dependent on the method (i.e., MP vs. ML/BI) or the data set
(i.e., “ingroup” vs. “outgroup”) used. In previous studies,
this species had a basal position within the Metandrium
subgenus but was not supported (Claudel et al., 2017). Here,
A. natolii is placed either at the root of the A. elatus—A.
napiger clade or between this clade and the A. cicatrifer—A.
muelleri clade. This is interesting as this species bears
either yellow or orange‐red berries (Galloway pers. comm.;
own observation). Such discordance could be the result
of ILS, hybridization, or gene duplication (Maddison &
Knowles, 2006; Degnan & Rosenberg, 2009). Indeed, a
somewhat intermediate phylogenetic and morphological
position would indicate a hybrid origin of A. natolii. However,
one might expect chloroplast capture from only one of the
two putative parents (Stegemann et al., 2012; Kawabe
et al., 2018; Pouchon et al., 2018; Ogishima et al., 2019),
instead of admixed plastid genomes, although admixed
genomes for instance due to horizontal transfer has been
shown on mitochondria (Alvarez et al., 2006; Gandini &
Sanchez‐Puerta, 2017). On the other hand, short phylogenetic
branches, carrying few informative sites, as seen here for A.
natolii, are more susceptible to homoplasy and ILS (Town-
send et al., 2012; Bagley et al., 2020), which can bias both ML
and BI analyses in contrast to MP analyses (Kubatko &
Degnan, 2007; Mendes & Hahn, 2018). Such discordance
between MP and ML/BI trees could thus be strongly
explained by ILS.

4.3 Divergence time and dispersal events of Amorphophallus
Our dating analysis estimated that Amorphophallus arose in
the Mid Oligocene at ca. 30Ma, and started diversifying near
the Oligocene/Miocene transition between ca. 22.5 Ma. A
previous study focusing on Araceae has estimated the crown
Amorphophallus divergence in the Late Oligocene ca.
26–24Ma, which is close to our estimate, while only three
species were sampled (Nauheimer et al., 2012). Concerning
the other nodes, our overall age estimates were younger
than those from the previous dating works on monocots. For
example, the crown diversification of monocots was
estimated ca. 129.0 vs. 132.4 Ma (Givnish et al., 2018) and
137.5 Ma (Nauheimer et al., 2012); crown Araceae ca. 94.1 vs.
103 (Givnish et al., 2018) and 122 Ma (Nauheimer et al., 2012);
or crown Alismataceae 41.14 vs. 65 (Givnish et al., 2018) and
71.5 Ma (Li et al., 2021). However, our posterior age estimates
for fossil calibration nodes were consistently closer to their
priors than for other studies; for example, for Caldesia
brandoniana with 21.5 Ma estimate vs. 20.0 Ma (fossil),
58.6 Ma (Givnish et al., 2018), and 36.3 Ma (Li et al., 2021);
for Keratosperma allenbyense with 50.23 Ma estimate vs. 48.7
(fossil), 90.23 (Nauheimer et al., 2012), and 39.25 Ma (Givnish
et al., 2018); or for Petrocardium cerrejonense with 54.1 Ma

estimate vs. 55.8 (fossil); 31.4 (Givnish et al., 2018), and
64.5 Ma (Nauheimer et al., 2012). This result improves our
confidence in the ages estimated here, by confirming the
validity of our dating approach.
On the other hand, the spatio‐temporal history of the

genus Amorphophallus highlighted here appears also
coherent with the tectonic and climate dynamics from the
Eocene to the Miocene, which can explain its current
paleotropical distribution in Africa, Continental Asia, and
Southeast Asia regions. Indeed, major tectonic and volcanic
activities were recorded through this geological period with
continental collisions of Eurasian/Indian plates during the
Eocene (ca. 50–45Ma; Pusok & Stegman, 2020), Eurasian/
Australian plates during the Early Miocene (ca. 20–15 Ma;
Hall, 2013), and African‐Arabian/Eurasian plates, initiated
with a soft collision during the late Eocene/Oligocene
(ca. 40–35Ma; Darin et al., 2018) and fully connected with
a hard collision during the Mid Miocene (ca. 16–13 Ma;
Hamon et al., 2013). Climatically, the late Eocene and
particularly the Eocene/Oligocene transition (EOT; ca.
34Ma) experienced an intense global cooling with the onset
of Antarctic glaciation, which briefly expanded during the
glaciation of the Oligocene/Miocene transition (OMT; ca.
23 Ma), after late Oligocene warming (ca. 27–23 Ma), and
intensified after the renewed warm climate and the mid‐
Miocene climatic optimum (MMCO; ca. 15–13 Ma) with the
establishment of a permanent Antarctic ice‐sheet (Zachos
et al., 2008; Liu et al., 2009; Beddow et al., 2016; Hutchinson
et al., 2021). These periods coincided with the emergence of
seasonal biomes in Europe and Asia, the aridification of
Australian, African, and Asian inlands, and the subsequent
contraction of the tropics with tropical forests retreating to
lower latitudes (Morley, 2003; Bowen, 2007; Contreras
et al., 2013; Fang et al., 2015; Lin et al., 2015; Beasley
et al., 2021; Couvreur et al., 2021). Moreover, all above geo‐
climatic changes, associated with sea level drops, have led to
major turnovers of the vegetation (Sun et al., 2015; Pound &
Salzmann, 2017; Couvreur et al., 2021), with successful plant
dispersal across different paleogeographic regions (Jiang
et al., 2019), and the establishment of present‐day genera
and families in multiple regions, probably pre‐adapted to
current climates (e.g., Linnemann et al., 2017; Su et al., 2018;
Huang et al., 2021; Ling et al., 2021).
Our dating analysis showed that the first split between

African and Asian lineages of Amorphophallus, also stated in
previous phylogenetic works (Claudel et al., 2017), occurred
ca. 22.5 Ma, from ancestral lineages emerging ca. 30Ma. A
previous study, based on ancestral area reconstructions of
Araceae, showed that such lineages likely evolved in Eurasia
(Nauheimer et al., 2012). Proto‐Amorphophallus lineages,
probably pre‐adapted to current (sub)tropical conditions,
could thus have evolved in Eurasia during the renewal of
more favorable conditions after the EOT (ca. 34 Ma) and then
successfully dispersed across both the Central Asian and
African regions during the OMT cooling (ca. 23 Ma). The
OMT, leading to some environmental and ecological changes,
had a major impact on the distribution of plant taxa, and
probably profoundly affected the evolution of Amorpho-
phallus lineages and their current paleotropical distribution.
Such a statement needs to be tested by larger‐scale
biogeographic reconstructions within and outside this group.
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Nevertheless, due to the clear geographical distinction of the
four subgenera (Claudel et al., 2017), some assumptions
about their divergence time can be made here.
Dispersal in both Central Asia and Africa could be

explained by overland migrations of tropical forests during
such cooling. However, overland migrations are unlikely for
the African lineages as the disjunction between Asia and
Africa within Amorphophallus occurred earlier than the
complete land connection between Africa and western Asia
with the closure of the Tethys Sea (ca. 14 Ma; Hamon
et al., 2013). On the other hand, long‐distance dispersal
events (LDD) by birds, which seem to be the major dispersal
agents of Amorphophallus lineages (Hetterscheid, 1994;
Hetterscheid & Ittenbach, 1996; Singh & Gadgil, 1996; Sedayu
et al., 2010), could explain such dispersal in Africa and Asia.
Indeed, some of these geo‐climatic changes, forming
corridors with the uplifts of mountains or fragmented
landscapes by the existence of a myriad of archipelagos,
have facilitated bird dispersions along and within latitudinal
belts (Nagy, 2020). Moreover, the rise of climatic seasonality
during the Oligocene and Miocene changes facilitated
behavioral changes in birds with the evolution of long‐
distance migratory species and lineages (Dufour et al., 2020).
Numerous long‐dispersal events of plants were recorded
between Eurasia and Africa during the Late Oligocene and
Early Miocene before the final closure of Arabian/African
plates such as in Loranthaceae (Liu et al., 2018), Simar-
oubaceae (Clayton et al., 2009), Sapindaceae (Buerki
et al., 2010), Menispermaceae (Lian et al., 2019), or
Urticaceae (Huang et al., 2019). The distance between East
Africa and West Asia was thus probably sufficiently close to
allow avian migration of Amorphophallus through Asia and
Africa (Morley, 2003). The further diversification of the
subgenus Amorphophallus in South East Asia (SEA) ca. 20 Ma,
concomitant with the nuclear phylogeny of Claudel et al.
(2017), is also coherent with the formation of the Wallacea
region and SEA islands during the Early Miocene (20–15 Ma)
from the Australia/SEA collision (Hall, 2013). This also brings
support for avian dispersion, as zoochory evidence of
dispersion was shown within this region and over this period
for many plant taxa (Crayn et al., 2015), as in Goniothalamus
(Thomas et al., 2017). Moreover, the secondary colonization
of Madagascar within the African clade is also coherent with
intercontinental dispersion from birds, as was shown for
Loranthaceae (Liu et al., 2018).
Taken together, our results provided the first insights

into the evolutionary history of the Amorphophallus genus,
with biogeographic and ecological processes, related to
climatic and environmental changes during the Late
Oligocene and the Early Miocene, which have probably
shaped its current diversity and distribution in paleotrop-
ical regions. A larger‐scale phylogeny, based on plastid, as
here, and on nuclear genomes, is however needed to fully
understand the morphological and biogeographic diversi-
fication of these species and the mechanisms at the origin
of their radiation. Last but not least, a better under-
standing of the ecology of Amorphophallus lineages, in
particular regarding pollinator interactions (zoochory
evidence) and dispersal agents, might trigger our under-
standing of the importance of long dispersal events in
shaping the diversity of the genus.
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Final Discussion 

Phylogenetic Analysis 

The aim of the present work is to provide a deeper understanding of the evolutionary history of 

the genus Amorphophallus. In doing so, several aspects of the biology of the genus were inves-

tigated, relying on an extensive living collection, morphological and molecular data and, of 

course, the available literature. It has been highlighted that every previous investigation into the 

evolutionary history of the genus Amorphophallus encountered the same challenges. First and 

foremost, the “great morphological flexibility” on the interspecific level (Grob et al., 2002; 

Sedayu et al., 2010) and “polymorphic” characters on the intraspecific level (van der Ham et 

al., 2005) made it impossible to reliably reconstruct the evolutionary history of the genus, based 

on morphological characters alone. Although smaller phylogenetic units could be characterised, 

species delimitations as well as the circumscription of large subgeneric groups proved chal-

lenging, if not impossible (Grob et al., 2002, 2004; van der Ham et al., 2005; Sedayu et al., 

2010; Kite & Hetterscheid, 2017). Neither could most molecular investigations satisfyingly de-

limit the main subgeneric lineages (Grob et al., 2002, 2004; Sedayu et al., 2010). Moreover, the 

arrangement of the main subgeneric lineages differed from study to study (Grob et al., 2002, 

2004; Sedayu et al., 2010; Publ. 1) and some clades remained poorly resolved (Grob et al., 

2002, 2004; Sedayu et al., 2010, Publ. 1; Wong et al., 2022). 

 

Publ. 1 represents a considerable step towards an understanding of the evolutionary history of 

the genus Amorphophallus. With 157 species investigated, it is the most extensive phylogenetic 

study of the genus Amorphophallus so far, and one in which the congruence between the mo-

lecular phylogeny and several selected morphological and physiological characters could be 

demonstrated in several clades. Moreover, four subgenera could be formally delimited, repre-

senting a first step towards a new subgeneric classification of the genus. However, this investi-

gation also highlights the necessity for further steps, ultimately leading to the revision of the 

sectional classification of Engler (1911). It is especially desirable to have a higher number of 

species sampled in order to achieve a better resolution of the phylogenetic tree. Though 157 is 

a high number of species investigated, it is noteworthy to point out that no less than 22 species 

have been described in the past five years (Galloway et al., 2019a, b, c; Hetterscheid et al., 

2020; Yuzammi & Hetterscheid, 2020; Bustamante et al., 2020, 2021; Tamayo et al., 2021; 

Bulawin et al., 2022; Fischer et al., 2022; Calaramo et al., 2022; Naive et al., 2022; 2024; 
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Serebryanyi et al., 2023). This represents an increase of nearly 10% in the number of species in 

the genus (Boyce & Croat, 2023). If this trend continues, the 157 species investigated in Publ. 

1 may soon represent only one half of the species diversity, instead of the original two-thirds 

(Publ. 1). 

 

As discussed in Publ. 6, the low resolution at species level may be partly due to a rapid radiation 

of the genus Amorphophallus. Moreover, hybridisation may obscure the species delimitation, 

at least in some cases. Consequently, more molecular data, ideally using genome sequencing 

technologies, is required to obtain clearer species delimitations. Ideally, the genomic data 

should rely on chloroplast- and nuclear DNA alike (Johnson et al., 2019). 

Hybridisation 

As discussed in Publ. 2, the dissimilar species A. albus and A. konjac repeatedly clustered to-

gether in several phylogenetic analyses, indicating a close relationship that is not morphologi-

cally supported. Likewise, as discussed in Publ. 1, A. hirsutus Teijsm. & Binn. is suspected to 

be of natural hybrid origin. Similarly, the species complex from the former genus Pseudo-

dracontium, now included in Amorphophallus, has also been suspected to be of hybrid origin 

(Hetterscheid & Claudel, 2012). Therefore, the limits of hybridisation have been explored in 

Publ. 2, demonstrating that, if artificially pollinated, most Amorphophallus species readily hy-

bridize (Claudel & Galloway, 2012; Claudel et al., 2013; Claudel & Mangelsdorff, 2014), in 

some cases even if the parental species belong to different subgenera (Publ. 2). In other cases, 

the resulting hybrids involved as many as four different Amorphophallus species (Publ. 2). Most 

importantly, the resulting hybrids are fertile (Publ. 2), a prerequisite to successful colonisation 

of new ecological niches (Chartier et al., 2016). 

 

One artificial hybrid, which is of particular interest in this context, is the first Amorphophallus 

cultivar of hybrid origin, A. ‘John Tan’. It involves two unlikely crossing partners, A. variabilis, 

a comparatively small species from Indonesia as pollen acceptor and A. titanum, the giant of 

the genus as pollen donor (Claudel et al., 2012). Plants of A. variabilis rarely exceed 120 cm in 

height and produce relatively small inflorescences (Hetterscheid & Ittenbach, 1996), whereas 

the leaves of A. titanum can reach seven meters in height (POWO, 2024a) and the massive 

inflorescences can exceed three meters, up to 3,70 meters (McPherson & Hetterscheid, 2011; 

Gibson, 2018; POWO, 2024a). The resulting hybrid, A. ‘John Tan’ proved to be fertile (Claudel 

et al., 2013). Moreover, Claudel et al. (2012) noted that A. ‘John Tan’ showed a “remarkable 
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similarity in general appearance to two other Amorphophallus giants, namely A. gigas Teijsm. 

& Binnend. (Sumatra), and A. decus-silvae Backer & Alderw. (Java)”. Considering that, as far 

as it is known, the majority of Amorphophallus species attract a multitude of arthropod visitors 

and pollinators (Publ. 4; Publ. 5; Wong et al., 2022), it is reasonable to assume that such a 

hybrid could not only be fertile (Publ. 2) but potentially attract effective pollinators. 

 

Additionally, this scenario is supported by a recent observation. In 2016, Indra Wirianto, a plant 

enthusiast from Indonesia, had backcrossed Amorphophallus ‘John Tan’ with its male parent, 

A. titanum. Using A. titanum as pollen acceptor, he applied the pollen from A. ‘John Tan’ on 

July 15 2016 and harvested 26 seeds three months later, on October 13. Indra Wirianto sent a 

few seeds each to several Amorphophallus enthusiasts around the world, including Steve Jack-

son, a retired horticulturist from the botanical garden Cairns, who gained world-wide recogni-

tion for the successful cultivation of otherwise horticulturally challenging Amorphophallus spe-

cies. Accordingly, Steve Jackson was the first to raise a specimen to maturity and almost exactly 

six years later, on October 5, 2022, the first inflorescence opened (Fig. 8 A). Anthesis started 

in the evening hours and Steve Jackson noticed up to 20 large beetles buzzing around the inflo-

rescence. The following morning, he and Julia Sumerling, a professional photographer and na-

ture explorer, cut open the spathe to photograph the flowers. They were surprised to discover 

the large beetles at the bottom of the spathe, crawling over the female flowers (Fig. 8 B & C). 

The beetles were identified as Diamesus osculans, a large carrion beetle with a wide geograph-

ical distribution (Sin et al., 2021). Interestingly, Diamesus osculans was one of the very first 

pollinators observed to visit A. titanum inflorescences in 1931 in Indonesia (van der Pijl, 1937). 

Thus, the hybrid created by Indra Wirianto is capable of attracting an effective pollinator on a 

different continent. It should be noted that the overall appearance of the inflorescence and the 

plant is more reminiscent of A. titanum than of A. variabilis, which might be expected, given 

that it is a backcross with A. titanum. However, the overall dimensions appear to be signifi-

cantly smaller and the maximum leaf height reported so far is around 2 m. Moreover, the plant 

has already reached flowering size at a tuber weight of only 8 kg. Considering the horticultural 

value of such a diminutive version of A. titanum the plant should be assigned a cultivar status, 

assuming that it can be propagated vegetatively. 
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Figure 8. A-C: The first inflorescence of the hybrid between A. titanum and A. ‚John Tan‘. A: Inflorescence on 
day 1 of anthesis. B: Inflorescence cut open, revealing visiting Diamesus osculans beetles. C: Close-up of one 
Diamesus osculans beetle. Scale bars: A = 10 cm. B = 5 cm. C = 1 cm. Photographs: A: with the kind permission 
of © copyright owner Steve Jackson. B & D: with the kind permission of © copyright owner Julia Sumerling. 
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It is noteworthy to add that the results of a recent study (Wong et al., 2022) could be interpreted 

as possibly indicative of natural hybridisation events. Using matK, ITS and phytochrome C 

(PhyC), the authors investigated the molecular phylogeny of the Bornean Amorphophallus spe-

cies, with special focus on A. hewittii Alderw. (Wong et al., 2022). The authors presented two 

phylogenetic trees, one based on the combined matK and ITS dataset and the other on the PhyC 

dataset. Of particular interest in the present context is Clade B, which contains, among others, 

all the giant Indonesian species, such as A. borneensis Engl. & Gehrm., A. decus-silvae, A. 

gigas, A. hewittii, A. lambii Mayo & Widjaja A. tinekeae Hett. & A. Vogel and A. titanum. The 

overall resolution within Clade B is low in both analyses; moreover, the 13 investigated indi-

viduals of A. hewittii are scattered over the clade, particularly in the combined matK and ITS 

analysis. The authors conclude that it possibly reflects the “imperfect taxonomy” of A. hewittii 

(Wong et al., 2022). However, the occurrence of natural hybridisation events should also be 

considered. Although speculative, natural hybridisation in Amorphophallus is at least conceiv-

able and more studies on pollen vectors, seed dispersal, reproductive barriers and gene flow are 

required. 

Petiolar mimicry 

Another observation that can be made in the A. ‘John Tan’ hybrid concerns the petiolar lichen 

mimicry. The pattern types displayed on the petioles of the parental species, A. variabilis and 

A. titanum, are amongst the most versatile (Publ. 3). They include the lichenoid and the 

cyanobacterial-Cryptothecia pattern type in A. variabilis and the Graphis type and Cryptothecia 

type in A. titanum (Publ. 3). Although the exact petiole patterns of the parental plants of A. 

‘John Tan’ are unknown, the complexity of the displayed lichen mimicry (Graphis type) on the 

petiole of A. ‘John Tan’ at least equals the documented petiolar patterns of both parental species 

(Claudel, 2023). Besides fertility and attractiveness to pollinators, the inheritance and varied 

expression of such a complex trait may be another factor that is relevant for hybrids for the 

successful colonisation of new ecological niches (Chartier et al., 2016). 

 

Several species, such as A. variabilis, encompass individuals with unicolour petioles as well as 

individuals with different lichen mimicry types. More precisely, some individuals of A. 

variabilis are devoid of patterns, whereas others display lichenoid and/or cyanobacterial-

Cryptothecia mimicry pattern types. Moreover, the lichen mimicry pattern types themselves are 

variable (Publ. 3), suggesting intraspecific colour polymorphism, at least in some species (Publ. 
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3). Analogous to odour emission and odour polymorphism (Publ. 5), petiolar mimicry must be 

assumed to exploit the animal’s perception. Consequently, variation, i.e. petiolar colour 

polymorphism, might support the deceit in that it prevents the target from learning to identify 

and memorise a specific pattern. However, the degree and the frequency within a given species 

and the putative benefits of intraspecific petiolar colour polymorphism are not known for any 

Amorphophallus species, neither are the specific targets of the deceit known (Publ. 3). It has 

been suggested that the imitation of a lichen-covered tree trunk might serve as a protection from 

physical damage by large mammals and herbivory (Hejnowicz & Barthlott, 2005; Publ. 3). As 

far as the potential physical damage is concerned, it is reasonable to assume that large mammals 

are the primary targets of the deceit. However, regarding herbivory, the tissues of all 

Amorphophallus species contain needle-shaped raphide crystals, which may cause very 

unpleasant sensations when masticated (Mayo et al., 1997; Prychid et al., 2008) and it remains 

to be investigated if Amorphophallus species were under the evolutionary pressure of 

herbivores. Theoretically, the combination of colouration noticeable at close range with 

defensive raphides may hint at potential aposematism, but this type of potential visual defence 

has not yet been investigated in Amorphophallus. 

 

As stated in Publ. 3, lichen and cyanobacterial mimicry is predominant in the subgenera 

Amorphophallus and Metandrium. That said, as with odour polymorphism (Publ. 5), it might be 

impossible to identify phylogenetic trends based on petiolar colouration, if intraspecific petiolar 

colour polymorphism is a common feature within the genus. Moreover, exclusively 

investigating petiolar mimicry types is misleading as other defence types are as effective. 

Camouflage, “potentially the best of all defences” (Lev-Yadun, 2016) has not been investigated 

and discussed in Publ. 3. However, camouflage through background matching is likely to play 

a significant simultaneous role in many Amorphophallus species, notably in subgenera 

Afrophallus and Scutandrium where petiolar lichen mimicry is rarely encountered (Publ. 3). 

Instead, many species from subgenus Afrophallus and Scutandrium display petioles with 

brownish, reddish or slightly greyish colours, that match the colour of the surrounding soil or 

rocks, indicating camouflage as a potentially important element of defensive colouration. 

Moreover, the petioles are sometimes covered with unspecific spots, which possibly serve the 

purpose of disruptive colouration (personal observation; see also leaf material and/or 

photographs deposited in the Herbarium Hamburgense HBG for reference). 
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Ideally, all types of defensive petiole colouration, including colour polymorphism, should be 

analysed within the phylogenetic context. Future investigations will need to evaluate the 

occurrence of petiolar mimicry, camouflage and other types of defensive colouration across the 

whole genus and other related genera to identify more subtle evolutionary trends of petiolar 

defensive colouration. 

 

One aspect of defensive colouration that has been only briefly mentioned in Publ. 3, is 

heteroblasty. Heteroblasty occurs in several aroid genera and describes gradual to abrupt changes 

in successive leaves, depending on endogenous cycles, environmental changes, or maturation 

(Ray, 1990; Mayo et al., 1997; Croat & Ortiz, 2020). Heteroblasty is rarely reported in 

Amorphophallus (Liu et al., 2017) and it has been exemplified only briefly in Publ. 3 in 

connection with the increasing complexity of lichen-like patterns on successive petioles of A. 

prainii. Though not strongly pronounced in most Amorphophallus species, heteroblasty occurs 

in varying degrees. Generally, the degree of dissection of the leaf lamina is higher in adult plants 

than in juvenile ones. Moreover, the petiole colouration pattern is also more complex and more 

pronounced in adult leaves than in juvenile leaves (Publ. 3; personal observation). More 

specifically, some species show distinct differences between adult and juvenile leaves. For 

example, distinct differences can be found in some specimens of A. maximus (Engl.) N. E. Br. and 

A. impressus. The lamina of juvenile leaves consists of few simple segments and the petioles are 

brownish or reddish, becoming gradually darker towards the base, distinctly hairy, and spotted 

with dark marks. In contrast, the petioles of adult leaves of the same individuals are pale green, 

without any marks, and completely smooth. Moreover, they bear a highly dissected lamina 

(personal observation; see also leaf material and/or photographs deposited in the Herbarium 

Hamburgense HBG for reference). Similarly, seedling plants from some species of the 

Paeoniifolius-Manta clade of subgenus Amorphophallus display dramatic changes in leaf 

pigmentation during maturation from juvenile to adult leaves (Publ. 3). The first leaf is deep red 

whereas adult leaves are green, with transitional forms in between. Liu et al. (2017) analysed the 

reflectance curves from juvenile and adult leaves in A. bufo Ridl. and concluded that the different 

leaf forms correspond to camouflage through background matching; juvenile leaves match the 

background soil whereas adult leaves match the colours of the leaves of the surrounding plants. A 

similar defensive colouration strategy has been identified and tested in Pseudopanax crassifolius 

(Sol. ex A. Cunn.) K. Koch (Fadzly et al., 2009). Considering that several Amorphophallus species 

show varying degrees of heteroblasty, more studies to document and analyse juvenile and adult 

Amorphophallus leaves in their habitat are required, ultimately testing the adaptive value in terms 
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of defensive colouration. The relevance of defensive colouration in Amorphophallus can hardly 

be overestimated. Considering that most Amorphophallus species, when adult, make only a 

single leaf per growing season, defensive colouration is probably as important as reproductive 

success. If the petiole is substantially damaged, the plant is likely to die or at least suffer a 

serious setback in its development and reproductive success. Consequently, defensive 

colouration can be expected to have a high adaptive value. 

 

The situation is similar to that hypothesised in regard to odour polymorphism (Publ. 5). The 

primary function of defensive colouration in Amorphophallus is to hide the plant through 

camouflage, mimicry and/or masquerade. However, within this functional framework, variation 

of petiolar patterns is likely to increase the adaptive value, as potentially damage-causing 

herbivores might not recognise or memorise specific patterns. Moreover, variation might enable 

the species to rapidly colonise and adapt to changing or new environments, which might partly 

contribute to the observation that “the majority of Amorphophallus species seem to be pioneers 

in disturbed vegetations” (Hetterscheid & Ittenbach, 1996). 

 

Investigating the occurrence of petiolar mimicry in Amorphophallus in the phylogenetic context 

(Publ. 3) has been a first step towards a better understanding of the complexity of defensive 

colouration types. However, further steps must be made as the investigation of petiolar lichen 

mimicry (Publ. 3) constitutes only one aspect of defensive colouration. The occurrence of other 

defensive colouration types, and in particular camouflage, needs to be investigated. Moreover, 

petiolar colour polymorphism is likely to occur in more species and requires further studies if these 

variants occur in similar proportions and if they represent adaptations to specific environments or 

targets. Lastly, leaf heteroblasty in Amorphophallus needs to be more extensively documented 

and investigated. 

Pollinators 

Recently, floral visitors of three Bornean species, namely A. hewittii, A. eburneus and A. julaihii 

were documented in situ (Wong et al., 2022). Particularly A. hewittii is reported to attract a 

large array of arthropods. Besides a few Coleoptera (Scarabaidae, Staphylinidae, Silphidae) and 

Diptera (Muscidae) some Formicidae, Blattodea, Lepidoptera and even individuals of Reduvi-

idae as well as Caelifera visited the inflorescence (Wong et al., 2022). Moreover, stingless bees, 

more precisely Tetragonula melanocephala, were observed crawling on the pistillate zone 

(Wong et al., 2022), again underlining the potential importance of stingless bees as pollinators 
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of Amorphophallus species (Publ. 4). It is noteworthy to add that the floral visitors of A. hewittii 

reported by Wong et al. (2022) differ from those reported by Chai and Wong (2019). The latter 

identified some Coleoptera (Hybosoridae; Diamesus sp.; Creophilus sp.) and an unidentified 

species of stingless bees (“Trigonids”) as pollinators of A. hewittii. For the ease of comparison, 

the floral visitors reported by Chai and Wong (2019) and Wong et al. (2022) are summarised 

in Table 1. Moreover, newly reported floral visitors and pollinators for A. albus (Tang et al., 

2020), A. gigas (Rambey et al., 2021, 2022) and A. paeoniifolius (Handayani et al., 2020) are 

added to Table 1.
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Table 1. The Amorphophallus species and their (putative) pollinators. The number of inflorescences investigated, together with the location, reference, and categories of 
pollinators, putative pollinators and visitors to the inflorescences are provided. Modified after Claudel and Lev-Yadun (2021) (Publ. 5), including new entries. 

Species & inflorescence quantity Location(s) & reference Pollinators Putative pollinators Visitors 

A. albus (new entry) 
25 inflorescences 

China: Sichuan Province, 
Jinyang Country and Yunnan, 
Kunming, Botanical Garden 
(KBG) (Tang et al., 2020) 

Coleoptera: Staphylinidae, 
Atheta sp. (Jinyang Country) 

 Diptera: Calliphoridae, Calliphora 
sp.; Muscidae, Musca sp.; Sarcoph-
agidae, Sarcophaga sp. (KBG) 

A. abyssinicus subsp. akeassii 
single inflorescence 

Ivory Coast: Comoé National 
Park, savanna parkland of the 
Lola plaine (Moretto et al., 2019) 

Coleoptera: Scarabaeidae, Clep-
tocaccobius uniseries (“main polli-
nator”) 

Coleoptera: Aphodiidae, 
Aphodobius zumpti, Meson-
toplatys dorsalis, Pseudo-
pharaphodius phalacrono-
thoides, Trichaphodius amplitar-
sis, Trichaphodius copulates, 
Trichaphodius flavus, 
Trichaphodius maldesi; Hydro-
philidae, Sphaeridium sp.; Scar-
abaeidae, Caccobius auberti, 
Caccobius ivorensis, Cleptocac-
cobius convexifrons, Cleptocac-
cobius dorbignyi, Furconthopha-
gus flaviclava, Hyalonthophagus 
nigroviolaceus, Onthophagus lu-
taticollis, Onthophagus tersipen-
nis, Sisyphus goryi; Staphylini-
dae sp. 

Coleoptera: Scarabaeidae, Chal-
conotus suturalis, Digitonthophagus 
fimator 

A. angolensis subsp. maculatus 
several inflorescences 
 

Gabon: on several unspecified 
sites (Bogner, 1976) 

Coleoptera: Hybosoridae, Phaeo-
chrous camerunensis; Diptera: 
Calliphoridae sp. 

  

A. barthlottii 
single inflorescence  

Ivory Coast: Taï National Park, 
track leading to the Centre de 
Recherche en Écologie (Moretto 
et al., 2019) 

Coleoptera: Hydrophilidae, 
Sphaeridium sp.; Scarabaeidae, 
Onthophagus liberianus 
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Species & inflorescence quantity Location(s) & reference Pollinators Putative pollinators Visitors 

A. bulbifer 
not specified 

India: Karnataka, Anshi National 
Park (Punekar & Kumaran, 
2010) 

Coleoptera: Hybosoridae 
(=Melolonthidae; probably 
Apogonia sp. according to Moretto 
et al., 2019); Nitidulidae, Epuraea 
sp. 

Diptera: Drosophilidae sp. Coleoptera: Lyctidae, Lyctus sp. 

A. commutatus var. commutatus 
several investigated populations but 
the number of investigated inflores-
cences is not specified 
 

India: Maharashtra, three locali-
ties: Ratnagiri, Vengurla, Goa 
(Punekar & Kumaran, 2010) 

Coleoptera: Bostrichidae sp.; Ni-
tidulidae, Epuraea sp.; Hymenop-
tera: Trigona sp. (except Vengurla 
population) 

Coleoptera: Rutelinae (=Ruteli-
dae, Anomala sp. according to 
Moretto et al., 2019); Diptera: 
Drosophilidae sp.; Muscidae, 
Musca domestica 

Coleoptera: Staphylinidae sp.; 
Hymenoptera: Formicidae, 
Oecophylla smaragdina, Dolicho-
derinae: Tapinoma sp. 

A. commutatus var. anmodensis 
single inflorescence 

India: Goa, Anmode ghat 
(Punekar & Kumaran, 2010) 

Coleoptera: Scarabaeidae, On-
thophagus sp. 

  

A. commutatus var. anshiensis 
not specified 

India: Karnataka, Anshi National 
Park (Punekar & Kumaran, 
2010) 

Coleoptera: Cantharidae, 
Rhagonycha sp.; Cetoniidae, black 
beetles; Scarabaeidae, 
Heliocopris sp, Onthophagus sp. 

Diptera: Drosophilidae sp. Hymenoptera: Formicidae, 
Oecophylla smaragdina; Blaberi-
dae, Panesthiinae 

A. commutatus var. wayanadensis 
several investigated populations but 
the number of investigated inflores-
cences is not specified 

India: Maharashtra, four locali-
ties: Mulshi, Ratnagiri, Vengurla, 
Goa) (Punekar & Kumaran, 
2010) 

Coleoptera: Nitidulidae, Epuraea 
sp. 

Diptera: Drosophilidae; Musci-
dae, Musca domestica; Hymeno-
ptera: Trigona sp. (only Goa 
population) 

 

A. eburneus (new entry) 
six inflorescences, plus three bagged 
inflorescences 

Malaysia: Borneo, Sarawak, Ku-
ching Division, Padawan, Kg 
Danu (Wong et al., 2022) 

Coleoptera: Staphylinidae bee-
tles; Diptera: Drosophilidae, Co-
locasiomyia sp. 

Coleoptera: Scarabaeidae; Hy-
drophilidae 

Diptera: Drosophilidae; Syrphi-
dae; unidentified family; Hemip-
tera: Cicadellidae 

A. gigas (1) 
single inflorescence 

Indonesia: North Sumatra prov-
ince, Sipirok (Hetterscheid, 
1994) 

Coleoptera: carrion beetles; dung 
beetles; Cetoniidae; Staphylini-
dae; Diptera: Asilidae 

  

A. gigas (2) (new entry) 
single inflorescence 

Indonesia: North Sumatra prov-
ince, North Padang Lawas re-
gency, Halongonan District, Bar-
gottopong Julu Village (Rambey 
et al., 2021) 

Coleoptera: Chrysomelidae, Pla-
giodera sp.; Tenebrionidae, Tri-
bolium confusum; Diptera: Aedes 
albopictus; Muscidae, Musca 
domistica; Formicidae: Camponu-
tus sp.; Lepidoptera: Noctuidae, 
Scania sp. 
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Species & inflorescence quantity Location(s) & reference Pollinators Putative pollinators Visitors 

A. gigas (3) (new entry) 
single inflorescence (only the bloom-
ing inflorescence is considered) 

Indonesia: North Sumatra prov-
ince, Sabungan, Sungai Kanan 
District, (Rambey et al., 2022) 

 Coleoptera: Sithopilus oryzae; 
Diptera: Anisopodidae Sylvi-
cola fenestralis; Muscidae, Lu-
cilia sp.; Formicidae, Mon-
omorium minimum 

 

A. gomboczianus 
several inflorescences 
 

Ethiopia: Sidamo (Gombocz, 
1936) 

Diptera spp.   

A. henryi 
several populations and several inflo-
rescences 
 

Taiwan: four sampling areas 
(Jung, 2006) 

Coleoptera: Scarabaeidae, On-
thophagus sp., O. argyropygus, O. 
koshunensis, O. proletarius, O. 
sauteri, O. taurinus; Staphylini-
dae spp. 

 Coleoptera: Nitidulidae; Scaphidi-
idae; Scarabaeidae, Paragymno-
pleurus sp.; Tenebrionidae; Dip-
tera: Calliphoridae, Chrysomyia 
spp.; Drosophilidae, Drosophila 
spp.; Sepsidae, Sepsis spp.; Hemip-
tera; Homoptera: Aphididae; Hy-
menoptera: Formicidae; Isoptera: 
Termitidae, Odontotermes for-
mosanus; Orthoptera; Thysanop-
tera; Arachnida: Araneae, Spar-
assidae; Salticidae; Blattoidae 

A. hewittii (1) 
several inflorescences 
 

Malaysia: Borneo, Sarawak, 
Gunung Mulu National Park 
(Chai & Wong, 2019) 

Coleoptera: Hybosoridae; Sil-
phidae, Diamesus sp.; Staphylini-
dae, Creophilus sp. 

Hymenoptera: Trigonids  

A. hewittii (2) (new entry) 
eight inflorescences, plus one bagged 
inflorescence 

Malaysia: Borneo, Sarawak, Ku-
ching Division, Padawan, Kg 
Danu (Wong et al., 2022) 

Coleoptera: Silphidae; Ceramby-
cidae; Diptera: Muscidae; Hy-
menoptera: Apidae, Tetragonula 
melanocephala 

Coleoptera: Hydrophilidae; 
Hymenoptera: Formicidae; 
Lepidoptera 

Hymenoptera; Diptera: Drosophi-
lidae; Hemiptera: Reduviidae; Or-
thoptera: Caelifera 

A. hohenackeri 
several inflorescences 

India: Kerala, Calicut University 
campus (Sivadasan & Sabu, 
1989) 

Coleoptera: Nitidulidae, Epuraea 
motschulskii 

  

A. johnsonii 
several inflorescences 

Ghana: Jachie Sacred Grove 
(Beath, 1996) 

Coleoptera: Hybosoridae, Phaeo-
chrous amplus 

Coleptera: Histeridae, Pachy-
craerus sp. 

Diptera: Calliphoridae, Hemigym-
nochaeta unicolor; Platysto-
matidae, Paryphodes tigrinus 

A. julaihii (1) 
several inflorescences 

Malaysia: Borneo, Miri Division, 
Sarawak, Gunung Mulu National 
Park (Chai & Wong, 2019) 

Coleoptera: Staphylinidae, Cre-
ophilus sp. 
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Species & inflorescence quantity Location(s) & reference Pollinators Putative pollinators Visitors 

A. julaihii (2) (new entry) 
two inflorescences plus two bagged in-
florescences 

Malaysia: Borneo, Miri Division, 
Sarawak, Gunung Mulu National 
Park, trail to Deer Cave (Wong 
et al., 2022) 

Coleoptera: Staphylinidae (dur-
ing pistillate anthesis) 

Coleoptera Staphylinidae; Sil-
phidae; Thysanoptera (during 
staminate anthesis) 

 

A. konjac 
 
several inflorescences 

China: Yunnan, Kunming botani-
cal garden 25.127° N, 102.743° 
E, 1,788 m. a.s.l.), several inflo-
rescences (Chen et al., 2015) 

Coleoptera: Histeridae, Nitiduli-
dae, Staphylinidae; Dermaptera 

Diptera, Calliphoridae, Calli-
phoridae ssp, Achoetandrus ru-
fifacies, Aldrichina grahami, 
Chrysomya spp. , Lucilia spp.; 
Muscidae; Sarcophagidae 

 

A. konkanensis 
not specified, apparently single inflo-
rescence 

India: Maharashtra, Sindhudurg 
district, Kochra (Punekar & 
Kumaran, 2010) 

Coleoptera: Nitidulidae, Epuraea 
sp. 

  

A. koratensis 
single inflorescence 

Thailand: Songkhla, Hat Yai 
(pers. comm. Sutthinut 
Soonthornkalump) 

 Hymenoptera: Tetragonula sp. Hymenoptera: Formicidae 

A. muelleri 
several inflorescences 

Indonesia: Java (van der Pijl, 
1937) 

Coleoptera: Nitidulidae  Coleoptera: Melolonthidae, Apo-
gonia destructor 

A. napalensis 
several inflorescences at two sites 

India: Nagaland, Zunheboto, 
Lumami village, 880 m. a.s.l.; 
Mokokchung, Arkong ward. Plot 
no. 227, 1,350 m a.s.l. (Chatur-
vedi, 2017) 

Coleoptera: Scarabaeidae, Para-
stasia sp. (=Dynastidae, Peltono-
tus sp. according to Moretto et al., 
2019) 

 Diptera: Drosophilidae, Droso-
phila sp.; Hymenoptera: Trigona 
sp.; Apidae, Apis indica 
 

A. paeoniifolius (1) 
several inflorescences, both wild and 
cultivated plants 

India: Karnataka, Uttara 
Kannada district (Singh & 
Gadgil, 1995) 

Coleoptera: Rutelidae, Adoretus 
sp. 

Hymenoptera: Melipona sp. 
(Melipona is now a neotropical 
genus so probably Tetragonula 
sp.) 

Two unidentified insects 

A. paeoniifolius (2) 
single inflorescence 

locality not specified (Giordano, 
1999) 

Coleoptera: Hybosoridae, Phaeo-
chrous emarginatus 

  

A. paeoniifolius (3) 
not specified, apparently single inflo-
rescence 

India: Karnataka, Anshi National 
Park (Punekar & Kumaran, 
2010) 

Coleoptera: Scarabaeidae, 
Heliocopris sp., Onthophagus sp.; 
Cetoniidae Black beetles 

Coleoptera: Scarabaeidae, 
Rutelinae (=Rutelidae, 
Anomala sp. according to 
Moretto et al., 2019) 

Diptera: Calliphoridae; Muscidae, 
Musca domestica 

A. paeoniifolius (4) 
single inflorescence 

Thailand: Changwat Mae Hong 
son, 12km NW Soppong 
(Pangmapa) (Grimm, 2009) 

Coleoptera: Hybosoridae, Phaeo-
chrous dissimilis, Phaeochrous 
emarginatus, Phaeochrous inter-
medius; Scarabaeidae, Peltonotus 
nasutus 
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Species & inflorescence quantity Location(s) & reference Pollinators Putative pollinators Visitors 

A. paeoniifolius (5) 
single inflorescence 

Thailand: Nan province, Nan 
River at Srinan river (Sites, 
2017) 

Coleoptera: Hybosoridae, Phaeo-
chrous dissimilis; Scarabaeidae, 
Peltonotus nasutus 

  

A. paeoniifolius (6) (new entry) 
not specified 

Indonesia: Bogor Botanic Gar-
dens (Handayani et al., 2020) 

Hymenoptera: Apidae, Trigona 
sp. (Trigona is now a neotropical 
genus, so probably Tetragonula 
sp.) 

 Coleoptera: Nitidulidae, Epuraea-
Haptoncurina; Diptera: Calliphori-
dae, Calliphora vomitoria; Musci-
dae, Musca domestica; Sarcopha-
gidae, Sarcophaga sp.; Syrphidae. 

A. prainii 
single inflorescence 

West Malaysia (Soepadmo, 
1973) 

 Diptera: „various flies“ are men-
tioned but have not been actually 
observed 

 

A. sylvaticus 
single inflorescence 

India: Maharashtra, Mumbai, 
Bhandup (Punekar & Kumaran, 
2010) 

Coloptera: Nitidulidae, Epuraea 
sp. 

  

A. titanum (1) 
several inflorescences 

Sumatra: Fort de Kock (now 
Bukittinggi) (van der Pijl, 1937) 

Coleoptera: Silphidae, Diamesus 
osculans; Staphylinidae, 
Creophilus villipennis 

  

A. titanum (2) 
single inflorescence 

Indonesia: North Sumatra prov-
ince, Sipirok (Hetterscheid, 
1994) 

No insects were observed on the 
first day of anthesis 

Hymenoptera: Trigona sp. on 
day two of anthesis. 

 

A. titanum (3) 
several inflorescences 

Sumatra: (Giordano, 1999) Coleoptera: Curculionidae; 
Histeridae; Hybosoridae, Phaeo-
chrous emarginatus 

Coleoptera: Staphilinidae; 
Scarabaeidae; Diptera: Calli-
phoridae; Drosophilidae; Hy-
menoptera: Trigona geissleri; 
Trigona sp. 

Coleoptera: Brentidae, Hormoce-
rus compressitarsus; Arachnida; 
Blattodea; Formicidae 

A. variabilis (1) 
several inflorescences 

Java: Buitenzorg (now Bogor), 
(Backer, 1913) 

Coleoptera: Nitidulidae Staphilinidae, Philanthus cras-
sicornis 

 

A. variabilis (2) 
several inflorescences 

Java: Bandoeng (now Bandung) 
(van der Pijl, 1937) 

Coleoptera: Nitidulidae   
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Compared to A. hewittii, fewer floral visitors have been reported for A. eburneus and A. julaihii 

(Wong et al., 2022; Table 1). Mainly Coleoptera (Staphylinidae; Hydrophilidae), Diptera (Syr-

phidae; Drosophilidae, Colocasiomyia) and some Hemiptera (Cicadellidae) were reported for 

A. eburneus. In contrast, during pistillate anthesis, exclusively Silphidae beetles are reported 

for A. julaihii, whereas Silphidae beetles and Thysanoptera visit the inflorescences during the 

staminate phase (Wong et al., 2022; Table 1). It could be hypothesised that fewer floral visitors 

indicate a more specialised plant-pollinator interaction. However, the average fruit set is re-

ported to be significantly higher in A. hewittii (82.7%) than in A. eburneus (54.1 ± 14.4%) and 

A. julaihii (75.6 ± 11.2%) (Wong et al., 2022). Moreover, only three out of ten A. eburneus 

inflorescences were observed to develop into infructescences (Wong et al., 2022), which sug-

gests low pollination efficiency. 

 

Even more intriguing are the floral visitors and pollinators of A. paeoniifolius, reported from 

Bogor Botanical Gardens, Indonesia. For the first time, the most dominant group of reported 

floral visitors consists of various Diptera rather than Coleoptera. Moreover, the only reported 

pollinator is a stingless bee from the genus Trigona (Handayani et al., 2020; Table 1). As stated 

in Publ. 4, the genus Trigona is now circumscribed as a neotropical genus (Michener, 2007), 

therefore the observed stingless bee species is more likely to belong to one of the Asian genera, 

such as Tetragonula. Nevertheless, this observation is remarkable as it confirms the observation 

made by Singh and Gadgil (1995) who observed stingless bees acting as pollinators in A. pae-

oniifolius in India. 

 

Last but not least, there is no overlap between the reported insect visitors or pollinators of 

three investigated A. gigas inflorescences (Table 1). Whereas carrion and dung beetles are re-

ported as the main pollinators in one case (Hetterscheid, 1994), beetles (Plagiodera sp.; Tri-

bolium confusum), flies (Musca domestica), mosquitos (Aedes albopictus), ants (Camponutus 

sp.) and moths (Scania sp.) are reported as the main pollinators in another case (Rambey et al., 

2021). Lastly, beetles (Sithopilus oryzae), mosquitos (Sylvicola fenestralis), flies (Lucilia sp.) 

and ants (Monomorium minimum) are reported in a third study (Rambey et al., 2022). 

 

All in all, the newly reported observations (Handayani et al., 2020; Rambey et al., 2021, 2022; 

Tang et al., 2020; Wong et al., 2022) appear to confirm the trend postulated in Publ. 4, describ-

ing the attraction of a broad visitor and pollinator group, i.e. copro-necrophagous arthropods 

and their predators by means of several highly specific scent compounds in varied proportions. 
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Stingless bees might respond to other olfactory cues, such as fungal components (Publ. 4). 

However, considering that some neotropical Trigona species are obligate necrophages (Ca-

margo & Roubik, 1991), it seems at least possible that some of their Asian counterparts might 

have developed comparable trophic preferences or dispose of a comparable perception, which 

could also account for the attraction to some Amorphophallus species, A. titanum for instance 

(Hetterscheid, 1994; Giordano, 1999). 

 

It has been proposed that different flowering times, i.e. diurnal or nocturnal anthesis, might 

contribute to the separation between species or groups of species (Wong et al., 2022). However, 

this is not wholly convincing. As mentioned by the authors themselves, some specimens of A. 

hewittii showed a shift in the timing of anthesis (Wong et al., 2022). More precisely, the pistil-

late phase in A. hewittii has been reported by Chai and Wong (2019) to start at 17:00 h and be 

accompanied by the emission of an ammonia-like odour whereas the pistillate phase has been 

reported by Wong et al. (2022) to start at 11:00 h and to be accompanied by the emission of a 

rotting meat-like odour. Although the intervals of scent emission are unknown, a strong scent 

emission from the specimen that started the pistillate phase at 17:00 h has been reported at the 

beginning of the pistillate phase and on the morning of day 3 (Chai & Wong, 2019). Similarly, 

the pistillate phase has been reported to last 36 hours in A. hewittii by Wong et al. (2022). In 

other words, the pistillate phase in A. hewittii lasts more than 24 hours and scent emission occurs 

at least in the afternoon and in the morning (Chai & Wong, 2019; Wong et al., 2022). Conse-

quently, at least in A. hewittii, cross-pollination is possible at any time. Moreover, as discussed 

in Publ. 4 & 5, species that mimic carrion and dung odours seem especially designed to attract 

a multitude of different arthropods that rely on decomposing organic material in their life cycle 

(Publ. 4 & 5). Therefore, a strictly fixed timing of anthesis does not seem likely, at least not in 

all species. Similar shifts in timing have been documented in the Araceae genera Monstera 

(Chouteau et al., 2009), Arum (Marotz-Clausen et al., 2018), and Typhonium (Sayers et al., 

2020). According to Sayers et al. (2020), shifts in anthesis time in Typhonium brownii Schott 

can possibly be explained by its wide geographical range and may represent adaptations to 

different local conditions. However, this was challenged by Sayers et al. (2021) who could not 

find an association between thermogenic traits and pollinator shifts in two Typhonium species. 

Moreover, shifts in Arum maculatum L. occurred within the same population and cannot there-

fore be due to a wide geographical origin (Marotz-Clausen et al., 2018). Moreover, shifts of 

anthesis time in Monstera adansonii Schott, and in Monstera deliciosa occurred among differ-

ent inflorescences of the same plant (Chouteau et al., 2009). 



182 
 

 

Shifts in timing might represent a strategy to attract both putative diurnal or nocturnal pollina-

tors. Likewise, if several individuals within a population are flowering, this might keep attracted 

pollinators within a population. A small shift in timing of anthesis might have significant con-

sequences. Considering that many Amorphophallus species readily multiply vegetatively, some 

populations may originate from one initial seedling and slight variations in anthesis might in-

crease the likelihood of successful pollination within a clonal population. Even if this eventually 

results in self-pollination, it still represents an advantage, as the fruits are the means of long-

distance dispersal, since the berries are eaten by birds (Singh & Gadgil, 1995; Hetterscheid, 

1994; Hetterscheid & Ittenbach, 1996; Sedayu et al., 2010; Rambey et al., 2022; Low, 2024). 

Odour polymorphism 

Odour polymorphism in the genus Amorphophallus, together with its putative functionality and 

the implications for the identification of evolutionary trends, has been discussed in Publ. 5. In 

the meantime, additional data have been identified. Therefore, the three tables from Publ. 5 are 

complemented and reproduced here. Further aspects of odour polymorphism, which have not 

been elaborated in Publ. 5, are also discussed. 

 

Table 2 (Table 1 in Publ. five) lists selected volatile organic compounds (VOCs) that are emitted 

by several Amorphophallus species during anthesis and during cadaveric decomposition of pig 

carcasses and human decomposition fluid. Carbon dioxide (CO2) is added to Table 2 as it is one 

of the compounds released by more than 95% of the analysed human decomposition fluid 

samples (Buis, 2016). More generally, decomposing organic materials emit elevated amounts 

of CO2 due to enzymatic and microbiological activity. Considering that thermogenesis relies on 

elevated respiration rates (Lamprecht & Seymour, 2010), it can be assumed that all thermogenic 

Amorphophallus species (Skubatz et al., 1990; Barthlott et al., 2009; Lamprecht & Seymour, 

2010) emit elevated CO2 concentrations during anthesis. Carbon dioxide is a known attractant 

to various insects (Nicolas & Sillans, 1989; Patiño et al., 2002; Vereecken & McNeil, 2010; 

Jones, 2013). In particular, parasitic and blood sucking insects, and insects feeding or breeding 

on decomposing organic material, rely on CO2 gradients to locate a suitable substrate (Nicolas 

& Sillans, 1989; Patiño et al., 2002; Vereecken & McNeil, 2010; Jones, 2013). Consequently, 

the release of carbon dioxide might serve as an attractant in oviposition-site mimics and its role 

as attractant in Amorphophallus deserves more attention in the future.
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Table 2. Scent compounds released by human decomposition fluid, pig carcasses and Amorphophallus species (Kite & Hetterscheid, 1997, 2017; Kakishima et al., 2011). Ref. 

numbers refer to: 1: Buis, 2016; 2: Armstrong et al., 2016; 3: Dekeirsschieter et al., 2009. Except for A. gigas (Kakishima et al., 2011), all scent compounds emitted by 

Amorphophallus species are retrieved from Kite and Hetterscheid (1997, 2017). Group defining compounds refer to the scent categories defined by Kite and Hetterscheid (2017), 

modified after Claudel and Lev-Yadun (2021) (Publ. 5). 

 
Selected VOCs emitted during 
cadaveric decomposition 

Ref. also emitted by the Amorphophallus species (rel. % of the total odour composition) used as group defining com-
pound of the: 

1-phenylethanone (acetophe-
none) 

1 A. symonianus (60%), A. amygdaloides (60%), A. cicatricifer (55%, 39%), A. pulchellus (5%), A. putii (2%), A. yuloensis (11%, 6%) benzenoid compounds 

1-propanol 2 A. cirrifer (16%, 11%), A. obscurus (10%), A. pilosus (7%) aliphatic alcohols and ketones 

2-decanone 1 A. ankarana (2%)  

2-heptanone 1 A. polyanthus (85%, 62%), A. eichleri (30%, 25%), A. ankarana (3%) aliphatic alcohols and ketones 

2-undecanone 1 A. ankarana (3%)  

3-methyl-1-butanol 2 A. ankarana (39%), A. cirrifer (36%, 16%), A. henryi (30%, 7%), A. obscurus (21%), A. borneensis (8%), A. commutatus (3%), A. 
konjac (3%) 

aliphatic alcohols and ketones 

4-methylpentanoic acid 3 A. elatus (100%), A. atroviridis (98%), A. linearis (94%), A. macrorhizus (97%, 95%), A. angustispathus (50%), A. saraburiensis 
(23%), A. scutatus (7%), A. baumannii (6%), A. johnsonii (4%) 

aliphatic acids 

acetone 1 A. eburneus (18%), A. erythrrorhachis (12%), A. commutatus (11%), A. tinekeae (9%), A. borneensis (8%), A. henryi (7%), A. konjac 
(6%, 2%), A. macrorhizus (3%), A. plicatus (2%) 

 

butanoic acid 3 A. taurostigma (74%), A. saraburiensis (4%), A. scutatus (4%) aliphatic acids 

carbon dioxide 1 emitted by all thermogenic Amorphophallus species  

dimethyl oligosulphides 2 identified in varied proportions in 58 out of 92 investigated Amorphophallus species sulphur-containing compounds 

dimethyl trisulphide 1 identified in varied proportions in 47 out of 92 investigated Amorphophallus species sulphur-containing compounds 

ethyl acetate 2 A. consimilis (77%, 57%), A. haematospadix (65%), A. annulifer (60%), A. antsingyensis (43%), A. laoticus (23%), A. borneensis 
(10%), A. baumannii (5%), A. henryi (2%) 

aliphatic esters 

hexanal 1 A. pilosus (3%)  

nonanal 1 A. elliottii (3), A. eburneus (3%), A. erythrorrhachis (2%)  

phenol 1 A. impressus (6%)  

propionic acid 1 A. gigas (4%)  

pyrazine 1 A. preussi (61%) nitrogen-containing compounds 

trimethylamine 3 A. brachyphyllus (85%), A. eburneus (64%), A. tinekeae (35%), A. angolensis (18%), A. plicatus (13%), A. longispathaceus (4%), A. 
konjac (2%) 

nitrogen-containing compounds 
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Furthermore, two entries are added to Table 3 (Table 2 in Publ. five). Table 3 lists the scent 

compounds and their relative amount per species and individual. The new entries are added in 

bold, namely two individuals each of A. consimilis Bl. H.AM 1150 and A. polyanthus H.AM 

873. These two entries differ insofar as clonally propagated plants of a species were analysed, 

rather than genetically different individuals (Kite & Hetterscheid, 2017). The variation between 

the two analyses of clonally propagated material is relatively low compared to the variation 

between genetically different individuals (Table 3). Moreover, this result can be at least partly 

explained by methodological aspects, such as different times of day. Nonetheless, the low rate 

of variation in genetically identical plants is noteworthy. 

 

Lastly, Table 4 (Table 3 in Publ. five) lists Amorphophallus species which, based on subjective 

human scent perception, show significant odour polymorphism. Four additional entries are 

added in bold, namely A. eichleri (Engl.) Hook. f., A. hewittii, A. lambii and A. yuloensis H. Li.
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Table 3. Selected Amorphophallus species which show significant odour polymorphism. Alternative scent categories are highlighted in bold. New entries are marked in bold 
and refer to clonally propagated plants; however, analysed at different times of the day. If specified in the original publications, voucher and/or origin are provided. The quantity 
of the identified scent compounds is presented as in the original publications, either as percentage or as symbol (x ; +; -), indicating the presence and the quantity of a given 
compound. Percentage numbers are rounded in two cases (Chen et al., 2015; Raman et al., 2017). References are given as numbers and refer to: 1) Kite & Hetterscheid, 1997; 
2) Lamprecht & Seymour, 2010; 3) Shirasu et al., 2010; 4) Chen et al., 2015; 5) Kite & Hetterscheid, 2017; 6) Raman et al., 2017. Modified after Claudel and Lev-Yadun (2021) 
(Publ. 5). 

Species, voucher, time & scent category Scent compounds per species and individual in % or as provided in according reference Ref. 
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Species, voucher, time & scent category Scent compounds per species and individual in % or as provided in according reference Ref. 
A. eichleri not specified, sulphur compounds 62 15 1 7 2 1                  1 
A. eichleri 1994-7554, sulphur compounds 56 7 1 25   8                 5 
A. eichleri HAM 007, alcohols and ketones 23 1  30    13 10 6 3 2 2           5 
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A. konjac not specified, sulphur compounds 76 17                      1 
A. konjac 1997-111, sulphur compounds 55 3  9 6 6 3 3 2 2              5 
A. konjac HAM 168, sulphur compounds 40 17 1  3 2 3  6 12 2             5 
A. konjac China, KBG, sulphur compounds 43 26 2        3 6 3 2 2 2 2 2 1 1 1 1  4 
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A. polyanthus HAM 873, 12:30-15:00, alcohols and ke-
tones 85 10                      5 

A. polyanthus HAM 873, 15:30-17:15, alcohols and ke-
tones 62  15 15 5 2                  5 
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A. scutatus HAM 589, sulphur compounds 34 61 5                     5 
A. scutatus HAM 590, sulphur compounds 18 29 11 1 12 7 5 4 2 2 2 2            5 
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Species, voucher, time & scent category Scent compounds per species and individual in % or as provided in according reference Ref. 
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A. titanum not specified, sulphur compounds 75 10                      1 
A. titanum 1997-5514, sulphur compounds   25 1 3                    5 
A. titanum Palm Garden, benzenoid compounds      x x x x                2 
A. titanum: gas sample, nitrogen-containing   +       ++ + - + -           3 
A. titanum: appendix, aliphatic acids         4      22 17 16 12 6 3 3 3 2 2 6 
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Table 4. Amorphophallus species which show significant odour polymorphism based on the subjective human 
scent perception. New entries in bold. Modified after Claudel and Lev-Yadun (2021). 

Species Subjective odour perception quoted from publication Ref. 
A. aphyllus dung Claudel et al., 2017 
A. aphyllus fruity, melon-like, with added vodka (pers. commun. S. Jackson) 
A. cicatricifer gaseous plus fruity Kite & Hetterscheid, 1997 
A. cicatricifer gaseous, almonds Kite & Hetterscheid, 2017 
A. commutatus dead meat Kite & Hetterscheid, 2017 
A. commutatus: rottening meat Punekar & Kumaran, 2010 
- var. anmodensis gaseous, fruity Punekar & Kumaran, 2010 
- var. anshiensis gaseous, fruity Punekar & Kumaran, 2010 
- var. wayanadensis rottening meat Punekar & Kumaran, 2010 
A. eichleri rotting meat, changing to a shrimp-like scent Hetterscheid & Ittenbach, 1996 
A. eichleri rotting meat odour mixed with that of dung Kite & Hetterscheid, 1997 
A. fallax gaseous Kite & Hetterscheid, 1997 
A. fallax (1) gaseous, sweet Kite & Hetterscheid, 2017 
A. fallax (2) gaseous, sweet Kite & Hetterscheid, 2017 
A. galbra sweet (pers. commun. S. Jackson) 
A. galbra reminiscent of a freshly opened tin of paint (pers. commun. S. Ferguson) 
A. gigas spoiled meat Hetterscheid, 1994 
A. gigas rotten, fishy, sour Kakishima et al., 2011 
A. hewittii fishy odour Kite & Hetterscheid, 2017 
A. hewittii ammonia-like floral odour Chai & Wong, 2019 
A. hewittii rotting meat-like odour Wong et al., 2022 
A. johnsonii sewerage Kite & Hetterscheid, 2017 
A. johnsonii carrion Beath, 1996 
A. konkanensis cheese Kite & Hetterscheid, 2017 
A. konkanensis rottening meat Punekar & Kumaran, 2010 
A. lambii urine scent Hetterscheid & Ittenbach, 1996 
A. lambii fishy odour Kite & Hetterscheid, 2017 
A. mossambicensis (1) carrion Kite & Hetterscheid, 2017 
A. mossambicensis (2) carrion Kite & Hetterscheid, 2017 
A. mossambicensis (3) acidic, dung Kite & Hetterscheid, 2017 
A. prainii gaseous Kite & Hetterscheid, 1997 
A. prainii rotten meat Soepadmo, 1973 
A. sylvaticus bad vegetables Kite & Hetterscheid, 2017 
A. sylvaticus rottening meat Punekar & Kumaran, 2010 
A. symonianus fruity, cinnamon, shoe polish (personal observation) 
A. symonianus (1) almond, chemical Kite & Hetterscheid, 2017 
A. symonianus (2) almond, chemical Kite & Hetterscheid, 2017 
A. titanum gaseous plus urine Kite & Hetterscheid, 1997 
A. titanum gaseous, rotting vegetables Kite & Hetterscheid, 2017 
A. titanum carrion and weakly sweet Lamprecht & Seymour, 2010 
A. titanum old fish Hetterscheid, 1994 
A. titanum rotting flesh, changing to excrement Giordano, 1999 
A. titanum decayed cabbage, garlic and pungent sour Fujioka et al., 2012 
A. titanum nearly scentless Winkler, 1931 
A. titanum strong scent Winkler, 1931 
A. titanum: appendix rotting meat Raman et al., 2017 

A. titanum slight rotten fruit like, yellow pickled radish, rotten egg, rotting animal-like, 
rotten fish, rotten egg Shirasu et al., 2010 

A. yuloensis lemon-like scent Hetterscheid & Ittenbach, 1996 
A. yuloensis almond, chemical Kite & Hetterscheid, 2017 

 

 

Furthermore, other aspects of odour polymorphism in Amorphophallus, such as the modulation 

of signals, have not been elaborated in Publ. 5. This particularly concerns one scent class, 
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namely dimethyl oligosulphides which are the most abundant scent compounds, emitted by the 

majority of Amorphophallus species (Kite & Hetterscheid, 2017). They are therefore assumed 

to represent the ancestral state of scent emission in the genus Amorphophallus (Kite & 

Hetterscheid, 2017). However, the composition of emitted dimethyl oligosulphides is variable. 

The ratio between dimethyl mono-, di-, tri-, tetra- and pentasulphides can vary on the inter- and 

the intraspecific level (Kite & Hetterscheid, 1997, 2017; Shirasu et al., 2010; Chen et al., 2015; 

Publ. 5). This is noteworthy because some studies found that, depending on the ratio of the 

emitted dimethyl oligosulphides, the exerted signal on burying beetles of the genus Nicrophorus 

differed (Kalinová et al., 2009; Podskalská et al., 2009; Trumbo & Steiger, 2020). For example, 

dimethyl disulphides alone may not be sufficient for successful attraction in some insect species 

(Kalinová et al., 2009). Similarly, dimethyl disulphides combined with dimethyl trisulphides 

can exert a synergistic effect (Podskalská et al., 2009). Lastly, Nicrophorus beetles in search of 

a breeding place were actually deterred by dimethyl trisulphides alone and the authors proposed 

that higher levels of dimethyl trisulphides signal more advanced stages of carrion 

decomposition, indicating a resource that may be too old for successful reproduction and/or 

may already have been colonized by competitors (Trumbo & Steiger, 2020).  

 

Therefore, even if the emission of dimethyl oligosulphides represented the ancestral state in 

Amorphophallus (Kite & Hetterscheid, 2017), it must be considered that the signaling effect on 

insects might differ depending on the ratio of the emitted dimethyl oligosulphides. As stated in 

Publ. 5, A. julaihii is one of the few Amorphophallus species that apparently attracts exclusively 

Staphylinidae beetles from the genus Creophilus (Chai & Wong, 2019). Creophilus beetles are 

predators that feed on maggots hatched on carrion but not on the carrion itself (Publ. 5). Wong 

et al. (2022) confirmed the exclusive attraction of Staphylinidae beetles during the pistillate 

stage of A. julaihii; however, they did not determine the genus of the visiting/pollinating beetles. 

Moreover, Silphidae beetles and Thysanoptera were attracted during staminate anthesis (Wong 

et al., 2022). Therefore, more observations are needed to confirm if A. julaihii specifically and 

exclusively attracts predatory beetles. Moreover, the scent compounds and their composition 

emitted by several inflorescences of A. julaihii should be identified. That said, it might be 

beneficial for a plant to exclusively attract predatory insects in search of prey as pollinators, as 

these are not specifically interested in the mimicked substrate and are less likely to damage the 

inflorescence. 

 

Another, almost unexplored topic concerns the balance between olfactory repellents and attract-

ants. Ramos and Schiestl (2020) investigated the emission of scent compounds in two plant 

lines of Brassica rapa L. during four successive generations; one plant line was continuously 
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treated with pesticides and molluscicides, whereas the other was not treated and consequently 

more severely affected by herbivory. Plants grown under a reduced “herbivore load” (Ramos 

& Schiestl, 2020) expressed a different odour profile, with a significantly higher emission (up 

to 33.2%) of five out of its thirteen aromatic volatile compounds, designed for pollinator attrac-

tion. Ramos and Schiestl (2020) concluded that the “absence of herbivores relaxes the trade-

offs between reproduction and defence and allows for rapid evolutionary change of the floral 

fragrance, likely due to pollinator-mediated selection”. Adaptation through selection, “orient-

ing” the odour profile towards the pollinator and away from the herbivore, can apparently occur 

very fast. Conversely, variable odour profiles of different specimens within a species can be 

interpreted as a pool of answers to an ever-changing environment with regard to pollinators and 

predators in particular. 

 

Similarly, a combination of olfactory and visual signals of death and decay, such as a purplish 

inflorescence enveloped with a nauseating smell and buzzing insects, is likely to repel mam-

malian herbivores. Dimethyl oligosulphide odours may not only attract copro-necrophagous 

insects, but are also likely to repel mammalian herbivores. Lev-Yadun et al. (2009) and Lev-

Yadun (2021) proposed that carrion and dung odours of various flowers belonging to different 

taxa, which traditionally have been considered an adaptation for attracting flies and beetles for 

pollination (Faegri & van der Pijl, 1979; Stensmyr et al., 2002; Jürgens & Shuttleworth, 2016), 

also have another, overlooked anti-herbivore defensive function. They suggested that such 

odours may deter mammalian herbivores, especially during the critical period of flowering. 

This was based on the fact that carrion odour is a good predictor of the proximity of carnivores 

or of diseased corpses. Similarly, dung odour predicts faeces-contaminated habitats that may 

present high risks of parasitism and pathogens. The hypothesis that such plant odours may also 

deter mammalian herbivores (Lev-Yadun et al., 2009), was experimentally supported. Produc-

tive grassy plots were avoided by cattle, if the plots were contaminated from time to time by 

carrion (Lev-Yadun & Gutman, 2013). A similar refraining from faeces-contaminated grass is 

well known (Michel, 1955; Cooper et al., 2000; Fankhauser et al., 2008). Subsequently, it was 

proposed that there are good indications for the potential role of faeces and carrion odour mim-

icry as a defence against herbivory and that these odours are not exclusively employed for the 

attraction of pollinators (Lev-Yadun et al., 2009; Lev-Yadun, 2017, 2021). Although specula-

tive, the evolutionary success of dimethyl oligosulphides in Amorphophallus, which “occur 

widely in all four subgenera” (Kite & Hetterscheid, 2017) could have been shaped by their 

functional versatility, acting as both repellent and attractor which in varied proportions can give 

different signals. 
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Last but not least, the variation of scent composition during anthesis needs to be assessed, es-

pecially in relation to the female and the male flowering phase of the inflorescence. A signifi-

cant step into this direction has been undertaken by Kang et al. (2023), who detected and iden-

tified 422 volatile compounds emitted by an inflorescence of A. titanum. The authors of the 

study found that the volatile profile of A. titanum changes during anthesis, with the sulphur 

containing compounds and aldehydes dominant in the female flowering phase, and the alcohols 

and hydrocarbons dominant in the male flowering phase (Kang et al., 2023). Similarly, Liu et 

al. (2023) found that sulphur containing compounds were most abundantly released in the first 

phase of flowering of A. titanum, whereas alcohols and aldehydes were the major emitted com-

pounds in the subsequent phases of anthesis. 

 

In conclusion, the temporal pattern of scent emission of individual inflorescences during anthe-

sis should be studied on a wider scale. Firstly, it is essential to cover the whole period of scent 

emission, particularly in regard to the female and the male flowering phase. Secondly, it is 

important to investigate the intraspecific polymorphism. Lastly, it is important to investigate 

the reproducibility, in order to ascertain if clonally propagated plants release the same or dif-

ferent compounds under different growing or climatic conditions. Moreover, Amorphophallus 

species with distinct features of dung or carrion mimicry could be selected and observed in 

different habitats, countries or even continents. Assuming that some of the olfactory cues act as 

universal attractants or repellents, it could be investigated if the same pollinator type is attracted, 

and if pollination is successful. This could provide an indication of the universal specificity of 

the emitted scent compounds. Response to scent compounds could be equally tested in other 

animal groups, particularly mammals, both herbivorous and carnivorous. Herbivores are ex-

pected to avoid the plants, while carnivores are expected to be attracted. Lastly, another aspect 

concerns the putative correlation between scent types and floral colours as floral colours con-

stitute the visual aspect of deception. 

Colour polymorphism 

Although scent compounds play the key role in pollinator attraction (Jürgens et al., 2013, Publ. 

5), mimicry of decomposing organic material is visually supplemented by spathe pigmentation 

(Chen et al., 2015), which may be “flesh-coloured … resembling carrion” (Mayo et al., 1997), 

or blood-like (“tinta sanguigna”) (Beccari, 1889b). Kite and Hetterscheid (1997, 2017) and Pu-

nekar and Kumaran (2010) recognised two broad evolutionary trends within the genus Amor-

phophallus, associated with two general colour and scent types, i.e., carrion- or dung-smelling 
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species, commonly with dark brownish or brownish-purple spathes, and “gaseous-smelling” 

species with pale-coloured inflorescences. However, strictly green or strictly dark-coloured in-

florescences are more an exception than a rule and species bearing dark inflorescences and 

emitting carrion or dung scents often display pale green elements such as a green kettle or a 

spathe that is dark-coloured on one side but green-coloured on the other side (Fig. 9 A-D). 

Moreover, despite differences in scent composition, the major scent compounds underlying 

both odour trends are dimethyl oligosulphides (Kite & Hetterscheid, 1997, 2017). Lastly, con-

sidering that dimethyl oligosulphides are characteristic of the decomposition of various organic 

matters, such as vegetables, carnivore dung, cadavers and even cancerous wounds (Ollerton & 

Raguso, 2006; Shirasu et al., 2010; Jürgens et al., 2013), both trends appear to be a “variation” 

around the same theme (Schiestl & Dötterl, 2012). 
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Figure 9. A-D: Contrasting pale green and dark red elements in several carrion-and dung-mimicking species. A: 
Inflorescence of A. henryi, a dung mimic. B: Inflorescence of A. laoticus emitting a smell reminiscent of human 
faeces. C: Inflorescence of A. declinatus, a carrion mimic smelling like rotting meat. D: Inflorescence of A. rostra-
tus Hett., another carrion mimic. Scale bars = 10 cm. Photographs: Cyrille Claudel. 



194 
 

 

Moreover, some Amorphophallus species are known to display floral colour polymorphism to 

a certain extent. One of the most prominent carrion-mimicking species, A. paeoniifolius, in-

cludes individuals that are dark-coloured and individuals that are basically pale greenish (Fig. 

10 A & B). Similarly, the appendix colouration of A. paeoniifolius includes shades of grey-

yellow, grey-orange, and grey-purple and -brown (Handayani et al., 2020). Likewise, A. prainii, 

a “gaseous” smelling, pale-coloured species (Punekar & Kumaran, 2010; Kite & Hetterscheid, 

2017), includes individuals that are whitish, greenish or flesh-coloured (Fig. 10 C, D & E). An 

even more impressive variation has been documented in A. henryi, a dung mimic from Taiwan 

(Jung, 2006). Populations of A. henryi from four selected sampling areas in southwestern Tai-

wan were investigated; amongst other characteristics, colour variation of the spathe and the 

appendix was documented (Jung, 2006). Appendix colour ranged from sulphuric yellow to light 

beige and from reddish-brown to purplish-brown, while colour variation of the spathe, base and 

limb ranged from pure green to purplish-brown with intermediate shades (Jung, 2006). Moreo-

ver, colour polymorphism is not restricted to the spathe. The most prominent carrion species is 

A. titanum (Barthlott et al., 2009; Jürgens & Shuttleworth, 2016; Raman et al., 2017) which 

displays a spathe that is dark purplish-coloured inside and bright green outside. Spathe colour-

ation is fairly constant in this species, with only slight variation in some individuals (Gandawi-

jaja et al., 1983). However, the appendix shows considerable colour polymorphism, ranging 

from green (Giordano, 1999) to sulphuric yellow (Fig. 6 A), purplish (Giordano, 1999; personal 

observation), and dirty greyish (Raman et al., 2017). 
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Figure 10. A-D: Colour polymorphism in one species of the dark carrion type associated with carrion or dung 
odours and one species of the pale coloured type associated with nauseating odours. A & B: Colour polymorphism 
in inflorescences of A. paeoniifolius, a carrion mimicking species. C, D & E: colour polymorphism in three A. 
prainii individuals ranging from whitish, pale greenish to flesh-coloured specimens. Scale bars: A = 5 cm. Scale 
bars B, C & D = 10 cm. Photographs: Cyrille Claudel. 
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Versatility and continuity of spathe colouration is also indicated by artificial Amorphophallus 

hybrids. Figure 11 shows two African species, A. lewallei (Fig. 11 A) and A. mossambicensis 

(Fig. 10 B). The former smells like “rotting vegetables” (Kite & Hetterscheid, 2017) and bears 

a lettuce green spathe (Ittenbach, 2003), whereas the latter represents a typical dark-coloured 

carrion species with a matching floral odour (Kite & Hetterscheid, 2017). These two plants 

were cross-pollinated and the hybrid offspring inherited parental traits in various combinations 

and rearrangements (Fig. 11 C-F). Spathe colour ranged from dark reddish-brown (Fig. 11 C) 

to green (Fig. 11 D) and various intermediate forms (Fig. 11 E & F). Interestingly, the offspring 

bearing a pure green spathe also had the darkest appendix (Fig. 11 D). Similar to the observa-

tions of Jung (2006), these hybrids further indicate that inflorescence colouration is a continu-

ous character state. Moreover, it should be noted that all hybrids were fertile (personal obser-

vation, unpublished data). 
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Figure 11. A-F: Colour polymorphism in Amorphophallus hybrids. A: A. lewallei, a green-coloured species (pol-
len acceptor). B: A. mossambicensis a dark-coloured carrion mimic (pollen donor). C, D, E & F: F1 hybrid plants 
displaying various intermediate colour combinations. Scale bars = 5 cm. Photographs: Cyrille Claudel. 
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The question is, how does colour polymorphism fit into the “variation around a theme”? 

(Schiestl & Dötterl, 2012). The post-mortem hypostasis describes how the hemoglobin sinks 

within a corpse in the hours following death, leading to livor mortis. The lower part of the 

corpse shows a purplish discolouration (Goff, 2009), meanwhile the upper part of the corpse 

becomes accordingly lighter in colour. Subsequently, the corpse turns greenish as hydrogen 

sulfide and hemoglobin form the greenish sulfhemoglobin (Goff, 2009). Chen et al. (2015) in-

vestigated the colouration of inflorescences of A. konjac, the red and green pigments in partic-

ular. Chen et al. (2015) suggested that the inflorescence of A. konjac “mimics different decay 

phases”. Moreover, they demonstrated that the combination of visual and olfactory signals at-

tracted significantly more pollinators than each signal alone. 

 

Like with odours, colour polymorphism possibly represents different phases of cadaveric de-

composition. White or whitish, pale greenish or green skin colour, and red, purplish, maroon 

and their various shades and nuances, all fit into this imagery. Initial stages of decomposition 

might be represented by sweetly scented species carrying whitish or slightly greenish spathes. 

The following stages of decomposition might be represented by species carrying more intense 

greenish or flesh-coloured spathes and emitting gaseous odours. Both stages might include in-

termediate forms, emitting sweet as well as nauseating scent compounds and carrying spathes 

with whitish, greenish or flesh-coloured elements. Finally, more advanced stages of decompo-

sition or decay might be gradually represented by what is perceived as the typical carrion-mim-

icking species, predominantly carrying reddish, brownish, purplish elements, such as A. konjac 

and A. paeoniifolius. Similarly, corpses that have died of injuries or have been partly eaten by 

scavengers might be mimicked by these colour tones, as dark maroon corresponds to the colour 

of dried blood. 

 

The colour and odour spectrum of Amorphophallus species that emit primarily dimethyl oligo-

sulphides seem to be related to different phases of decomposition or different decomposing 

organic matters. On the one hand, the visual and olfactory clues appear to be very specific in 

that they indicate different cadaveric phases or substrates; on the other hand, they appear to be 

very generalised insofar as they all signal one and the same phenomenon, notably the decom-

position of organic matter. Although assumptive, it seems as if the two evolutionary trends 

proposed by Kite and Hetterscheid (1997, 2017) and Punekar and Kumaran (2010) might not 

give the whole picture. Both trends include exceptions on several levels and instead of a dual-

istic perception (dark, rotting versus pale nauseating) a continuous perception of the phenome-

non appears to be more plausible (from pale nauseating to dark, rotting). Floral characters, 
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including scent compounds, that are related to oviposition-site deception might display a wider 

range of polymorphism than other plant taxa as they reflect the variation of their natural coun-

terparts, i.e. decomposing organic material. From a functional perspective, it might be irrelevant 

if a spathe is green, flesh-coloured, reddish-purplish or all of it, as long as it supports the attrac-

tion of insects relying on decomposing organic matter during their life cycle. Therefore, floral 

polymorphism within a certain functional range can be considered to be a “variation around a 

theme” (Schiestl & Dötterl, 2012). 

Thermogenesis 

Methodological considerations 

The occurrence of thermogenesis is usually indicated by a temperature raise of the thermogenic 

floral organ. Therefore, many investigations rely on temperature measurements (Tang, 1987a; 

Meeuse & Raskin, 1988; Skubatz et al., 1990; Albre et al., 2003; Angioy et al., 2004; Ivancic 

et al., 2004, 2005, 2008; Chouteau et al., 2007, 2009; Barthlott et al., 2009; Korotkova & 

Barthlott, 2009; Maia et al., 2013; Wang & Zhang, 2015; Prieto & Cascante-Marín, 2017; 

Marotz-Clausen et al., 2018; Hoe et al., 2020). However, temperature elevation only reflects 

the heat excess and not the total heat production, as heat loss through evaporation and/or 

convection/radiation is not considered (Gibernau et al., 2005; Seymour, 2010). Consequently, 

respirometry, the measurement of oxygen consumption and/or carbon dioxide (CO2) 

production, has been emphasised for the investigation of thermogenesis (Seymour, 2010). 

However, temperature measurements have been shown to correlate with respiration rates in 

several studies (Seymour et al., 2003a, 2004) and have been further used in subsequent 

investigations (Prieto & Cascante-Marín, 2017; Marotz-Clausen et al., 2018; Skubatz et al., 

2019; Hoe et al., 2020). In addition, respirometry also has some shortcomings. Firstly, recording 

respirometry in giant species, such as A. decus-silvae Backer & Alderw., A gigas, and A. 

titanum represents a technical challenge. Secondly, respirometry does not resolve the spatial 

distribution of temperature increase, which might be relevant in the context of the plant-

pollinator interaction. Last but not least, elevated respiration rates during anthesis can also be 

caused by the biosynthesis and the release of scent compounds (Terry et al., 2016). 

 

As for the evaporative heat loss during anthesis, the causes and its significance are apparently 

not well characterised yet. A low temperature increase despite a significant oxygen consump-

tion has been recorded in A. konjac and the authors hypothesised that the large surface area of 

the A. konjac appendix was responsible for significant heat loss through high evaporation rates, 

especially as the second author observed the formation of liquid water running down the 



200 
 

appendix (Lamprecht & Seymour, 2010). However, this seems debatable. In the same study the 

authors report a temperature excess of 12.6°C in the appendix of A. titanum, which is the species 

with the largest appendix in the genus (Hetterscheid & Ittenbach, 1996; Gibson, 2018; POWO, 

2024a). This discrepancy has been explained, based on theoretical assumptions, by a much 

higher heat generation in A. titanum (Lamprecht & Seymour, 2010). However, it has not actu-

ally been tested. Then, the plant of A. konjac was placed in a greenhouse, and the appendix was 

covered by a respiratory hood, which can be expected to limit the evaporation and consequently 

evaporative heat loss. Lastly, odoriferous droplet formation on the appendix during anthesis has 

been reported in several Amorphophallus species (Shirasu et al., 2010; Kakishima et al., 2011; 

personal observation). It is therefore likely that the liquid found on the appendix of A. konjac 

was a secreted odoriferous fluid compound or at least not exclusively water. 

 

Moreover, heat loss through evaporative cooling (Gibernau et al., 2005; Seymour, 2010) has 

only been considered as a passive phenomenon in relation to the shape and surface area of the 

thermogenic floral elements and their thermal conductance etc., in other word, the physical 

properties of the thermogenic organ (Gibernau et al., 2005; Seymour, 2010). However, inflo-

rescences are biological systems that release the scent compounds at a precisely determined 

moment. Moreover, they can protect themselves from unintended evaporation by means of a 

cuticle and/or closed stomata/pores. Therefore, heat loss through evaporation is more likely to 

be linked to scent release, which however, is temporarily determined. The timeframe for stigma 

receptivity – and therefore pollinator attraction – is short in Amorphophallus, often in the range 

of a few hours only (Hesse, 2006; Chai & Wong, 2019; Claudel, 2020). Consequently, releasing 

the greatest possible quantity of scent compounds in a short time is likely to be the most im-

portant parameter when it comes to evaporative cooling. Vapour pressure and quantity of the 

emitted scent compound(s) are likely to have a more significant impact on evaporative cooling 

than passive water evaporation. However, the impact of the scent compounds has never been 

investigated. Considering that the temperature of the thermogenic floral elements is generally 

identical with the ambient (room) temperature before anthesis (Claudel et al., 2023; supporting 

information Data S1), passive heat loss through water evaporation does not appear to be signif-

icant. If evaporative cooling was significant at this stage, a noticeable difference between the 

temperature of the thermogenic floral elements and the ambient temperature should be ob-

served. Instead, evaporative heat loss is generally not detectable in the temperature measure-

ments of the appendix or the male flower zone before anthesis (Claudel et al., 2023; supporting 

information Data S1). Heat loss in the male flower zone becomes noticeable only after the pores 

or slits of the anthers have opened to release the pollen; now that the slits or pores are open, 

passive evaporative cooling may become significant (Claudel et al., 2023; supporting 
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information Data S1). However, pollen release also implies the ending of anthesis and thermo-

genesis. Therefore, evaporative cooling of the male flower zone takes place only at the end of 

anthesis. The situation is different in regard to the appendix. Here, heat loss occurs once scent 

emission starts, which is consequential, as the emission of scent compounds presupposes a re-

lease (mechanism). Therefore, evaporative cooling of the appendix is more likely to be caused 

by the emitted scent compounds during anthesis. 

 

Amorphophallus species have been shown to emit scent compounds belonging to chemically 

different scent classes (Kite & Hetterscheid, 1997, 2017; Publ. 5). There is also evidence that 

the quantity, ratio and volatility of the released scent compounds may differ significantly be-

tween species (Kite & Hetterscheid, 1997, 2017) and even between individuals of a given spe-

cies (Publ. 5). The last point is particularly important as it has been shown that some Amor-

phophallus species display considerable odour polymorphism (Publ. 5). Consequently, if the 

ratio or the quantity of emitted scent compounds differ significantly between two individuals 

of a given species, then the impact on evaporative cooling will differ accordingly, due to dif-

ferent vapour pressures. As discussed below, a compound with a high vapour pressure is more 

likely to contribute to evaporative cooling than a compound with a low vapour pressure. In 

conclusion, the surface area of the appendix does not appear to be the only critical factor with 

regard to evaporative cooling. 

 

Moreover, respirometry might in itself have a significant shortcoming. As mentioned above, 

the time frame for scent emission is short for most Amorphophallus species, usually in the range 

of 12 hours only. It has been shown in the thermogenic Aroideae Sauromatum venosum, that 

the appendix undergoes important morphological modifications and biosynthetic activities 

shortly before and during anthesis (Skubatz et al., 1993, 1995, 1996; Skubatz & Kunkel, 1999). 

The endoplasmic reticulum of the appendix tissue fuses with the plasma membrane, forming 

excretion channels; and newly synthetised scent compounds are transported through these 

excretory pathways (Skubatz et al., 1993, 1995, 1996; Skubatz & Kunkel, 1999). It has not been 

investigated to what extent this metabolic burst contributes to the respiration rates in 

thermogenic aroids. However, it has been investigated in Macrozamia Miq. cycad cones (Terry 

et al., 2016). These authors studied the relationship between temperature elevation, increased 

respiration and the formation and emission of volatiles, concluding that the energetically 

expensive synthesis and release of monoterpenes is at the origin of the respiratory metabolic 

burst (Terry et al., 2016). Consequently, considering the important modifications and 

biosynthetic activities preceding and during anthesis in S. venosum (Skubatz et al., 1993, 1995, 

1996; Skubatz & Kunkel, 1999) and the strong scent emissions within a short time in 
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Amorphophallus (Hesse, 2006; Kite & Hetterscheid, 2017) it is reasonable to assume that the 

respiration rates during anthesis in Amorphophallus might be raised by a comparable metabolic 

burst, leading to the discrepancy between respiration rates and temperature elevation, discussed 

by Lamprecht and Seymour (2010). Therefore, more investigations are needed in order to 

validate the correlation between respirometry and thermogenesis, at least in Amorphophallus. 

 

For the purpose of the study from Claudel et al. (2023)/Publ. 6, it would have been useful to 

quantify the thermogenic tissue (e.g., volume and/or weight). However, firstly, the complexity 

of the topic was not foreseen. Secondly, access to the inflorescences of many species during 

anthesis constituted a unique opportunity. Moreover, two temperature patterns could be rec-

orded within one accession from A. schmidtiae, challenging the assumption that the temperature 

patterns are strongly influenced by the morphology. Clonally propagated tubers of A. schmid-

tiae HBG 2013-G-2 switched from one pattern to the other in consecutive years. The first tem-

perature pattern (pattern 1) is unique in the genus in that it lasts up to three weeks, whereas the 

second pattern (pattern 2) is similar to the temperature patterns of other species of this clade 

(Claudel et al., 2023; supporting information Data S1 & Data S2 time-lapse movies). Pattern 

switches occurred exclusively in the accession A. schmidtiae HBG 2013-G-2 but not in a second 

accession, A. schmidtiae HBG 2013-G-32. However, the development of A. schmidtiae HBG 

2013-G-32 could only be followed for a comparatively short period as it was obtained at a late 

stage of the experiments. It must be emphasised that great care has been taken to follow the 

development of the tubers, ascertaining that one and the same tuber can occasionally switch 

from one to another pattern.  

 

The two pattern types of A. schmidtiae HBG 2013-G-2 could be the result of a genetic mosaic, 

leading to one or the other pattern type during tuber formation. However, this has not been 

tested, and further investigations into this phenomenon are required. Alternatively, this could 

represent a case of “sex switching”, implying functionally male or female plants, similar to 

Arisaema Mart. (Vogel & Martens, 2000; Richardson & Clay, 2001; Srivastava & Banerji, 

2012). That said, crossing experiments have not been performed and unlike in Arisaema (Sri-

vastava & Banerji, 2012), tuber weight was not indicative of the temperature pattern. The long 

lasting pattern (pattern 1) was expressed in tubers ranging from 340 g to 3,230 g. Moreover, 

despite the wide weight range of the tubers, the length of the spadix elements remained nearly 

constant, differing in the magnitude of ± 1 cm at most. 
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In any case, tubers of A. schmidtiae HBG 2013-G-2 can express two significantly different 

temperature patterns, despite being morphologically identical. This clearly demonstrates that 

temperature patterns can be independent from floral morphology. 

 

Last but not least it is noteworthy to point out that in order to sustain such a long thermogenic 

period, thermogenesis in A. schmidtiae might be fuelled by transport of materials stored in the 

tuber, similar to Symplocarpus foetidus (Kozen, 2013). Therefore, it would be necessary to 

identify the substrate used for thermogenesis for each species; moreover to determine if ther-

mogenesis is fuelled by the tuber, or by substrates stored in the inflorescence, or by both. Last 

but not least, more knowledge about the regulatory mechanism(s) is required. 

Thermogenesis in the phylogenetic frame 

Species with a strong temperature increase are scattered across the phylogeny (Publ. 6). The 

strongest heaters of the genus are species from the subgenus Scutandrium Hett. & Claudel, such 

as A. albispathus, A. longituberosus and A. tenuispadix (16.6°C, 21.7°C and 18.1°C above am-

bient temperature respectively) (Publ. 6). They are followed by A. lewallei (16.3°C above am-

bient temperature) belonging to the subgenus Afrophallus Hett. & Claudel, and A. symonianus 

and A. yunannensis (15.1°C and 13.9°C above ambient temperature, respectively) belonging to 

the subgenus Metandrium Stapf (Publ. 6). Except for A. lewallei, these species form the two 

main clusters of strongly thermogenic species, of which one clade is found in the subgenus 

Scutandrium and the other in the subgenus Metandrium (Publ. 6). These species are compara-

tively small (Hetterscheid, 2012) and volatise benzenoid compounds or aromatic hydrocarbons 

(Kite & Hetterscheid, 1997, 2017; Publ. 5). However, the species in the subgenus Scutandrium 

mainly emit 4-methoxyphenethyl alcohol whereas the species in the subgenus Metandrium 

mainly emit 1-phenylethanol and its derivatives (Kite & Hetterscheid, 1997, 2017). 

 

But not all species with a strong temperature increase release benzenoid compounds. The Afri-

can species A. lewallei displays one of the strongest temperature increases (16.3°C above room 

temperature), but its major scent compound (86%) is the highly volatile dimethyl disulphide 

(Kite & Hetterscheid, 2017). Similarly, A. paeoniifolius and A. prainii belonging to the subge-

nus Amorphophallus, A. albus and A. schmidtiae belonging to the subgenus Scutandrium and 

A. bulbifer belonging to the subgenus Metandrium show a significant temperature elevation, 

but release dimethyl oligosulphides as the main scent compounds (Kite & Hetterscheid, 1997, 

2017; Publ. 5). It is interesting to note that two strongly thermogenic species, A. cicatricifer 

Hett. and A. titanum (12.8°C and 12.6°C above room temperature, respectively), have been 

shown to mainly release either dimethyl oligosulphides or benzenoid compounds (Lamprecht 
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& Seymour, 2010; Kite & Hetterscheid, 1997, 2017; Publ. 5). Beyond that, there is only one 

species that displays a strong temperature elevation (Publ. 6) but does not release dimethyl 

oligosulphides or benzenoid compounds as its major scent compounds, namely A. mossamibi-

censis belonging to the subgenus Afrophallus, the only strongly thermogenic species (13.6°C 

above room temperature) that releases aliphatic esters (Kite & Hetterscheid, 1997, 2017). Con-

versely, many species that release dimethyl oligosulphides do not show a temperature elevation, 

or only a slight one. For example, the species investigated from the Pygmaeus clade, belonging 

to the subgenus Metandrium, are weakly thermogenic or not thermogenic at all (Publ. 6). Sim-

ilarly, A. commutatus (Schott) Engl. and A. variabilis from subgenus Amorphophallus release 

dimethyl oligosulphides (Kite & Hetterscheid, 2017) and are weakly thermogenic (Publ. 6). 

That said, at least all the species investigated that release benzenoid scent compounds are ther-

mogenic or strongly thermogenic in terms of temperature elevation and will be discussed more 

closely below. 

 

Two species from the Paeoniifolius clade (Publ. 1), A. paeoniifolius and A. prainii, both of 

which are large plants with geoflorous inflorescences, have strong thermogenic activity in the 

male flower zone and appendix (Publ. 6). In addition, both species display a long preheating 

sequence, lasting up to five days in A. paeoniifolius (Publ. 6). However, despite of the similar-

ities in thermogenic patterns, A. paeoniifolius matches the carrion type with dark inflorescences 

and rotting meat odours, whereas A. prainii has pale-coloured inflorescences accompanied by 

“gaseous” odours sensu Kite and Hetterscheid (2017). If this represents a switch to different 

pollinator relationships (Kite & Hetterscheid, 2017), then the temperature pattern itself does not 

appear to be significant as it is similar between the two species. It is noteworthy to add that the 

investigation of two Typhonium species, another oviposition-site mimic from the Aroideae, 

yielded similar results. The authors found that divergence in floral scent and morphology is 

associated with pollinator shifts; however, thermogenic traits are not associated with pollinator 

shifts (Sayers et al., 2021). 

Carrion mimicry 

Temperature elevation and scent emission have also been associated with carrion mimicry in 

Amorphophallus (Barthlott et al., 2009) and as part of a highly mimetic tactile system in other 

aroids (Angioy et al., 2004; Rands, 2021). The insect is deceived into behaving as if it had 

discovered a fresh and still warm substrate, such as carrion or dung, for feeding or breeding. 

Indeed, some strongly thermogenic species, such as A. paeoniifolius and A. mossambicensis, 

represent typical carrion- or dung mimics with dark coloured inflorescences that emit carrion- 

or dung-like scents (Kite & Hetterscheid, 2017). The male zone is heated overnight (Claudel et 
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al., 2023; supporting information Data S1), which, in the case of A. paeoniifolius at least, is 

known to attract large copro-necrophagous beetles amongst others (Publ. 4). However, several 

species that apparently have distinct visual and olfactory carrion or dung attributes, generate 

only weak temperature increases. These include A. declinatus, A. gigas, A. henryi, A. maxwelii 

Hett. and A. konjac, all of which display low or no temperature elevations (Claudel et al., 2023; 

supporting information Data S1). Though it is possible that the low temperature increases are 

due to heat loss (Gibernau et al., 2005; Lamprecht & Seymour, 2010; Seymour, 2010), it ap-

pears to be unlikely, considering some discrepancies. For example, both A. gigas and A. henryi 

show no temperature increase but A. gigas has a large surface area whereas A. henryi has a 

small and slender appendix (Hetterscheid & Ittenbach, 1996). In contrast, the giant of the genus, 

A. titanum, exceeds ambient temperatures by 10°C to 12.6°C (Barthlott et al., 2009; Korotkova 

& Barthlott, 2009; Lamprecht & Seymour, 2010), despite having the largest appendix with the 

largest surface area of any species (Hetterscheid & Ittenbach, 1996). In any case, the fact that 

temperature elevation is negligibly low or completely absent in several dung- or carrion mim-

icking species shows that is not a necessary component of dung or carrion mimicry. 

Scent volatilisation 

As aforementioned, temperature elevation is apparently not specifically associated with a par-

ticular scent category sensu Kite and Hetterscheid (2017). However, that does not exclude the 

possibility that the temperature elevations are correlated with the vapour pressure of the scent 

compounds since a scent compound with low vapour pressure is more likely to benefit from a 

higher temperature elevation. The two main clusters of strongly thermogenic species are found 

in subgenus Scutandrium and subgenus Metandrium. These clusters comprise the species that 

release sweet, fruity or almond odours based on benzenoid compounds or aromatic hydrocar-

bons, more precisely 4-methoxyphenethyl alcohol or 1-phenylethanol and its derivatives (Kite 

& Hetterscheid, 1997, 2017). Therefore, the volatility of benzenoid compounds in comparison 

to the other scent categories sensu Kite and Hetterscheid (2017) is briefly explored. Table 5 

lists the vapour pressure of every identified benzenoid compound as well as one representative 

compound from the six other major scent classes sensu Kite and Hetterscheid (2017). 
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Table 5. Vapour pressure of one representative scent compound per scent category sensu Kite and Hetterscheid 

(2017) and all the identified benzenoid compounds (in hectopascal, in decreasing order). Vapour pressure values 

measured either at 20°C or 25°C room temperature were retrieved from internet resources (PubChem, 2023; 

ChemSpider, 2023; Merck, 2023). 

 
Scent category Selected compound Vapour pressure in hectopascal 

nitrogen-containing compounds trimethylamine 1887 at 20°C 

aliphatic esters ethyl acetate 121.32 at 25°C 

sulphur compounds dimethyl disulphide 28 at 20°C 

benzenoid compounds phenylethene 7.14 at 20°C 

aliphatic alcohols and ketones isoamyl alcohol 3 at 20°C 

aliphatic acids isocaproic acid 0.593 at 25°C 

benzenoid compounds 1-phenylethanone 0.4 at 20°C 

benzenoid compounds 1-phenylethanol 0.1 at 20°C 

terpenoids and alkanes aromadendrene 0.031 at 25°C 

benzenoid compounds 1-phenylethyl acetate 0.055 at 20°C 

benzenoid compounds methylcinnamate 0.0149 at 25°C 

benzenoid compounds 4-methoxyphenethyl alcohol 0.009 at 25°C 

 

4-Methoxyphenethyl alcohol, here the benzenoid compound with the lowest vapour pressure 

(0.009 hPa at 25°C), is emitted by the “hottest” species, A. albispathus, A. longituberosus and 

A. tenuispadix. The only other scent compound with a comparably low vapour pressure is 

methylcinnamate (0.0149 hPa at 25°C). It is emitted as a major compound by A. symonianus, 

another strongly thermogenic species characterised by 1-phenylethanol and its derivatives (Kite 

& Hetterscheid, 2017). The next benzenoid compound, 1-phenylethyl acetate, also has a low 

vapour pressure (0.055 hPa at 20°C). It is the main compound from at least six species (Kite & 

Hetterscheid, 2017). Two of these (A. thaiensis, A. yunnanensis) were investigated and showed 

significant temperature elevations (Publ. 6). As for 1-phenylethanol, it has a low vapour pres-

sure (0.1 hPa at 20°C) and is the main compound emitted by A. yuloensis H. Li, another ther-

mogenic species. The last benzenoid compound, phenylethene, has a significantly higher va-

pour pressure (7.14 hPa at 20°C) than the other benzenoid compounds. However, it is emitted 
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in limited quantities and is always accompanied by larger quantities of benzenoids with a lower 

vapour pressure (Kite & Hetterscheid, 2017). 

 

Other non-benzenoid compounds with low vapour pressure include aromadendrene (0.031 at 

25°C), which is emitted by A. impressus. In contrast to species that release benzenoids with low 

vapour pressure, A. impressus displays only a weak temperature elevation. At least in this case, 

there seems to be no correlation between low vapour pressure and temperature elevation. An-

other compound that also has a vapour pressure below 0.1 is isocaproic acid (0.593 at 25°C) 

from the aliphatic acids category (Kite & Hetterscheid, 2017). Isocaproic acid and α-ketoi-

socaproic acid are the main compounds emitted by A. atroviridis and A. myosuroides, respec-

tively. However, both species show either no (A. atroviridis) or only a negligible (A. myosu-

roides) temperature elevation of the appendix. Similarly, the species investigated here that emit 

isoamyl alcohol (3 hPa at 20°C) from the aliphatic alcohols and ketones category (Kite & Het-

terscheid, 2017), do not display strong temperature elevation: A. ankarana has only a weak 

temperature elevation in the appendix, whereas A. henryi N. E. Br. shows no temperature ele-

vation (Claudel et al., 2023; supporting information Data S1). 

 

Conversely, dimethyl disulphide has a high vapour pressure (28 hPA at 20°C) but as aforemen-

tioned, some of the species that release dimethyl oligosulphide as a major scent compound, are 

amongst the “hottest”, displaying high, sometimes even long-lasting, temperatures elevations. 

Examples of species displaying high temperature elevation accompanied by the emission of 

dimethyl oligosulphides are, in particular, A. lewallei, A. paeoniifolius, A. prainii, A. albus, A. 

schmidtiae and A. bulbifer. The two remaining compounds, trimethylamine from the nitrogen-

containing compounds category and ethyl acetate from the aliphatic esters category have a sig-

nificantly higher vapour pressure than all the other compounds (Table 5). Ethyl acetate has a 

vapour pressure of 121.32 hPA at 25°C. Of all species investigated, only A. antsingyensis re-

leases ethyl acetate as a major scent compound while showing only weak temperature elevation. 

Trimethylamine is the typical compound produced by bacteria during the decomposition of fish 

(Howgate, 2010a, 2010b). Compared to the other scent compounds, trimethylamine has an ex-

tremely high vapour pressure of 1887 hPa at 20°C. Interestingly, two of the species investigated, 

A. brachyphyllus and A. juliae, consistently cooled below ambient temperature during anthesis, 

down to -4.9°C and -1.8°C below ambient respectively (Claudel et al., 2023; supporting infor-

mation Data S1). These species form a closely related group together with A. eburneus Bogner 

and A. niahensis P. C. Boyce & Hett. (Boyce et al., 2010; Claudel et al., 2017). Two of these 

species, A. brachyphyllus and A. eburneus are known to release trimethylamine (Kite & Het-

terscheid, 1997, 2017) as a major scent compound and A. juliae releases a similar odour 
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(personal observation). Therefore, the cooling effect in A. brachyphyllus and A. juliae might be 

caused by the high vapour pressure of trimethylamine. It is noteworthy to point out that the 

appendix of A. lambii displays a temperature decrease during anthesis too, down to 3.5°C below 

ambient temperature (Claudel et al., 2023; supporting information Data S1). Amorphophallus 

lambii is also reported to have a fishy odour (Kite & Hetterscheid, 2017), which suggests that 

trimethylamine is also emitted in this species. Closely related to A. lambii is A. hewittii Alderw. 

which is also described as having a fishy odour (Kite & Hetterscheid, 2017) or “ammonia-like” 

(Chai & Wong, 2019). Given that trimethylamine smells fishy at lower concentrations and am-

monia-like at higher concentrations (Howgate, 2010a, 2010b), A. hewittii is also likely to emit 

trimethylamine. A strong temperature decrease in the appendix during anthesis can therefore 

be expected. 

 

In conclusion, the volatilisation of some scent compounds might benefit from increased ther-

mogenesis in some species. However, temperature elevations of the appendix are apparently 

not generally linked to the volatility of the major scent compounds. Conversely, the emission 

of scent compounds with high vapour pressure can be expected to decrease the temperature of 

the appendix during anthesis. 

Heat reward 

Heat reward for pollinators is the second function most often assigned to thermogenesis, par-

ticularly in conjunction with the existence of floral chambers. Heat reward has been proposed 

to increase the activity of the insects during stigma receptivity, ensuring pollination and pre-

venting its “premature departure” (Moodie, 1976), or heat reward has been proposed to increase 

the activity of the insect after pollen load, enhancing the insect’s departure, particularly after a 

cooler night (Ivancic et al., 2005). Although both scenarios are plausible, one point remains 

unresolved. How does the insect know the difference between heat that is meant to make it stay, 

and heat that is meant to incite departure in search of the next inflorescence? Moreover, since 

heat is never generated by the female flowers in Amorphophallus, the reward is apparently not 

offered where the pollen needs to be transported to. Therefore, it seems more plausible that heat 

incites the insect to stay on the inflorescence until pollen release, at least in Amorphophallus. 

Consequently, the signal for leaving would consist in the temperature decrease after anthesis. 

This could account for the more or less continuous temperature increase of the male flower 

zone until pollen release in many of the thermogenic Amorphophallus species. However, it does 

not account for the many differences in thermogenic patterns, for instance heating of the male 

flower zone before anthesis, as in A. thaiensis and A. yunannensis; or the absence of 
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thermogenesis in the male flower zone, as in A. symonianus; or the long thermogenic episode 

of the male flower zone in A. schmidtiae (pattern 1). 

 

To understand these differences, more knowledge about the pollinating insects and their behav-

iour is required. However, the knowledge about pollinating insects in Amorphophallus is lim-

ited (Publ. 4). Members of three Coleoptera families (Dynastidae, Hybosoridae and Scarabae-

idae) appear to be the main pollinators (Moretto et al., 2019; Publ. 4). However, the motives of 

the attracted beetles are apparently different. Beetles using the floral chamber for mating, but 

not for egg deposition, have been observed in A. johnsonii, A. paeoniifolius, A. titanum and A. 

hewittii (Beath, 1996; Giordano, 1999; Grimm, 2009; Chai & Wong, 2019), whereas mating of 

beetles has been explicitly excluded in A. barthlotti Ittenb. & Lobin and in A. abyssinicus (A. 

Rich.) N. E. Br. (Moretto, 2019). In several species, such as A. hohenackeri Engl. & Gehrm., 

A. sylvaticus Kunth, and A. variabilis, a food reward has been identified as the bait to retain 

pollinators until pollen release (van der Pijl, 1937; Sivadasan & Sabu, 1989; Punekar & Kuma-

ran, 2010) whereas no evidence has been found regarding the consumption of floral tissues in 

A. hewittii and A. julaihii (Chai & Wong, 2019). Lastly, young larvae have been observed in A. 

variabilis and A. commutatus (van der Pijl, 1937; Punekar & Kumaran, 2010), suggesting that 

mating and egg laying took place in the inflorescences. 

 

The only authors who explicitly refer to floral thermogenesis in Amorphophallus in situ, are 

Teijsmann and Binnendijk (1862) and van der Pijl (1937). Van der Pijl (1937) observed a sig-

nificant temperature elevation in the inflorescence of A. muelleri; however, the behaviour of 

the visiting and pollinating Nitidulidae left him perplexed as they did not feed on the clear liquid 

offered by the inflorescence. Moreover, they also visited old and odourless inflorescences in 

“great numbers” leading the author to wonder “what the real attraction is”. In addition, he ob-

served flowering specimens of A. variabilis but could not detect a temperature increase (van 

der Pijl, 1937). In contrast, a short and low temperature elevation (2.6°C) in the appendix of A. 

variabilis could be recorded in the present investigation (Publ. 6). Although small temperature 

increases can be beneficial to insects (Seymour et al., 2003b; van der Kooi et al., 2019) it is not 

possible to draw definite conclusions about the impact of such a short and low temperature 

elevation without specific knowledge about the needs and behaviour of the visiting insects. The 

heat generated might represent a benefit, but might equally well be “unnecessary” under tropi-

cal conditions (Faegri & van der Pijl, 1979). 

 

A heated shelter or place for mating and breeding in a floral chamber represents another form 

of heat reward. The three closely related African mainland species, A. impressus, A. 
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mossambicensis and A. lewallei, show an uneven picture in this regard. These species are dis-

cussed in more detail as they exemplify some of the challenges encountered in identifying the 

functionality of thermogenesis. They share an overall similar floral morphology and bear robust 

inflorescences on a short peduncle with a strongly constricted spathe that forms a floral cham-

ber. The most notable differences are that A. mossambicensis represents the carrion type inflo-

rescence (Kite & Hetterscheid, 2017), whereas A. impressus and A. lewallei are greenish and 

smell like “rotting vegetables” (Kite & Hetterscheid, 2017). 

 

Thermogenesis in A. mossambicensis starts with a strong temperature peak of the appendix in 

the evening hours (Claudel et al., 2023; supporting information Data S1), assumingly attracting 

yet unknown nocturnal pollinators. This is followed by less intense but continuous overnight 

thermogenic activity of the male flowers in the floral chamber until pollen extrusion in the 

evening hours of day two. Pollen extrusion happens just in time for pollen to be transmitted to 

another day-one inflorescence, assuming that different specimens follow a similar rhythm. Ap-

parently, in A. mossambicensis thermogenesis of the appendix serves scent volatilisation for 

pollinator attraction, and thermogenesis of the male flowers serves as a heat reward for polli-

nators staying overnight. 

 

At first view, the temperature pattern in A. lewallei is similar (Claudel et al., 2023; supporting 

information Data S1). However, there are significant differences. The spathe limb starts reflex-

ing during the night preceding anthesis (Fig. 12 A-C). When the appendix reaches its heat peak 

in the late afternoon of the next day, the upper part of the spathe is completely reflexed and the 

spadix is freely accessible for flying as well as for crawling insects (Fig. 12 D). The appendix 

quickly cools down in the evening and the male zone does not provide warmth during the night, 

a warm shelter is not offered at any time (Fig. 12 E). Furthermore, the appendix cools down 

below ambient temperature for several hours, dropping to 1.3°C below ambient during the night 

(Claudel et al., 2023; supporting information Data S1). In parallel to the cooling, an odorous 

fluid drips from the appendix (personal observation), a phenomenon that has already been doc-

umented in several other species, such as A. gigas (Kakishima et al., 2011) and A. titanum 

(Shirasu et al., 2010). It has not been investigated if the temperature decrease leads to less effi-

cient scent volatilisation and consequently to the formation of fluid odoriferous compounds or 

if the release of fluid odoriferous compounds is independent from thermogenic activity. In the 

following morning, the spathe of A. lewallei starts to straighten up and the male flower zone 

becomes slightly but continuously thermogenic by noon (Fig. 12 F & G; Claudel et al., 2023; 

supporting information Data S1). The pollen is shed during a strong temperature peak of the 

male flower zone in the late afternoon, and the spathe is closing again around the spadix (Fig. 
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12 F- H; personal observation). The spathe’s movement continues during the following night 

so that by the next morning the spathe fully encloses the spadix. 
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Figure 12. A-H: Biphasic temperature pattern in A. lewallei. A-D: Temperature increase of the appendix (APP). 
E: Thermogenesis of the appendix has ended. F-G: Temperature increase of the male flower zone (MF). A-D: 
During anthesis the spathe bends downwards, granting putative pollinators access to the flowers. E-H: The spathe 
flexes back once the male flower zone starts to heat, fully enclosing the spathe after anthesis. Scale bar = 10 cm. 
Photographs: Cyrille Claudel. 
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Re-closing of the spathe also occurs in some specimens of A. paeoniifolius (personal observa-

tion) and A. titanum (Giordano, 1999) and is likely to create a specific micro-climate which 

may be favourable for pollen germination and growth. However, both species have different 

thermogenic patterns, and the implications for the visiting insects are unknown. The third Af-

rican species investigated, A. impressus, also smells like rotting vegetables (Kite & Hetter-

scheid, 2017) but again the temperature pattern is different (Claudel et al., 2023; supporting 

information Data S1). Instead of a pronounced thermogenic peak, the appendix cools down 

during the night, whereas the male zone heats up slightly during the following day, barely 

reaching a peak of 2°C above ambient temperature in the evening. There is no evidence of either 

heat reward or of a heated night shelter. Moreover, the appendix of A. impressus also emits 

odoriferous droplets (personal observation). 

 

In A. pilosus, A. atroviridis and A. vogelianus, belonging to the subgenus Metandrium, the tem-

perature elevations of the appendix are either weak or absent. Moreover, the temperature ele-

vation of the male zone differs significantly between the three species. The pattern in A. vogeli-

anus is unique insofar as day one of anthesis is characterised by a slight temperature decrease 

of the male zone, followed by three consecutive thermogenic peaks on days two and three, in 

the morning and in the late evening (Claudel et al., 2023; supporting information Data S1). A 

heated shelter seems more plausible in A. atroviridis and in A. pilosus. Particularly in A. atro-

viridis, the temperature elevation in the male zone is continuous overnight, reaching roughly 

5°C above ambient temperature in all three specimens that were analysed (Claudel et al., 2023; 

supporting information Data S1). 

 

The situation is different in A. napalensis belonging to the subgenus Scutandrium, a species 

that occurs at higher elevations in northeast India, Nepal and Bhutan and is one of the few 

species where detailed observations about pollinators are available (Chaturvedi, 2017). Of the 

multitude of insects attracted to the inflorescence, only the pollinating beetles stayed overnight 

(Chaturvedi, 2017), suggesting heat reward in the form of a heated shelter. Closely related spe-

cies, such as A. albus, A. asterostigmatus Bogner & Hett., A. schmidtiae, A. curvistylis, A. fuscus 

and A. krausei Engl. share a similar floral morphology (Hetterscheid & Ittenbach, 1996; Het-

terscheid, 2012). The appendix more or less equals the spathe in length and the latter is not 

constricted, forming an easily accessible funnel- or bowl-like structure. The inflorescence is 

robust and the scent compounds are nauseating, usually based on dimethyl oligosulphides (Kite 

& Hetterscheid, 1997, 2017), suggesting beetle pollination (Kevan & Baker, 1983; Bernhardt, 

2000). Although the temperature patterns of these species are variable, all display significant 

thermogenesis of the male zone overnight (Claudel et al., 2023; supporting information Data 
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S1) and all originate from continental Asia, some occurring at higher elevations or in subtropi-

cal climates (Hetterscheid & Ittenbach, 1996; Li & Hetterscheid, 2010; Hetterscheid, 2012). 

Except for the emitted scent compounds, this also applies to the clusters of thermogenic species 

from subgenus Scutandrium and Metandrium, which comprise the species that release sweet, 

fruity or almond odours based on benzenoid compounds or aromatic hydrocarbons, more pre-

cisely 4-methoxyphenethyl alcohol or 1-phenylethanol and its derivatives. 

 

Concluding, the main clusters of strongly thermogenic species appear to share a similar floral 

morphology in terms of overall robustness, i.e., a comparatively short appendix and an easily 

accessible funnel- or bowl-like spathe etc. (Hetterscheid & Ittenbach, 1996; Li & Hetterscheid, 

2010; Hetterscheid, 2012; Publ. 6). Moreover, they all occur in continental Asia (Li & Hetter-

scheid, 2010; Hetterscheid, 2012; Publ. 1). Heat reward in the form of an overnight heated 

shelter, putatively designed for pollinating beetles, is conceivable in these three groups. How-

ever, observations on pollinators for confirmation of the heat reward hypothesis are lacking for 

all these species, with the exception of A. napalensis (Chaturvedi, 2017). 

Thermogenesis in a larger evolutionary frame 

Considering the varied temperature patterns in the genus Amorphophallus, it is worthwhile to 

briefly examine the role of metabolic thermogenesis in other plant families. Trying to evaluate 

the significance of thermogenesis in other plant lineages might contribute to a better under-

standing of the significance of thermogenesis altogether. Therefore, the 13 plant families where 

thermogenesis is reported to occur, the Annonaceae, Araceae, Arecaceae, Aristolochiaceae, 

Cycadaceae, Cyclanthaceae, Hydnoraceae, Magnoliaceae, Nelumbonaceae, Nymphaeaceae, 

Rafflesiaceae, Schisandraceae, Zamiaceae (Seymour, 2010), are briefly discussed in regard to 

the number of thermogenic species and the putative functionality of thermogenesis. 

 

The incidence of thermogenesis in seed plants is restricted to gymnosperms and basal lineages 

of angiosperms. Moreover, the majority of these families, except for four, are small or very 

small: Araceae (3,750 species), Arecaceae (2,600 species), Annonaceae (2,500 species), Aris-

tolochiaceae (500 species), Magnoliaceae (294 species), Cyclanthaceae (230 species), Zami-

aceae (230 species), Cycadaceae (107 species), Schisandraceae (85 species), Nymphaeaceae 

(70 species), Rafflesiaceae (25 species), Hydnoraceae (18 species), Nelumbonaceae (3 species) 

(Watson & Dallwitz, 1992 onwards; Christenhusz & Byng, 2016). 

 

The oldest of these thermogenic plant lineages are the cycads. Of these, most species studied 

were shown to be thermogenic (e.g. Tang, 1987a, 1987b; Seymour et al., 2004; Terry et al., 



215 
 

2004, 2007, 2012, 2016). In particular the male cones were found to be thermogenic, leading 

to the conclusion that pollen represents the reward whereas the purpose of thermogenesis is 

scent volatilisation for the attraction of pollinators (Tang, 1987a, 1987b). Moreover, 

thermogenesis in the female cones, if present, has been proposed to represent a case of auto-

mimicry where the female cones mimic the rewarding male cones (Tang, 1987a, 1987b). 

Additionally, thermogenesis in some Macrozamia species has been proposed to serve several 

purposes, such as increased emission of scent volatiles, mating and breeding stimulation of 

pollinators, as well as warmth for the subsequent larval development (Terry et al., 2004). In 

contrast, it has been reported that some volatiles apparently act as a repellent instead of an 

attractant, if the released amount exceeds a certain threshold (Terry et al., 2007). Considering 

that floral scents may have originally evolved to deter herbivores, the plant-pollinator 

interaction in these cycads has been proposed to constitute an intermediate step, described as a 

“push-pull pollination system” (Terry et al., 2007). Although thermogenesis is widespread in 

the cycad group, its role is apparently not precisely determined. 

 

Some 60 Arecaceae species have been reported to be thermogenic (Küchmeister et al., 1998; 

Ervik & Barfod, 1999; Ervik et al., 1999; Silberbauer-Gottsberger et al., 2001; Barfod et al., 

2011; Pincebourde et al., 2016). The association of thermogenesis with oviposition-site mim-

icry has been widely excluded, as Arecaceae do not mimic these substrates; on the contrary, 

some of them are wind-pollinated (Ervik & Barfod, 1999). Several reports are anecdotal and 

the extent of thermogenesis in terms of occurrence, duration and temperature elevation is not 

well documented for many of these species (Ervik & Barfod, 1999). One notable exception is 

presented by Küchmeister et al. (1998) who report thermogenesis together with odour types and 

floral visitors from 11 species from the genera Astrocaryum G.Mey., Attalea Kunth, Bactris 

Jacq. ex Scop., and Oenocarpus Mart. However, though the dominant group of the floral visi-

tors are Coleoptera, the “visiting fauna” is highly diverse (Küchmeister et al., 1998; Barfod et 

al., 2011) and a specific plant-pollinator interaction is not evident. Moreover, it has been ob-

served that thermogenesis in Arecaceae often starts days before actual anthesis (Ervik & Bar-

fod, 1999; Ervik et al., 1999; Silberbauer-Gottsberger et al., 2001; Pincebourde et al., 2016). 

This might account for the observation of bees and beetles waiting in close proximity for inflo-

rescences to open (Silberbauer-Gottsberger et al., 2001). However, this observation has not 

been investigated further. Barfod et al. (2011) discussed four putative functions assigned to 

thermogenesis in palms: 1. Promotion of pollen tube growth. 2. Stimulation of pollinators to 

leave the inflorescence. 3. Volatilisation of floral scents. 4. Beneficial heat for developing eggs 

and larvae. However, none of these functions has actually been tested and the functions of ther-

mogenesis in Arecaceae remain cryptic. 
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As for the Annonaceae family, thermogenesis is predominantly encountered in large flowering 

species and the heat is generated by the thick petals, using accumulated starch as substrate 

(Küchmeister et al., 1998; Gottsberger, 2012, 2014; Saunders, 2020). Thermogenesis has been 

reported to coincide with the flight of dynastid scarab beetles and the identified functions are 

scent dispersal and heat reward (Küchmeister et al., 1998; Gottsberger, 2012, 2014; Saunders, 

2020). Some 58 species have been documented in regard to floral temperature elevations, and 

thermogenesis is assumed to be widespread in the Annonaceae family (Saunders, 2020). 

However, not all investigated species are thermogenic. For example, Gottsberger et al. (2011) 

investigated seven species from five Annonaceae genera. Of these, only two Uvariodendron 

(Engl. & Diels) R.E.Fr. species show a floral temperature increase. Moreover, the temperature 

increase differs significantly between the genera and species. Küchmeister et al. (1998) report 

nine thermogenic species from the genera Anaxagorea A.St.-Hil., Duguetia A.St.-Hil. and 

Xylopia L. with a temperature range from 1,3 °C to 13,2 °C above ambient temperature. All in 

all, only half of the tested 58 species show an elevated floral temperature (Saunders, 2020 and 

references therein). More investigations are needed to show to what degree thermogenesis is a 

prevalent feature of the family or not. 

 

Thermogenesis in Magnoliaceae, more specifically in the genus Magnolia L., is reported by 

several studies (Kikuzawa & Mizui, 1990; Dieringer et al., 1999; Gottsberger et al., 2012; Wang 

et al., 2013, 2014; Wang & Zang, 2015). The heat is reported to be generated by the petals 

(Seymour, 2010), by the gynoecium (Wang et al., 2014), or by the petals, the gynoecium and 

the anthers (Gottsberger et al., 2012). Thermogenesis occurs during both the female and the 

subsequent male phase (Kikuzawa & Mizui, 1990; Gottsberger et al., 2012; Wang et al., 2014; 

Wang & Zhang, 2015). The heating pattern consists basically of one temperature peak per floral 

organ and the peak during the female phase is considered to be a case of auto-mimicry 

mimicking the pollen-rewarding male phase. Thus, similar to the pattern observed in cycads 

(Tang, 1987a, 1987b), potential pollinators are attracted during both anthesis phases (Kikuzawa 

& Mizui, 1990; Gottsberger et al., 2012; Wang et al., 2014; Wang & Zhang, 2015). Moreover, 

thermogenesis in Magnolia ovata (A.St.-Hil.) Spreng was found to coincide with the 

volatilisation of scent compounds and to provide an “energy reward to beetle visitors” 

(Seymour, 2010). However, for the time being, only five species of Magnolia have been 

reported to be thermogenic (Kikuzawa & Mizui, 1990; Dieringer et al., 1999; Seymour, 2010; 

Wang et al., 2013, 2014; Wang & Zang, 2015) and the occurrence of thermogenesis within the 

Magnoliaceae as a whole is unknown. 
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The number of reported thermogenic species is even lower in the Cyclanthaceae and 

Nymphaeaceae. Cyclanthus bipartitus Poit. ex A. Rich. and Asplundia uncinata Harling are the 

only reported thermogenic Cyclanthaceae species so far (Silberbauer-Gottsberger et al., 2001; 

Franz, 2007). In Asplundia uncinata, flower weevils (Coleoptera, Derelomini) are the 

pollinators, using the inflorescences for feeding, mating and oviposition (Franz, 2007). 

However, pollination under natural conditions appears to be inefficient, leading to high rates of 

infructescence abortion (Franz, 2007). Moreover, artificial pollination yielded significantly 

higher seed counts (Franz, 2007). 

 

Likewise, the thermogenic species of the Nymphaeaceae comprise two species of the genus 

Victoria Lindl. (Seymour & Matthews, 2006; Schimpf et al., 2017) and a few species of the 

genus Nymphaea L., in particular N. lotus L. (Ervik & Knudsen, 2003; Hirthe & Porembski, 

2003). In the genus Victoria, the sources of heat production are the carpellary appendages and 

the stamens, providing rewarding heat for pollinating beetles (Seymour & Matthews, 2006). 

Likewise, heat reward for nocturnal beetle pollinators has also been identified in N. lotus (Ervik 

& Knudsen, 2003). However, a more detailed investigation revealed that the fragrance emitted 

by N. lotus not only attracts nocturnal beetles, but also several bee species (Hirthe & Porembski, 

2003). Moreover, the bees were found to be the more effective pollinators (Hirthe & Porembski, 

2003), challenging the idea of a close association between thermogenic flowers and beetles in 

the Nymphaeaceae (Seymour et al., 1998; Ervik & Knudsen, 2003; Seymour & Matthews, 

2006). 

 

Thermogenesis in the Aristolochiaceae is even less documented, let alone investigated. It “is 

likely to occur in flowers of Aristolochia and Asarum” (González & Pabón-Mora, 2015). How-

ever, so far, thermogenesis has been evidenced in only one species (Vogel, 1967, 1990). Vogel 

(1967, 1990) investigated a structure in an undetermined Aristolochia species. He designated 

the structure as an osmophore disc and noted that its main function consists in the release of 

scent compounds. Moreover, besides volatising fragrances, the osmophore disc showed a tem-

perature elevation to up to 4°C above ambient temperature. This is the only case where ther-

mogenesis in Aristolochia has been actually reported. 

 

In the Schisandraceae, the flowers of a few species of Illicum, Kadsura and Schisandra (Liu et 

al., 2006; Yuan et al., 2008; Thien et al., 2009) are thermogenic, whereas others are explicitly 

not thermogenic (Yuan et al., 2007, 2008). However, Thien et al. (2009) reported that in Illicium 

floridanum the highest temperature peak is reached by the pedicel and not by the actual floral 
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tissue. Moreover, the pedicel still heats during fruit development, thus the function of 

thermogenesis in Illicium remains unclear (Thien et al., 2009). 

 

Furthermore, the thermogenic properties of three parasitic species of the Hydnoraceae have 

been investigated (Seymour et al., 2009d). Of these, only two were found to be weakly 

thermogenic and no specific function could be identified (Seymour et al., 2009d). The authors 

concluded that the role of thermogenesis in this group may be never fully understood (Seymour 

et al., 2009d). 

 

As for the eudicots, thermogenesis and thermoregulation has been suggested to support 

pollinator attraction and heat reward in Nelumbo nucifera (Seymour & Schultze-Motel, 1997). 

However, this has been challenged by another study that found that thermogenesis occurs 

independently in the receptacle, petals and stamens of the flowers (Grant et al., 2010). 

Consequently, the authors proposed that the function of thermogenesis primarily consists in 

successful pollen germination or pollen tube growth in Nelumbo nucifera (Grant et al., 2010). 

Similarly, thermogenesis in regard to reproductive success was investigated in situ during 

several years in Nelumbo lutea Willd. (Dieringer et al., 2014). Floral characteristics, scent 

emission, thermogenesis and pollen vectors were investigated, and multitude of arthropod floral 

visitors was recorded, with Diptera and Coleoptera being the most frequent visitors (Dieringer 

et al., 2014). However, the authors cautiously concluded that the floral characteristics 

apparently favour the pollination by beetles and medium-sized bees, such as halictids. 

Moreover, geitonogamy through intra-floral pollen transfer was also found to contribute to the 

reproductive success in Nelumbo lutea (Dieringer et al., 2014). All in all, a clearly defined 

functionality of thermogenesis is not discernible. 

 

Lastly, two Rafflesiaceae species were shown to be thermogenic (Patiño et al., 2000, 2002). 

Patiño et al. (2002) proposed that the main function of thermogenesis in Rafflesiaceae is the 

formation and release of CO2 as an attractant for insects, Diptera in particular. In Rafflesiaceae, 

it is the tissue below the actual flowers, the column, that is the main source of the heat. Like in 

Arecaceae (Ervik & Barfod, 1999; Pincebourde et al., 2016), thermogenesis occurs not only 

during anthesis but also prior to anthesis. Moreover, it lasts an exceptionally long time, until 

and during fruit formation (Patiño et al., 2000, 2002). This exceptionally long thermogenic 

activity may be related to the fact that Rafflesiaceae are holoparasitic plants (Sofiyanti et al., 

2016); the energetic expenses matter less as long as the survival of the host plant is ensured. 

That said, the aforementioned Hydnoraceae are also holoparasitic but only weakly thermogenic, 

if at all (Seymour et al., 2009d). 
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In conclusion, the evolutionary origin, function, and occurrence of thermogenesis among the 

different plant families is not well investigated and understood. This is underlined by the fact 

that thermogenic tissues differ across different plant families involving appendixes, columns, 

cones, discs, female flowers, male flowers, pedicels, petals, receptacles, and carpellary append-

ages. In many species the exact function is not clearly identifiable. Instead, the assigned func-

tion is often based on assumptions. Moreover, as far as it is known, for most reported thermo-

genic families, only a handful of thermogenic species is known, the exceptions being cycads, 

the Annonaceae, the Arecaceae, and the Araceae, which have considerably larger numbers of 

known thermogenic species. However, the floral morphology and the pollinators are very dif-

ferent in these plant lineages. Moreover, the low fruit set documented for some thermogenic 

aroids challenges the idea of a particularly efficient plant-pollinator interaction in thermogenic 

species (Ivancic et al., 2005; Gibernau et al., 2010; Barriault et al., 2021). 

 

Furthermore, thermogenesis occurs almost exclusively in early diverging evolutionary lineages, 

notably in monocots. The only exceptions are the Nelumbonaceae and the Rafflesiaceae. How-

ever, the Nelumbonaceae family comprises five genera, four of which are extinct and known 

only as fossils (Li et al., 2014). The extant genus is Nelumbo and the number of recognised 

extant species ranges from one to three (Li et al., 2014; Lin et al., 2019). As for the Rafflesi-

aceae, they are estimated to comprise some 25 species, all of which are holoparasites (Chris-

tenhusz & Byng, 2016; Sofiyanti et al., 2016). It is reasonable to assume that this implies a low 

evolutionary constraint for thermogenesis as the host plants, large and fast-growing lianas from 

the genus Tetrastigma (Miq.) Planch., are apparently not impaired much by the energetic costs 

of the thermogenic parasite. Thus, holoparasites excluded, the only thermogenic dicots are the 

extant species of the Nelumbonaceae, a basal eudicot lineage (Lin et al., 2019). In other words, 

thermogenesis has apparently either been abandoned or else did not emerge during the evolution 

of early angiosperms and does not seem to constitute a successful feature per se. This does not 

universally exclude or challenge the functionality of thermogenesis. However, it suggests that 

the role and the impact of thermogenesis will have to be thoroughly tested in each species and 

that no general functionality can be presupposed. 

 

Considering that the genetic requirements for thermogenesis, i.e., AOX genes and uncoupling 

proteins, are common in plant tissues, thermogenesis could be considered a highly variable trait 

that has appeared or has been lost multiple times during evolution. This could imply that there 

is not one specific functionality of thermogenesis but a multitude of niche functionalities that 
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might have evolved independently. If indeed it is impossible to identify a general functionality, 

it follows that the purpose of thermogenesis should be investigated for every single thermogenic 

species. Conversely, thermogenesis in plants, more specifically in Amorphophallus, might be 

an evolutionary artefact, at least in some groups or species. Or, thermogenesis itself is an evo-

lutionary bye-product of another functionality, the emission of carbon dioxide (CO2) 

Carbon dioxide 

The release of CO2 has not been measured or quantified in Publ. 6. However, it can be assumed 

that CO2 is released during thermogenesis as increased metabolic rates, implying oxygen con-

sumption and CO2 production, are prerequisite to thermogenesis (Wagner et al., 2008; Grant et 

al., 2010; Seymour, 2010). It therefore seems appropriate to add some considerations concern-

ing the release of CO2 during thermogenesis. Cellular respiration leads to the formation of CO2. 

Similarly, decomposing organic material also emits increased amounts of CO2 due to enzymatic 

and microbiological activity etc.; and accordingly, CO2 is one of the compounds released during 

corpse decomposition (Buis, 2016). Therefore, an organic food source, dead or alive, is char-

acterised by increased CO2 concentrations. Consequently, it is probably no coincidence that 

olfactory CO2 detection is widespread in animals and most notably in insects (Jones, 2013). In 

particular, parasitic and blood sucking insects, and insects feeding or breeding on decomposing 

organic material, rely on CO2 gradients to locate a suitable substrate (Nicolas & Sillans, 1989; 

Patiño et al., 2002; Vereecken & McNeil, 2010; Jones, 2013). Therefore, the first evolutionary 

step towards thermogenesis might have consisted in an increase of CO2 release for insect at-

traction. In other words, CO2 release and not a temperature increase might have been the pri-

mary purpose of thermogenesis. The putative role of CO2 as attractant in thermogenic plants 

was explicitly noted as early as 1976 (Moodie, 1976). However, it has been neglected since 

then and only a few investigations even mention it, proposing that it is likely to act as an at-

tractant and anaesthetic, for instance in Rafflesia (Patiño et al., 2002). 

 

In some Amorphophallus species, spathe unfolding is preceded by a temperature elevation in 

the appendix and/or the male flower zone, which is referred to as preheating here. Preheating, 

lasting days prior to anthesis, so far has been documented only once in the Araceae (Seymour 

et al., 2009a). Seymour et al. (2009a) noted that heating of the male zone in Arum occurred up 

to two days before pollen release. Preheating is documented in several Amorphophallus species 

here, notably in A. bulbifer, A. fuscus, A. paeoniifolius, A. prainii, A. paeoniifolius (Claudel et 

al., 2023; supporting information Data S1). Preheating for days prior to anthesis has also been 

recorded in Nelumbo nucifera Gaertn. (Seymour et al., 1998) and in Arecaceae (Ervik & Barfod, 

1999; Ervik et al., 1999; Silberbauer-Gottsberger et al., 2001; Pincebourde et al., 2016). An 
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investigation into the pollination biology of phytelephantoid palms noted that thermogenesis is 

often more prominent before anthesis and starts at least one week prior to bract splitting (Ervik 

& Barfod, 1999; Ervik et al., 1999). This phenomenon has been corroborated by Pincebourde 

et al. (2016) who reported that in the palm Phytelephas aequatorialis Spruce, thermogenesis 

occurs in the bract and the prophyll of the inflorescences several days prior to opening and 

before pollen and nectar are available, a “puzzling” behaviour (Pincebourde et al., 2016). It was 

also observed that in the thermogenic Attalea microcarpa Mart., many bees and beetles are 

already waiting on or near the inflorescence before the bract opens (Silberbauer-Gottsberger et 

al., 2001). Once the bract splits up, bees and beetles invade the inflorescence and the 

thermogenic male flowers begin to volatise scents reminiscent of orange peel (Silberbauer-

Gottsberger et al., 2001).  

 

Preheating adds a new dimension to the event, as it does not fit any of the proposed pollination-

related functions for thermogenesis. It occurs days before spathe unfolding and scent release, 

thus not supporting scent volatilisation or heat reward. Support of pollen tube growth can 

likewise be excluded as the temperature elevation occurs prior to pollination. Similarly, it seems 

unlikely to be a prerequisite to pollen maturation as it has been documented only in a few out 

of 80 Amorphophallus species. However, it is conceivable that CO2 is released as an attractant 

during preheating. 

 

Although speculative, the emission of CO2 as an attractant could account for several phenomena 

of thermogenesis that are otherwise difficult to explain. For example, it could better account for 

the fact that many strongly thermogenic species are confined to tropical areas. Under this sce-

nario, heat generation would be a consequence and not the purpose of thermogenesis. Moreo-

ver, CO2 as attractant could also explain why in Amorphophallus various insect groups are at-

tracted, including beetles, flies, ants, bees (including stingless ones), and cockroaches (van der 

Pijl, 1937; Sivadasan & Sabu, 1989; Giordano, 1999; Jung, 2006; Punekar & Kumaran, 2010; 

Chen et al., 2015; Chaturvedi, 2017; Moretto et al., 2019; Chai & Wong, 2019; Wong et al., 

2022; Publ. 4). All insects that rely on CO2 gradients to locate decomposing material for feed-

ing, mating or breeding might be deceived by the emission of CO2. It is at least conceivable 

that the beetles mistake the heat producing organs for decomposing organic matter due to the 

CO2 emissions, which might account for an observation reported by Seymour and Matthews 

(2006), stating that beetles consume the major heat-producing organs in Philodendron. Simi-

larly, the main source of heat in Victoria amazonica (Poepp.) J.C. Sowerby, namely the stylar 

processes, are consumed by Cyclocephala hardyi beetles (Seymour & Matthews, 2006).  
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Furthermore, CO2 acting as attractant could explain why both the appendix and the male flower 

zone are thermogenic. The thermogenic episode of the appendix indicates stigma receptivity 

whereas the thermogenic episode of the male flower zone indicates pollen extrusion. In addi-

tion, the thermogenic activity of both zones more or less overlaps in many thermogenic Amor-

phophallus species. Considering that this leads to more or less continuous CO2 release during 

anthesis, the two thermogenic episodes would actually represent a single attraction event that 

lures the insects deeper into the floral chamber or to the base during anthesis, especially as CO2 

is heavier than oxygen and could accumulate at the base of the inflorescence. This could also 

account for the lack of complex traps in many Amorphophallus species as the insects might be 

constantly attracted to the inflorescence until pollen release through the continuous release of 

CO2. Lastly, it could account for the variation in thermogenic patterns. If indeed the more or 

less continuous release of CO2 is a significant factor attracting and retaining pollinators until 

pollen release, it would lower the evolutionary constraint for a specific temperature pattern. 

This scenario does not exclude other purposes of thermogenesis, such as scent volatilisation or 

heat reward as these might have evolved in subsequent evolutionary steps. However, under this 

scenario, temperature elevation would be a secondary function and not the primary purpose of 

thermogenesis.  

 

Future experiments, testing the attractiveness of scent compounds or pigmentation of deceptive 

inflorescences (Chen et al., 2015), might consider including artificial inflorescences that release 

defined concentrations of CO2. Temperature elevation does not appear to be generally associ-

ated with carrion- or dung mimicry; however, CO2 release might be a significant factor contrib-

uting to oviposition-site mimicry. 
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Conclusions & outlook 

The exceptionally high inter- and intraspecific morphological, biochemical and palynological 

variation, which is inferred in every study investigating the evolution of the genus Amor-

phophallus, seemingly contradicts the low genetic resolution at the species level. (Brown, 1901; 

Grob et al., 2002, 2004; van der Ham et al., 2005; Sedayu et al., 2010, Publ. 1; Kite & Hetter-

scheid, 2017; Wong et al., 2022). Specialised plant-pollinator interactions and resource parti-

tioning have been proposed to be the evolutionary drivers of such morphological variation and 

species diversity within the genus Amorphophallus (Sedayu et al., 2010; Kite & Hetterscheid, 

2017). However, as discussed in Publ.s 4 & 5, this is not convincing. On the contrary, the at-

tracted pollinators are deceived, and the deception is based on a “variation around a theme” 

(Schiestl & Dötterl, 2012). Considering that morphological variation might prevent the duped 

recipient from recognising and memorising the mimic, it is conceivable that morphological 

variation itself, within a functional frame or the variation around a theme, is the key element of 

the deceit. At least, this could account for the high degree of variation in inflorescence mor-

phology, biochemistry and palynology despite a low genetic resolution at the species level. 

Consequently, the full inter- and intraspecific variation of oviposition-site mimics needs to be 

assessed to reliably circumscribe the species and to investigate the phylogeny. 

 

A low evolutionary constraint of floral characteristics and defensive colouration, temperature 

patterns and lichen mimicry in particular, might also favour a rapid adaptation to new habitats 

and contribute to the species richness of the genus Amorphophallus. Pollinators relying on de-

composing organic matter are ubiquitous and the inflorescences of most Amorphophallus spe-

cies are available to many different insect types. Similarly, most mammals are likely to be 

duped by the masquerade of a small tree, as the depicted petiolar lichen types are widely dis-

tributed in the tropics and therefore easily recognisable as such. 

 

Lastly, considering the wide distribution of the genus Amorphophallus and the exceptional 

range of fruit colours, seed dispersal appears to be highly effective. This is supported by the 

observation that many Amorphophallus species rapidly colonise areas with disturbed vegetation 

(Hetterscheid & Ittenbach, 1996). With some 237 species (Boyce & Croat, 2023), Amor-

phophallus is the largest palaeotropical aroid genus. Only the neotropical genera Anthurium 

(1319 species) and Philodendron Schott (585 species) comprise more species (Boyce & Croat, 

2023). Highly variable deceptive traits, within a functional frame, might be the key factor that 

has led to the species diversity of the genus Amorphophallus. 
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