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Summary

Frogs produce a remarkable array of noxious, distasteful and highly toxic

compounds, which when secreted from so-called granular skin glands can protect the

amphibian from a range of predators. While powerful odours are associated with many

of these secretions, the role that these odorous compounds play in anuran defence

strategies remains unknown. Despite the general interest in frog odour, there are few

published records on the subject and virtually no information on the isolation and

identification of the volatile compounds responsible for these odours. The work

presented in this thesis focused on the characterisation (both olfactory and chemical) of

volatile frog skin secretions and investigated the 'defensive' function of frog odour.

Attention centered on two species of Australian tree-frogs, the Green Tree-Frog, Litoria

caerulea (V/hite, ll90) and the Brown Tree-Frog, Litoria ewingi (Duméril & Bibron,

1841).

Chapter 1 reviews the range of frog defensive strategies and examines the role

that odours may play in protecting an organism against predation. A brief introduction

of the methodology central to this thesis is presented. Chapter 2 provides a survey of

frog odour and discusses the human perception and classification of frog volatile

secretions. Professional and amateur herpetologists were solicited for information on

the frogs they perceived as odorous. Volunteers were asked to smell stressed frogs and

describe the odour they perceived. A total of 115 species, representing23 genera(14

Australian and 14 foreign) and 10 families were assessed for odour. Odours ranged

from pleasant floral aromas (e.g. Notaden spp. and Neobatrachus spp.) through to acrid,

repulsive odours (e.g. Litoria alboguttata). The systematic relationships of these odours

and their biological significance to the frog are discussed. Odours that were repulsive

by human assessment had an anti-predator function attributed to them. Innocuous

odorants are less distinct in their action and may act as warning signals alerting foraging

animals to the toxicity of the frog or in the case of the grassy, herbaceous odours act as

a form of chemical camouflage. The subjectivity of odour descriptions and the lack of

information about the factors affecting the biochemistry of granular glands, did not

allow odours to be used as a tool to aid in defining systematic relationships. Many of
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the odours, however, did correlate with the phenetic species group relationships as

outlined by Tyler and Davies (1978).

Chapter 3 discusses the chemical techniques used to sample volatile compounds

and investigates the use of solid phase microextraction (SPME) as a tool for sampling

frog odour. Due to its simple operation and lack of sample preparation steps, SPME

proved a useful tool in the analysis of frog volatile compounds. The primary advantage

of SPME was its non-destructive nature. Conventional methods can be destructive to

both the target chemical and the organism under study, and are severely limited when it

comes to assessing changes in the chemical signature of an individual over time. As the

frog is not harmed during the SPME sampling process, repeated sampling events can be

conducted. Furthermore, by using headspace SPME only those compounds volatile

enough to enter the headspace are sampled, thus reducing the analysis of erroneous

compounds. The efficiency of SPME for sampling frog volatiles was assessed by

measuring the presence of eucalyptol in the secretion of L. ewingi using both SPME,

and the non-destructive technique of surface electrical stimulation, coupled with solvent

extraction, described by Tyler et aI. (1992). Eucalyptol was readily isolated by SPME.

Co-eluting with eucalyptol was the monoterpene limonene. Hexane extracts of the

water/secretion mix obtained by Tyler's method did not yield either terpene.

The remaining chapters describe the analysis of the volatile secretions of

L. caerulea and L. ewingi. For both frogs attention focused on identifying the

compounds responsible for the odour, identifying the source of these compounds in the

secretion (synthesis versus environmental) and assessing the 'defensive' function of the

odour. Chapter 4 describes the investigation into the 'nutty' odour emitted by

L. caerulea. Although simulating an attack resulted in the emission of a strong odour,

the mere perception of a threat was enough to elicit odour release. A single component,

2-Pyrrolidone (2-PyrO), was identified as the primary odorant responsible for the nutty

aroma. The role this compound plays in the frog's defensive strategy is not known.

The presence of 2-PyrO, however, is of interest due to its relationship with its straight

chain form, the neurotransmitter and neuromodulator y-aminobutyric acid (GABA).

The presence of GABA in the frog's secretion is investigated in Chapter 5 and the

possibility of GABA as an odour precursor is raised. Potential roles of GABA are also

discussed. Both GABA and 2-PyrO were present in wild and captive bred animals
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indicating that they are synthesised by the animal. Not all compounds in the secretion,

however, are manufactured by the frog. The work presented in Chapter 6 identifies one

such compound, the sesquiterpene p-caryophyllene. Caryophyllene was found to be

present in wild animals but not in captive frogs. An assessment of the frog's diet and

feeding experiments demonstrated that caryophyllene was present in a common prey

item (the spur-throated grasshopper Stenocatantops angustifrons) and could be

sequestered from the diet.

Chapter 7 describes the odour of L. ewingi and discusses the variation in odour

detected for this species. Although the underlying grassy odour could not be identified,

the variation in odour was attributed to the presence of a range of plant monoterpenes.

Chapter 8 looks at the source of the terpenes in the secretion of this frog. Two uptake

routes - dietary and dermal uptake, are investigated. The fact that both routes of

exposure resulted in the accumulation of terpenes in the secretion suggests these

compounds are an important component of the frog's volatile profile. Chapter 9

examines the defensive role of the odour of L. ewingi and three of the terpenes isolated

from its secretion. Feeding inhibition studies were undertaken with naive predators (the

water python, Liasis fuscus, the Norway rat, Rattus norvegicus and the bearded dragon,

Pogona vitticeps). It is evident that volatile compounds play a role in the self defence

strategy of L. ewingr, particularly against predation by the python. The pythons recoiled

from secretion-coated prey without direct lingual contact, which is indicative of a

volatile signal. The defensive nature of these volatiles is further supported by their

release in the presence of the pythons and other stressful stimuli. Although the frog

secretion is repellent to the rat and lizard (on mouthing), the impact of volatile

chemicals is uncertain. Many of the terpenes are irritants and as such could explain the

wiping and cleaning behaviour exhibited by rats on contacting the secretion. 'When

given a choice, the rats preferred uncoated food and would not contact secretion-coated

food.

This thesis demonstrates that many frog species, when stressed or challenged,

produce odours that are associated with the skin gland secretions, and that the source of

these odours can vary. In the case of L. caerulea the odour compound is synthesised by

the animal, whereas in L. ewingi many of the odour-influencing compounds are

acquired from the environment. The role of many of these odorous compounds is still
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unknown. However, it would appear that some odorous compounds have a defensive

function and, consequently, are important components of the secretions.
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Ghapter 1: General introduction

1.1 Frog defence strategies

Animals need to defend themselves against inter- and intra-specific attacks. In

nearly all species the ability to protect is well developed and takes many forms. As a

group, the main survival strategy of frogs and toads is fecundity. Individual animals,

however, will optimise their chance of survival in a variety of ways. The most effective

of these is to escape notice and the majority of anurans are extremely secretive. Many

frogs will hide away in refuges whereas others rely on their ability to blend into their

surroundings. As a result, a wide variety of cryptic colour patterns and appendages

(which serve to change the shape of the animal) have evolved in ways that have resulted

in the presentation of an unfrog-like image. Cryptically-marked frogs rely so heavily on

their camouflage that they remain immobile until the last possible moment. Only then

do they resort to their other defensive strategy, rapid, erratic movement (Mattison

1987). This escape behaviour may involve any one of several strategies depending on

the anuran and its environment. For example, many Rana will use a single, long leap to

jrrmp from land to water, whereas Acris and Colostethus species will use a series of

short, multidirectional hops and subsequent periods of immobility to disorientate a

predator (Duellman & Trueb 1986). Many cryptic species also will employ the use of

flash colouration: brightly marked areas of skin that are hidden by the frog's normal

resting posture. These markings have evolved in ways that cause confusion to

predators. The resting frog decides that the predator is too close and leaps, at which

point the predator's eye is immediately drawn to the bright marking. At the end of the

leap this marking suddenly disappears as the frog lands and folds its legs against its

body, leaving the predatcir with a search image that no longer exists (Dickerson, 1908;

Duellman & Trueb 1986; Mattison 1987).

Despite the effectiveness of hiding and/or intense bursts of activity, frogs

inevitably come "face to face" with an enemy and under such circumstances other

defences are necessffy. The most extreme form of defence is counter-attack. Frogs

such as Pyxicephalus adspersus, Ceratophrys species and the related Lepidobatrachus

species may open their mouth widely and lunge at their attacker, biting hard and

repeatedly. The 'hairy' frog, Trichobatrachus, has sharp claws on its hind feet that it
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can use to inflict deep scratches on anything holding it. Several of the larger frogs and

toads will also kick powerfully when restrained (Mattison 1987). Aggression is often

accompanied by vocalisation. Vocalisation may be used in defence and many frogs

have modified calling behaviour in the presence of predators (e.g. Altig 1972; Sazima

1915; Lescure 1911 Formanowicz &. Brodie 1979; Brodie & Formanowicz 1981;

Williams et al. 2000). Loud vocalisations may sufficiently surprise a predator, causing

the frog to be momentarily released and thus allowing it to escape (Duellman & Trueb

1986; Green 1988; Pough et al. 1998; Williams et aL.2000).

Feigning death (thanatosis) is another mechanism used by anurans (Bokermann

1965, Sazima 1972, 1974). Many species of HyIa and Phyllomedusa tuck the limbs

close into the body and remain motionless on their back (Duellman & Trueb 1986).

Other species, such as Eleutherodactylus curtipes, may hold the limbs rigidly

outstretched (Sazima 1978). Thanatosis is probably only effective against animals that

prefer live prey, particularly if movement is an important predatory cue. The death

feigning behaviour, however, has a secondary advantage in that a shrunken and quiet

frog will be bitten less and/or less ferociously and may have a better chance to survive

when seized or even swallowed, than an active frog (assuming the frog is released or

regurgitated during the attack) (Sazima I974).

The use of posture in intimidating a predator or physically preventing an attack is

used by many animals (Edmunds 1914) and is widely used by amphibians,

(e.g. Hinsche 1926; AItig 1972; Brodie 1977; Formanowicz & Brodie 1979; Brodie &

Nussbaum 1987; Green 1988; Brodie et aL 1998; V/illiams et aI. 2000). The stiff

legged posture described above makes it difiicult for predators such as snakes, which do

not chew their food, to swallow the frog. Frogs that inflate their lungs to increase body

size are also difficult to swallow for predators that consume their prey whole.

Another important modification in posture is the orientation of poison glands

towards the predator (Brodie & Gibson 19691, Green 1988). For instance many Bufo

species elevate the posterior part of the body and flex the head downward and towards

the predator, thus presenting their well developed parotoid glands to the predator

(Duellman & Trueb 1986). The secretion of toxic and distasteful compounds is one of

the most important mechanisms of anuran defence. Frogs produce a wide range of



J

noxious compounds, which on secretion from granular glands protect the frog from a

range of pathogens, parasites and predators (Daly 1995, 1998a). Compounds that have

been isolated from frog secretions include many bioactive peptides and proteins,

guanidine derivatives, biogenic amines (e.g. dopamine and serotonin), steroids and

alkaloids (for detailed reviews see Daly & Witkop l97I; Habermehl I98l; Daly et aI.

1987; Bevins &.ZasIoff 1990; Daly et aI. 1993; Erspamer 1994; Toledo & Jared 1995 &

Daly 1995, 1998a,b). In addition to these toxic components many frog species, when

stressed or challenged, emit characteristic odours (Brodie & Formanowicz 1981; Tyler

1976; Williams et a\.2000). For example, Noble (1931) noted that the secretions of

Rana septentrionalis (the aptly named "Mink Frog") and Gastrotheca monticola (the

Marsupial Frog) both smell like mink (Mustela vison, a small, semi-aquatic weasel-like

carnivore), and the European toad, Bufo vulgaris smells like vanilla. Boulenger (1911)

reports that some pelobatids smell like onions, Martin and Littlejohn (1966) state that

Litoria jervisiensis (Jervis Bay Tree-frog) smells like curry, Tyler (1968, 1976)

described the odour of Litoria infrafrenata (Giant Tree-frog) from New Britain and

L. aurea (Green & Golden Bell Frog) from New South Wales as similar to that of dried

thyme, and Waye and Shewchuk (1995) noted that the skin secretion of Scaphiopus

intermontanus (Great Basin Spadefoot) smells like peanuts. For a review of frog odour

see Table 2.1. As a major function of odour is the control of approach and avoidance

behaviour (Ehrlichman & Bastone 1992), the role of odours in the defensive strategy of

frogs is raised. The idea that odorous/volatile compounds are defensive is supported by

reports that the vapour of some secretions will cause sneezing, nasal discharge or

congestion, or other generally irritating effects in humans (Minton 1914; Nussbaum ¿t

al. 1983;DaIy et aL 1987; Stebbins & Cohen 1995).

1.2 Odorous defence in the animal kingdom

The release of odours when stressed is a behaviour characteristic of almost all

animals. When suddenly exposed to a frightening situation most animals will urinate,

defaecate, profusely sweat or regurgitate partially digested food, as a result of

autonomic stimulation. Whether this release of odour is undertaken specifically to aid

the animal's escape is unclear, although foul odours are probably among the most

potent stimuli to elicit withdrawal. Consider the effect of the smell of vomit in a

crowded, poorly ventilated area! Perhaps only extreme pain or a threat to one's life
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could produce a more powerful desire to flee (Miller 1997). Many animals have

capitalised on the effect of malodour and will actively employ excreta in their defensive

strategies. For example, when disturbed, chinchillas and guinea pigs will deliberately

squirt urine at human handlers. Hippopotami (Hippopotamus amphibious) defaecate

excessively prior to and during an antagonistic encounter, the likelihood of winning

being directly related to the amount of faeces produced (Stoddart 1976). The "kings" of

putrefaction, however, are the cathartid vultures. Besides their fondness for dining on

decaying flesh and their habit of defaecating down their legs, turkey vultures, under

severe stress, will projectile vomit their partially digested caruion meals all over an

intruder (Rea 1983; 'Weldon & Rappole 1997). Bladder emptying is also seen in frogs

but there is no evidence that the bladder water causes predators to release their grip

(Duellman & Trueb 1986). In most cases the urine is non-odorous (a noted exception

being the cane toad Bufo marinus which typically releases a viscous, malodorous urine).

It seems more likely that the force with which the urine is expelled from the bladder

could act to startle an attacker, as opposed to some form of chemical repulsion,

Alternatively, the release of the urine may serve to lighten the weight of the frog,

thereby enhancing its ability to escape.

The purposeful production and emission of odorous defence compounds and the

structures (e.g. scent glands) and behaviours associated with them, however, have

evolved less frequently. The classic, and most widely recognised, example is the

skunks' response to danger. When frightened skunks (Mephitidae) will jerk their

posteriors around to directly oppose their adversary and then they flash their tail in a

complicated display. If unsuccessful in their attempt to deter the predator, the tail is

raised even higher and a stream of foul smelling liquid (consisting primarily of sulphur

compounds) is ejected from the anal (perineal) glands. The ejected secretion causes

retching and nausea, thus driving away (or at least discomfiting) potential predators

(Verts 1967; Stoddart 1980a). 'Weasels (Mustelidae), civets (Vivenidae) and

mongooses (Heryestidae) also have the ability to release their anal gland secretions in a

defensive manner. Unlike the skunk, however, the same secretion is also used in

territorial marking. Fox and Cohen (1911) hypothesise that the composition of these

secretions, which during scent marking are deposited on a traditional or specific

marking spot, may actually be changed as a result of alarm reactions. In addition to

releasing odorous compounds during an attack, many animals will rely on the continued
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presence of a foul odour to deter predators. An example is the Gymnure, a small, hairy

hedgehog from Southeast Asia. This hedgehog constantly emits a foul odour from its

sweat glands (Stoddart 1980b).

Although most examples of odorous defence are found in mammals, many snakes,

lizards and other types of reptiles release large quantities of musk from postanal glands

when disturbed. While it is likely this does fulfil a defensive role, many of these

secretions have been shown to act on conspecifics as alarm pheromones (Stoddart

1980a). One snake that does appear to use this secretion in an active manner is the

Western Diamond Back Rattle Snake, Crotalus atrox. This snake, although highly

venomous, is able to forcibly eject its secretion at an attacker Qters. comm. P. Mirstchin,

Venom Supplies Pty Ltd, December 1999). Unlike the somewhat mild smelling musk

of most snakes, this secretion has a foul smelling odour similar to that of skunks.

Contamination with this odour is extremely long lasting and difficult to remove. The

musk or Stinkpot turtle, Sternotherus odoratus, is an example of an odorous chelonian.

The odour produced by this turtle is so strong that a single drop is enough to discourage

most attackers (Eisnet et al. 1911). The source of its powerful odour is a family of

chemicals called phenylalkanoic acids, particularly phenylacetic acid and 3-

phenylpropionic acid.

A number of birds also have been shown to employ malodours in their defence

strategy (for a detailed review see Weldon & Rappole 1997). Nestling hoopoes, Upupa

epops, have the ability to produce, at will, a repulsive musty smell from their

uropygidial, or preen, gland. Although carefully controlled field observations are

lacking, it appears that this odour has a strong repellent effect on potential predators

(Austin 196l; Stoddart 1980a). Unlike the spray of skunks, which can be ejected over

four metres with considerable accuracy, the uropygidial secretion is not violently

expelled. The secretion flows to the glandular aperture where it is taken up by a ring of

specially modified feathers that act like osmetrichia (specialized scent releasing hairs) to

dissipate the odour (Stoddart 1980a).

Amphibian odours (or at least those odours readily perceived by humans), like the

skunk, are only released when a predator challenges the animal. In most cases these

odours are released well before the expulsion of non-volatile secretions. A known
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exception is the salamander Hydromantes genei, which appears to continuously release

odour (Noble 1931). As mentioned, many of these odorous secretions have adverse

effects on humans (Daly et aI. l98l), indicating they may play an important role in the

defence against olfactory orientated predators.

In addition to having a direct effect, one might predict that many innocuous

odorants could act as warning signals, alerting foraging animals to the toxicity of the

odorous animal in the same manner that the totally innocuous colour patterns of various

insects and snakes are aposematic. All animals must choose from a variety of foods,

some of which contain toxins. By learning to avoid toxic foods the animal is spared

repeated, potentially lethal, taste trials (Cott 1940; Camazine 1985). Indeed, Palmerino

et al. (198O p. 755) demonstrated that when a poisoned food with a characteristic odour

and taste is fed to rats, they become ill and the "odour acquires some of the memorial

properties of taste." Rats are able to associate an event (gastro-intestinal response) with

another (food ingestion) occurring up to 12 hours previously (Berdoy & MacDonald

1991). Camazine (1985) showed a similar response in the opossum, Didelphis

virginiana, which is able to distinguish between various species of wild mushrooms

based on odour and relate the odour to prior illness as a result of ingestion of toxic

fungi, while Eisner and Grant (1981) suggest that such olfactory aposematism might be

the principal mode of warning utilized by plants in plant-herbivore interactions. Other

examples of olfactory aposematism include the work of Rothschild and co-workers

(Rothschild et aL 1984; Guilford et al. 1981; Moore et al. 1990) who described a

Mullerian complex of warning odorants in insects, the investigation of the warning

odour of the North American Porcupine, Erethizon dorsatumby Li et aI. (1997) and the

observations of Dumbacher et al. (1992) who noted that chemically-defended birds of

the genus Pitohui emit a strong sour odour. The advantage of chemical aposematism is

it could operate at night as opposed to aposematic colouration or postures, the

effectiveness of which are dependent on vision (Eisner et aI. 1977). The use of

aposematic odours also raises the possibility of mimicry. Obviously there are

advantages in smelling like a toxic and unpalatable species if it prevents attack from a

predator.
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There is also the possibility of 'odorous camouflage'. To escape predator

detection, prey need not disappear physically, but need merely disrupt or "jump off' the

search image employed by the predator in locating prey. The prey of predators which

hunt by smell can be (presumably) cryptic and well protected if they are odourless or

have the same smell as their immediate environment (Edmunds 1974). A good example

of this is the self-anointing behaviour of the Siberian chipmunk, Eutamias sibiricus

asiaticus, when presented with a dead snake. On carefully ascertaining that the animal

is dead, they will proceed to bite and gnaw at the snake's skin, chewing off bits of skin

and then twisting around and applying them to their fur. Animals undertaking such

behaviour are less likely to be attacked by predators, including other snakes, compared

to uncoated animals (Agosta 1996).

1.3 Chemicals synthesised and borrowed: noxious substances ¡n frogs

1.3.1 Production or appropriation

Animals acquire chemical defences in one of two ways. The first is for the animal

to synthesise the compound(s). Animals that do this possess the metabolic pathways

and associated enzymes to convert chemicals in their diet into compounds for defence

and offence. They make their chemicals for defence the same way they make

hormones, enzymes, and other chemicals required by the body (Agosta 1996). The

second way animals get their chemicals for defence is simply to appropriate compounds

from another species, often by feeding on the donating species and then sequestering the

needed compounds (Agosta 1996; Mebs 1998). For instance, nudibranch snails pick up

toxic alkaloids by feeding on sponges (Karuso 1987) and caterpillars of the monarch

butterfly (Dønaus plexippus) accumulate cardiac glycosides from their host plant the

milkweed Asclepias curassavica. These compounds accumulate in the caterpillar and

are sequestered during metamorphosis into the imago (Brower 1984; Brower & Fink

1985). In both cases (production or sequestration), an organism must have the means to

protect itself from the toxic effects of the compounds themselves (Daly et al. 1980).

The origins of poisons and noxious substances found in amphibians are only

partially known. It is believed most biogenic amines and their derivatives, the majority

of peptides and various haemolytic proteins found in the skin of frogs and toads are

synthesised by the animal itself. Indeed, additional peptides are being deduced based on
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cDNAs for their precursors (Daly 1995). However, certain compounds, in particular the

lipophilic alkaloids produced by the dendrobatid frogs of South America, have been

shown to be of dietary origin (e.g. Daly et al. l994a,b; Daly 1995, 1998a,b). Either

essential precursors or cofactors, or the alkaloids themselves are obtained from the

rainforest arthropods on which the frogs feed. Steroidal bufadienolides, although

thought to be synthesised from cholesterol by the bufonid toads, may also have dietary

origins. It has been suggested that structurally similar and toxic lucibufagins of fireflies

are produced by the insect from dietary cholesterol (Daly 1995).

Alternatively, the presence of toxic/volatile secretions may be of an entirely

secondary nature. Although most animals cope with toxic or unpalatable compounds in

their food by rapid excretion of harmful metabolites or by metabolic detoxification

(Brattsten 1986; Hesbacher et al. 1995), another strategy of dealing with harmful

compounds frequently observed is sequestration. Such a strategy is common of

specialist herbivores dealing with harmful plant compounds, an example being the

arctiid moths that sequester pyrrolizidine alkaloids from host plants (Ehmke et aI.

1990).

1.3.2 The storage of odorous compounds in skin glands

Whether frogs synthesise their odours, or acquire odorous compounds from their

environment is not known. However, in all frogs the odour appears to arise from either

the secretions of the granular or mucous glands*. Both mucous and granular glands are

exocrine glands controlled by the sympathetic nervous system (Benson & Hadley

1969). The mucous glands produce a mucus which plays a part in a variety of

functions: cutaneous respiration, reproduction, retardation of evaporative water loss,

thermoregulation, and to some extent protection from mechanical damage, effects of

prolonged water exposure, and microbial and fungal pathogens (the mucus of some

species has been shown to be bacteriostatic as well as physically trap pathogens)

(Clarke 1991). Mucous glands have a well-developed secretory epithelium, surounded

by a layer of flat myoepithelial cells. Myelinated and non-myelinated nerve fibres

terminate outside the basement membrane of the gland, in the connective tissue. This

*An 
absence of volatiles duri ng minimal stress experiments on the Brown Tree-Frog, Litoria ewingi, (see Chapter 7) suggests the

granular glands are the most likely source of volatiles as the mucous glands are known to spontaneously and regularly secrete
(Noble 1931; Sjoberg & Flock 1976).
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indicates indirect control of the gland via neurotransmitters and is the most likely reason

why the glands continuously secrete (Quay 1972; Sjoberg & Flock 1976). Granular

glands secrete only following nervous (sympathetic) or humoral stimulation after

metamorphosis (Quay 1972).

The granular glands are the most interesting in the present context, because they

are the site of synthesis of a wide range of chemical compounds which provide

protection against microbial infection, parasites and predators (Habermehl & Preusser

1969; Preusser et aL l9l5; Cevikbas 1978; Bettin & Greven 1986). The granular gland

cells may be scattered over the entire surface (e.g. Gastrophryne carolinensls) or

arranged in enlarged clusters forming discrete, compact glands such as the enlarged

neck or parotoid glands found in toads, genus Bufo (refened to as hypertrophied glands)

(Toledo & Jared 1995). It should be noted, however, that the absence of enlarged

glands must not be assumed to imply the absence of toxic secretions. The presence of

localised enlargement only implies an increase in the quantity of secretions produced

per unit weight of skin, not any change in the nature of the secretions. The distribution

of granular glands does, however, correlate with aspects of defence. In Xenopus

tropicalis, a solely aquatic species, glands are uniformly positioned over the dorsal and

ventral skin. This has been attributed to the fact, that in an aquatic environment, the

frog can be attacked from all sides by a predator (Le Quang Trong 1974; Toledo &

Jared 1995). A similar distribution of glands is seen in the terestrial Gastrophryne

carolinensis. It is believed this anangement of glands may protect the animal from

attack by ants, its primary food source (Garton & Mushinsky 1979). In frogs that have

well-defined clusters of glands many defensive postures involve the presentation of the

concentrated region to an attacker (Duellman & Trueb 1986;Williams 2000).

1.4 The difference between an odour and a volat¡le compound

Throughout this thesis the terms odour and volatile(s) (volatile compounds) are

used interchangeably. In reality, however, an odour is not a physical entity, but the

"property of a substance which affects the sense of smell" (Wilkes & Krebs 1985 p.

781). In order for a compound to be odorous it must be volatile enough to reach the

olfactory epithelium. Since small molecules are generally more volatile than larger

molecules containing the same functional groups, scents commonly have relative
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molecular masses of less than 300 (Stoll 1951; Bauer et al. l99O). As such, volatility

tends to be synonymous with odour. Volatility alone, however, does not determine

whether a chemical is deemed odorous and it should be noted that not all volatiles

smell. The sensory impact of volatile compounds (in humans) rests principally on

stimulation of the olfactory nerve (cranial nerve I), which leads to activation of the

neocortex, the part of the brain that enables us to be aware of and recognise the smells

we encounter, and the limbic system, the area which controls emotion and through

which we respond non-consciously (automatically) (Cometto-Muñiz & Cain 1998;

Stoddart 1980a,b). In addition, most chemicals that evoke odour can also evoke

pungency, although odour thresholds invariably lie below pungency thresholds

(Cometto-Mufliz &. Cain 1990,1991, 1993, 1994, 1995, 1998). Pungent sensations

result from stimulation of the trigeminal nerve (cranial nerve V) and include prickling,

piquancy, tingling, irritation, burning, freshness, stinging etc. (Cometto-Muñiz et aI.

1997, 1998a,b). Ohloff (1994 p. 6) states, "About l}Vo of all odours stimulate the

trigeminal nerve although, in general, they may be several times less sensitive than

olfactory receptors." This type of sensory 'description' is not just limited to the nose,

but is experienced in all exposed mucosae (Keel 1962) and on skin areas not served by

the 5th cranial nerve (especially, the genitalia). Thus, such stimulants may affect a

variety of nerve endings (Cometto-Mufüz et aL 1997 ,1998b).

Often it is difficult to distinguish between the effect of odour and physical

stimulation. The secretion of the cane toad, Bufo marinus, for example, is certainly

acrid but the smell is not as important as its imitating quality. The substance is

particularly unpleasant if it comes in contact with any mucous membrane. V/hile this is

a good example of chemical defence, it is hardly an example of olfactory defence for the

importance of the odour of the secretion is rather small (Stoddart 1980a). The aquatic

and nocturnal frog Aromobates nocturnus on the other hand emits a noxious mercaptan-

like odour when stressed. This frog is almost entirely reliant on its odour as a means of

defence as, unlike other dendrobatids, it lacks both the poisonous alkaloids in its skin

and aposematic colouration (Myers 1991). In the studies described in this thesis no

attempt has been made to determine the mechanism of action behind the frog volatiles.

Many of the secretions have both odorant and chemesthetic properties and, where

possible, both have been described.
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1.5 Assessment of odorous substances

To date, interest in the effect of odours has received more attention than the

primary issue of how to define the stimulus in the first instance. Before determining

and defining the biological role of frog odour we must understand the range of odour

types and develop appropriate ways to characterise these odours. In this thesis, two

approaches have been undertaken to study the odours released by frogs - olfactory

assessment and chemical characterisation.

1 .5.1 Olfactory assesstnenf

As humans readily perceive the odours of frogs, Williams & Tyler (1997)

examined whether human assessment of odour could be used as a tool to study

taxonomic relationships or provide information on life history traits of frogs. In

particular, they were interested in the role of frog odour as a defensive mechanism.

Some frogs produce odours that are disagreeable to humans; for example Rana

septentrionalis, Scaphiopus holbrooki, Rana galamensis, Pelobates fuscus, Litoria

aurea, Chiromantis xerampelina, Edalorhina perezi and various species of

Phyllomedzsa (Duellman & Trueb 1986; Daly et al. 1987). Furthermore, Iskandar

(1993 p. 5) stated that "Poisonous frogs are easily identified by their pungent smells."

Whether this is the case is a matter of conjecture. Nonetheless, the olfactory and

gustatory perceptions of humans often have suggested chemically protected organisms.

Indeed, humans are natural predators for some species and may be appropriate subjects

in studies of chemical defence (Daly & Myers 1967; Wassersug 1971; Dodd & Brodie

1976; Myers & Daly 1976; Myers et aI.1978; Brodie 1983; Weldon & Rappole 1997).

The primary technique used in this thesis to characterise frog odour was

descriptive analysis. Descriptive analysis in its various forms has been a popular

sensory technique for many years and relies on subjects classifying an odour based on

its familiarity to the subject or similarity to past odours experienced by the subject

(Meilgaard et al. l99l; Piggott & Watson 1992). The difficulty with such a technique

lies in its subjectivity. Classification can be influenced by a person's background and

even their personal theories of reality (Smith & Medin 1981; Murphy & Medin 1985).

Therefore, complete agreement between assessors is often difficult, if not impossible to

obtain.
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Analysis of odours is further complicated if the sample is a complex mixture of

smells. The odours of complex mixtures are often impossible to describe unless one of

the components is so characteristic that it largely determines the odour of the

composition. Although an objective classification is not possible, an odour can be

described by adjectives such as flowery, fruity, woody etc., which relate to known

products with similar odour (Bauer et aL 1990). A few terms used to describe odours

are listed below Table 1.1). While principal attention is directed towards the odour,

other sensory phenomena are usually observed. As such odour descriptions are

probably better referred to as odour impressions. Terms such as nauseous, pleasant,

cool, sharp, acidic are not descriptive of the odour, but of the effect of the odour

compounds.

Table 1,.1, Common descriptive terms used to characterise odour

Aldehydic odour note of the long-chain fatty aldehydes, e.g. fatty-sweaty, ironed laundry
(laundry detergent), seawater

Animal(ic) typical notes from the animal kingdom, e.g. musk, castoreum, skatol, civet,
ambergris

Balsamic heavy, sweet odours, e.g. cocoa, vanilla, cinnamon, Peru balsam

Camphoraceous reminiscent of camphor

Citrus fresh, stimulating odour of citrus fruits such as lemon or orange

Earthy humus-like, reminiscent of humid earth

Fatty reminiscent of animal fat and tallow

Floral, flowery generic term for odours of various flowers

Fruity generic term for odours ofvarious fruits

Green typical odour offreshly cut grass and leaves

Herbaceous non-characteristic, complex odour of green herbs with, e.g. sage, minty,
eucalyptus like, or earthy nuances.

Medicinal odour reminiscent of disinfectants, e.g. phenol, lysol, methyl salicylate

Metallic typical odour observed near metal surfaces, e.g. brass or steel

Minty peppermint-like odour

Mossy typical note reminiscent of forests and seaweed

Powdery note associated with toilet powders (talcum), diffusively sweet

Resinous aromatic odour of tree exudates

Spicy generic term for odours ofvarious spices

Waxy odours resembling that of candle wax

Woody generic term for the odour ofwood, e.g. cedarwood, sandalwood

Source: Bauer et al. (1990)
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In order to overcome the subjective nature of descriptive analysis, odour profiling

requires the development of a 'descriptive language' for the products under study. This

usually requires extensive training sessions where the products are assessed and the

meaning of the terms employed to describe the products is discussed. The ultimate aim

is the production of a list of descriptive terms on which subsequent odour analysis can

be based. Due to the range of frogs and their odours, the scarcity of odour samples

(individual frogs could only be induced to secrete once a month and a limited number of

frogs were available), and the potential variation in odour, the development of an odour

lexicon was impractical. In order to overcome this difficulty and obtain a more

objective analysis of the odours of the two Australian tree-frogs, Litoria caerulea and

L. ewingi, investigated in this study, comparisons of the frogs' odours were made

against a series of standard odorants (see Chapters 4 & 7 respectively). Volunteers were

asked to rank the similarity of the frog's odour to the standards using an arbitrary scale

of one to nine, one being dissimilar and nine similar. The similarity of the frog odour to

the pre-defined odours was used to help classify the odour released by the frog, and to

gain a clearer understanding of the true variation expressed by descriptive terms. For

example, where one subject may refer to an odour as satay-like, another may refer to the

same odour as nut-like. Yet in reality, the stimulation remains the same. By asking to

what degree they are satay or nut-like we can obtain a clearer picture of the odour of a

particular frog.

In addition to describing the odour of frogs, the hedonic nature of frog volatile

secretions was assessed. This test relies on a person's ability to communicate their

feelings of like or dislike. By describing the sensory effect of an odour, information

about the physiological significance of the odour may be obtained (OMahony 1986).

As with descriptive analysis, not everyone perceives odours as the same, yet despite our

difficulty in describing odour sensations, really bad smells everybody tends to dislike.

If something is bad or dangerous, the smell is intolerable and everyone knows it and

keeps away. Pleasant odours, however, are less distinct in their action. Although good

smells also arouse general agreement, the agreement about them is not quite as perfect

(Miller 1991).
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1.5.2 Chemical isolation and characterisation

The relationship between odour and chemical structure is not a straightforward

one. Throughout the natural world a variety of molecules serve as chemical signals or

semiochemicals. Totally different kinds of molecules can bear qualitatively similar

messages in different organisms (Agosta 1992). Odorants are a prime example in that

two compounds of similar structure can give totally different odours (e.g. 1-nonalactone

(coconut) and y-undecalactone (peach), whilst compounds of widely differing structures

can have almost identical odours (e.g.2,3 & lO-Mercaptopinane and Benzyl alcohol

(Grapefruit). There is no simple way of predicting the sort of molecule a particular

species may use for carrying a message. The only way to find out what compounds are

acting as the signal or are responsible for the odour is to isolate and identify them

chemically.

The chemical analysis of odours, however, is not a straightforward task.

Naturally occuruing fragrances are almost invariably complex mixtures of volatile

components, most of which are individually odorous. Moreover, typically only a

milligram or two of an essence, or merely the head-space vapour itself is available for

investigation. Chemical analysis of such mixtures requires the separation of the

components by gas or liquid chromatography, and identification (initially qualitative) of

as many of the chromatographic peaks as possible by mass spectrometry and other

instrumental methods. Prior to identification, however, the analytical procedure

involves several steps including sampling, sample preparation and, depending on the

complexity of the sample, separation procedures. Therefore, a major focus of this work

was to develop appropriate techniques for analysing the volatiles produced by frogs.
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1.5.2.1 Volatile compound sampling techniques

Despite interest in amphibian volatile secretions few studies have sought to

determine the components responsible for the odour. A primary reason for this is the

difficulty of sampling volatile compounds and their subsequent chemical identification.

The destructive nature of available sampling techniques is also a concern, particularly in

light of the world's declining frog population (Tyler 1991). Solvent extraction and

volatile trapping (gas phase extraction) are the two established techniques for sampling

semiochemicals (Jones & Oldham 1999). Their advantages and disadvantages for

sampling volatiles (and in particular frog volatiles) are discussed below.

Solvent (liquid) extraction

Solvent extraction relies on the transfer of compounds to a liquid medium based

on their degree of solubility. Samples may be extracted by dipping, soaking,

homogenising in solvent, or by continuous extraction in a soxhlet extractor. This

method is destructive and limited as it reveals the secretion present in the gland at the

time of death and cannot be used to examine the changes in the chemical signature of

individuals over extended periods (Turillazzi et aI. 1998). Furthermore, the ratios of

volatiles obtained by this technique frequently do not coruespond to the ratio emitted by

the live animal (Golub & Weatherston 1984; Lorbeer et aL 1984; Heath & Manukian

1992). In addition, large solvent peaks can obscure rapidly-eluted components and, if
the sample is concentrated before chromatography, components more volatile than the

solvent can be partially or completely lost. Disintegration of the tissue sample may also

result in unwanted reactions occurring between compounds that ordinarily would not

come into contact (Bostock & Stermer 1989; Blight l99O; Tollsten & Bergström 1998).

For example, Tollsten and Bergström (1998) showed that intact plants of a number of

Brassica species released a different blend of volatile chemicals compared to macerated

plant material.

Aside from analytical considerations, many of the solvents used are toxic

(Houghton & Raman 1993). For example, inhalation of large doses of Chloroforrn or

Diethyl ether can cause respiratory depression and central anaesthesia. Indeed, due to

their lipid solubility and hence ability to enter brain tissue, many solvents are narcotic

when inhaled in large doses. Acetonitrile and Methanol are both considered highly
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poisonous solvents. Chronic exposure to smaller quantities of solvents may cause more

insidious effects such as hepatotoxicity (carbon tetrachloride) and cancer (Benzene).

Many solvents cause defatting of the skin, leading to dermatological conditions.

Furthermore, reneìwed awareness of the pollution caused by solvents, such as the effect

of hydrocarbons on ozone depletion, has resulted in international initiatives to eliminate

the production and the use of organic solvents on which many current sample

preparation methods depend.

Gas phase extraction

Gas phase extraction methods such as static headspace sampling or the purge and

trap method are more amenable to sample living organisms (Golub &'Weatherston

1984: Jones & Oldham 1999). The headspace approach has been widely used for

analysis of volatile compounds because the extracting phase (air or an inert gas such as

nitrogen or argon) is compatible with the majority of analytical instruments such as a

gas chromatograph (GC). The procedure is simply to allow the sample to equilibrate

with its headspace and then inject a small volume of the headspace directly into a GC

for analysis. However, due to the lack of any concentrating effect, this technique

suffers from low sensitivity. Static headspace cannot achieve exhaustive extraction and

therefore requires careful calibration (Zhang 1995). Dynamic headspace uses a multiple

partition concept and allows quantitative removal of volatile organic compounds

(VOCs). The commonly used purge and trap system involves two steps. The first one

is to let a carier gas bubble through a liquid sample or across a solid sample to purge

VOCs from the matrix. The second step is to collect these volatiles by using a cold or

sorbent trap.

Volatiles can subsequently be removed from the trap by solvent washing, soxhlet

extraction (Finnegan & Chambers 1993), or thermal desorption (Cossé et aL 1995;

Agelopoulos & Pickett 1998). Most of these procedures, however, have several

drawbacks including the production of artefacts (Clausen & V/olkoff 1997), cross

contamination, the retention of large amounts of water and the incompatibility of

stripping flow rates with instrument flow rates thereby preventing online operation

(Helmig & Vierling 1995). Retention of water is of particular concern in the analysis of

live frogs. Due to the nature of frog skin the air flowing across the animal must be kept
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moist to minimise desiccation, a factor that is particularly important if long sampling

times are employed. Additional traps to remove the moisture prior to the introduction

of the sample to the instrumentation provide further sites for analyte loss, especially if
the compounds of interest are low in concentration. 'Water molecules may also compete

for sites on the adsorbent trap reducing the concentration of volatiles collected (Koziel

et al. 1999). Finally, volatile trapping techniques are labour intensive and time

consuming and usually not suitable for frequent sampling (Malosse et aL 1995).

The use of sorbent traps however has given rise to another extraction technique

termed solid phase extraction (SPE). A major problem in the identification of

semiochemicals has been the small amount of biologically active material in a large

amount of chemically similar inactive material (Gaston 1984). By using a sorbent that

has a strong affinity for organic compounds, we can target selected groups of

compounds and enrich organic compounds from an otherwise very dilute aqueous or

gaseous sample. In the first step of this technique, analytes are extracted together with

interfering compounds by passing the test matrix through a cartridge containing

dispersed sorbent on a particular support. Usually a selective organic solvent is used to

remove interferences first, and then another solvent is chosen to flush out the target

analytes. SPE has a number of attractive features compared to traditional solvent

extraction. It is relatively simple, inexpensive, can be used in the field, can be

automated and uses relatively little solvent. However, there are some limitations.

Though SPE is supposed to be a quantitative extraction technique, the interaction

between sample matrix and analytes often gives rise to low recovery. The solid and oily

components in a sample can plug the SPE cartridge, or block the pores in the sorbent,

resulting in low breakthrough volume, which means the sorbent can be easily

overloaded. The sorbent also suffers from high blank values. Another major

disadvantage is the batch to batch variation of the sorbent quality, which can lead to

poor reproducibility. Since the technique is a multi-step approach involving

concentrating the extract, the technique is limited to semivolatile compounds with

boiling points substantially above those of the solvents. This problem can be reduced

by using thermal desorption or super critical fluid extraction but difficulties such as

plugging still exist and expensive modifications are needed to the injector ports of

analytical instrumentation. Multi-step procedures also raise the chance of loss of

material and/or contamination (Zhang 1995).
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The solution to these limitations is to improve the geometry of the sorbent by

coating it on a fused silica fibre. The cylindrical geometry allows rapid mass transfer

during extraction and desorption, prevents plugging, and facilitates handling and

introduction to analytical instrumentation. The size of the silica fibre allows it to be

incorporated into a syringelike device (Figure 1.1), which can be operated like an

ordinary syringe, and easily accommodated in a GC injector. The resultant technique is

called solid phase microextraction (SPME) (Belardi and Pawliszyn 1989, Arthur and

Pawliszyn 1990:' Zhang I 995).

Plunger

Barrel

Plunger Retaining Screw

Z-slot

Hub-Viewing Window

Septum
Piercing
Needle
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Sealing Septum

Coated Fused Silica
Fiber

Figure L.1. Schematics of the SPME fibre and exposure 'syringe' (Source: Pawliszyn 1997).

Adjustable Needle

Guide/Depth Gauge
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Solid phase microextraction (SPME)

In a typical application of SPME the sample (plants, live animals, aqueous

solutions etc.) is held in a container with a septum closure. The fibre (containing the

sorbent polymer) is then extended into the headspace or directly into the test solution.

The transport of analytes from the sample into the coating begins as soon as the fibre

has been placed in contact with the sample. SPME extraction is considered to be

complete when the analyte concentration has reached distribution equilibrium between

the sample matrix and the fibre coating (full equilibrium is not necessary for high

accuracy and precision from SPME, but consistent sampling time and other sampling

parameters are essential). This can be a period of seconds to hours. Analytes can then

be desorbed directly from the fibre to capillary GC or HPLC columns (Figure 1.2

summarises the SPME sampling procedure). The calibration of the SPME method is

performed either using the distribution constant for equilibrium extraction or diffusion

coefficient for short exposure times (Lord & Pawliszyn 2000).

Two main types of fibre exist - absorbent and adsorbent coatings. Absorbent

polymers extract by the partitioning of analytes into a "liquidJike" phase, somewhat

like a sponge. The analytes migrate in and out of the coating. The ability of the coating

to retain and release the analyte is dependent primarily on the thickness of the coating

and the size of the analyte. The polarity of the coating may enhance the attraction of an

analyte to that particular coating, but it is the thickness of the coating that retains the

analytes. There is virtually no competition between analytes. The efficiency depends

on how rapidly the analytes migrate in and out of the phase. The thicker film coatings

have a higher sample capacity.

Adsorbent type fibres extract analytes by physical interaction with the polymer.

Adsorbents are generally solids that contain pores or high surface areas. The extraction

can be accomplished by trapping the analytes in internal pores. These micro- and meso-

pores are ideal for trapping small and midsized analytes and usually retain the analytes

until either energy is applied or they are displaced by a solvent. Macropores, primarily

on the surface of the material can also trap larger analytes, but generally retain the

analytes through Hydrogen bonding or Van der Waals interactions. Because there is a

limited number of sites the analytes can compete. This competition can result in



20

reduced capacity and/or displacement of analytes with low distribution constants by

those with higher distribution constants. Suspension of the adsorbents in a liquid phase

can enhance selectivity based upon the polarity of the phase (Pawliszyn 1997).
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Extraction Procedure

--> -+ ---Þ

.4

Figure 1.2 Sampling procedure using SPME; (1) Pierce septum on sample container,
(2) Expose SPME fibre/extract analytes, (3) RetracUwithdraw needle, (4) Pierce
septum in GC inlet, (5) Expose fibre/desorb analytes and (6) Retract fibre/withdraw
needle,
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1.5.2.2 Sample analysis - separation

Many natural odours are multicomponent mixtures, present in nanogram or

picogram amounts. Therefore their analysis and structure elucidation requires a

separation technique capable of high resolution and sensitivity. Capillary gas

chromatography, perhaps more than any other method, fulfils these criteria. This,

together with the fact that the vast majority of odours are suitable for GC analysis (i.e.

they are thermally stable and volatilise below 300'C), means the technique has become

central to the study of biological volatile compounds such as pheromones and plant

fragrances. Figure 1.3 shows a styalised diagram of a gas chromatograph.

In GC separations, analytes are partitioned between an inert carrier gas (mobile

phase), which serves solely to sweep the analyte vapour through the column, and

(usually) a liquid phase bonded or coated on the inner surface of the column, or on an

inert support packed in the column. The retention of a particular analyte depends on its

volatility and the interactions between its functional groups and those of the stationary

phase. The driving force in GC is temperature; columns are generally heated within the

range of 40-325"C, and as the temperature is increased, the analytes move into the

vapour phase and move along the column (Heath & Dueben 1998).

Flow
controller

lnjector
pûft

Recorder

DetectorCnlum

Cnlumn rven
Carrier gas

Fígure 1.3 Schematic diagram of a gas chromatograph.
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There are two major requirements for GC samples. First, they must have at least

some slight volatility at GC temperatures, and second, they must have sufficient thermal

stability to survive analysis - this is demonstrated in Chapter 5 with the cyclisation of y-

aminobutyric acid (GABA) to 2-Pyrrolidone (2-PyrO). Thus, GC can be used to

analyse most gases, many small and medium-sized organic molecules (up to - Cgo, and

much higher for some classes of compounds). Furthermore, many non-volatile

compounds such as sugars and amino acids can be converted to volatile derivatives

amenable to GC analysis. The only compounds for which GC is entirely unsuitable are

organic or inorganic salts, and large molecules such as synthetic or biological polymers

(Poole & Poole l99I). For a detailed review of chromatographic techniques as applied

to biological volatiles see Heath and Dueben (1998) and Jones and Oldham (1999).

1.5.2.3 Sample analysis - identification

The introduction of hyphenated techniques, particularly gas chromatography

linked to mass spectrometry (GC-MS), has revolutionised the analysis of volatile

organic compounds. The mass spectrometer functions as a sensitive detector (typically

nanogram to picogram sensitivity or higher) and provides extremely valuable structural

information. Mass spectrometry is based on a simple idea: a compound or mixture of

compounds is ionised and broken into fragments, the ions are then analysed on the basis

of mass/charge ratio, and the relative abundance of each ion recorded as a spectrum. In

most cases the way a molecule fragments is characteristic of the molecule itself. Thus,

the information provided by the spectrum can be used to reconstruct the structure of the

parent compound. For detailed reviews of mass spectrometry see Burlingame et al.

(1998), Mosi & Eigendorf (1998) and Webster et al. (1998).
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1.6 Study objectives

Despite the large amount of work that has been conducted on the non-volatile

toxins present in anuran skin, few studies have concerned themselves with the odorous

components of frog skin secretions. A primary reason for this lies in the difficulty of

sampling volatile compounds and their subsequent chemical identification. In order to

address this lack of knowledge, and to stimulate further research in this area, the work

presented in this thesis aims to:

l. Provide a comprehensive survey of the range and types of odours produced by

anurans. Attention focuses on Australian frogs; however, reports on foreign

species have been included.

2. Develop appropriate techniques to analyse frog odour. Solid phase

microextraction (SPME) is investigated as a suitable technique for the sampling

of odour and is compared against standard extraction methods.

3. (a) Characterise in detail the odours of two species of tree-frog, the Green Tree-

Frog, Litoria caerulea (White, 1790) and the Brown Tree-Frog, Litoria ewingi

(Duméril and Bibron, 1841).

(b) Investigate the source of the volatile compounds responsible for these odours

(i.e. synthesis versus environmental).

(c) Investigate the defensive role of odours of L. caerulea and L. ewingi.

Both Z. caerulea and L. ewingi were chosen because (1) they are well-known

species and readily obtained, (2) the non-volatile components of their secretions have

been well categorised, (3) they differ in arrangement of granular glands - both have

granular glands distributed throughout the dorsal skin, however, L. caerulea also has

well-developed areas of aggregated glands and (4) the odour properties of both frogs

differ in that the odour of L. caerulea appears relatively consistent, whilst there is

considerable variation in the odour of L. ewingi.
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Chapter 2: Human assessment of frog odour: what can we
learn by smelling frogs?

2.1 lntroduction

Amphibians are amongst the oldest terrestrial vertebrate animals on earth. They

originated from aquatic Devonian animals some 300 million years ago. Thus, the

taxonomic distribution of many of the compounds isolated from frog granular glands

corresponds to the classification based on other criteria (e.g. morphological

characteristics) (Cei & Erspamer 1966: Roseghini et aI. 1976; Erspamer et al. 1984).

Some groups of anurans (e.g. phyllomedusine and pelodryadine hylids) contain large

amounts of unique polypeptides, and each species has its own characteristic polypeptide

spectrum (Cei 1963; Steinborner et al. 1996). The dendrobatids are well known for

their strong toxins; Phyllobates produces mainly batrachotoxins, which are

extraordinarily toxic steroidal alkaloids, whereas Dendrobate.t secretes a wide variety of

less toxic and chemically simpler piperidine alkaloids (Myers et aI. 1978). Thus the

biochemical differences in the genera of dendrobatid frogs seem to have phylogenetic

significance. Analyses of biogenic amines (Cei et al. 1967, 1968, 1972) and secretions

of the parotoid glands (Low 1972) of Bufo from throughout the world showed that

trends in these biochemical traits correspond to morphological groups of toads

presumably representing different evolutionary lineages. As odours are a result of the

volatile chemicals present in the skin glands, Williams and Tyler (1997) proposed that

they could be used to support relationships between taxa, and noted that the odours of

some Australian frogs related to species groups (as defined by Tyler & Davies 1978).

Furthermore, they suggested that odour could aid in field identification, especially since

morphologically similar species may differ greatly in odour (e.g. Martin & Littlejohn

1966).

Despite the fact that numerous researchers and amateur naturalists have

commented on the distinct smell of many species of frogs and toads there are few

published records on the analysis of anuran odours. The purpose of this chapter is to

provide a review of frog odour from a human perspective, and to gain insight into the

diversity of odours emitted by stressed frogs. In addition to this review, the question of

whether the grouping of frogs by 'odour similarity' provides any information about the
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phylogenetic relationship or life history traits of the animals under study is considered.

There is a need for a better understanding of the compositions and properties of odours

generally, quite apart from their likely behavioural, pharmacological or ecological

significance. Comparative studies of frog odour may provide information about

whether any odours are common to all animals, and whether any are species specific.

Assessment of interspecific variation and temporal variation in the odour of

individual animals may also provide important information about the volatile

compounds released by frogs. It is well recognised that many animals acquire their

defensive compounds from the diet (Agosta 1996). Thus consistency and variation in

the odour of a frog may provide clues as to those species which synthesise their odour,

and those, if any, which acquire their odorous compounds from the environment.

In addition to the characterisation of frog odour and the assessment of the

taxonomic application of these odours, potential roles of frog odour are discussed. As

mentioned in Chapter 1, a possible function of odour is defence. Although many people

equate bad odours with danger it has not been shown that odours relate to noxious or

toxic secretions, or that the human perception of frog odour is indicative of such

secretions. Aside from defence, odours may also play a role in pheromonal

communication (e.g. alarm pheromones, kinship recognition) or signify information

about the physiology of the frog (e.g. sex and breeding condition, health status) (Albone

& Shirely 1984: Duvall et aL 1986; Albone & Natynczuk1992).

The aims of this chapter are to:

Demonstrate that frogs produce a range of odours when stressed.

Investigate the within species variation and temporal variation in odors.

Determine if 'odour groupings' support taxonomic relationships.

Discuss the potential role of odours for the frog.

1

2.

3

4.
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2.2 Methods

Information was obtained from both professional and amateur herpetologists

regarding the frogs they consider odorous. Individuals on the membership lists of the

Australian Society for Herpetologists (ASH) and the Society for the Study of

Amphibians and Reptiles (SSAR) were contacted. In addition, questions were posted

on the ASH mailing list (ash-l@mailbox.gu.edu.au) and the USENET group

sci.bio.herp, and e-mail distribution list HERP-L (herpJ@ucdavis.edu). Amateur

herpetologists were targeted through the USENET group rec.pets.herp. In order to

control for odours arising from unnatural diets or as artefacts of captivity, respondees

were also asked about the status of the animals. Status descriptions included: field

assessed (F), short-term captive (< 1 month) (SC), long-term captive (> 3 months) (LC)

and laboratory bred (B).

Olfactory studies on the odours produced by Australian frogs were also

conducted. 'Where possible odours were assessed from both field and captive frogs.

Unless specified a minimum of four frogs were tested for each species. 'Where frogs are

listed as producing no odour, attempts were made to sample as many frogs as possible.

Most frogs were tested at a later date (> 3 months after first presentation) to eliminate

seasonal variability and to control for intermittent odour release. Individuals of some

species have been observed to produce odour during a stress event followed by no

odour in subsequent tests or initially produce no odour and then release an odour when

re-tested.

Naive volunteers (i.e. volunteers with no prior exposure to frog odour) were asked

to smell the secretion released by a stressed frog and describe, in five words or less, the

odour that they perceived. In addition, volunteers were asked whether they liked or

disliked the odour and if it resulted in any sensory sensation (Hedonic analysis).

Most frogs on handling or gentle prodding readily emitted odorous secretions. If

handling failed to release an odour mild electrical stimulation of the skin muscles

surrounding the glands was used to expel their contents (Tyler et al. 1992). All frogs

were held by experienced handlers and presented to the volunteers once the animal

began secreting. Handlers wore latex gloves to avoid contamination with human odour



28

and prevent contact with the secretion. Immediately prior to exposure volunteers were

asked to smell the latex gloves for one minute to familiarise themselves with that odour.

Animals were held approximately 15 cm below the volunteer's nose and the

volunteer instructed to breathe normally. If after five seconds no odour was perceived

the subject was asked to inhale deeply through their nose and to repeat this procedure

three times or until an odour was perceived. After three attempts, if no odour was

recognised, the stressed animals were removed.

Most observations were made with a minimum of eight volunteers. 'Where

possible, all volunteers were presented with at least three different animals to allow for

variation in odour descriptions. If available, the same volunteers were tested one month

later to determine if any changes in odour were perceived. Prior to inclusion in the

study the fitness and health status of all volunteers was assessed against criteria

formulated by the University of Adelaide's Human Research Ethics Committee.

Following exposure to the volatile secretion all subjects were monitored for half an hour

to ensure that no adverse reactions to the secretions occurred.

2.3 Results and Discussion

Fromboth the survey and olfactory studies a total of 115 species, representing 28

genera (14 Australian and 14 foreign) and 10 families were recorded (Table 2.1).

Among the Australian frogs the proportion of odorous species in each family was the

same (28 out of 41 hylids and 24 out of 41 myobatrachids releasing odours).

Differences, however, were obvious between genera. Of the two hylid genera, the tree-

ftogs (Litoria) contained the greatest number of odorous species (27 out of 33). The six

species recorded as odourless (L. bicolor, L. genimaculata, L. inermis, L. meiriana,

L. pallida and L. wotjulumensis) were studied by V/illiams et al. (2000). The absence of

odours for these frogs can neither be confirmed nor refuted by this study, as specimens

were unavailable for comparison. Of the eight Cyclorana species only one was found to

be odorous (C. platycephala).
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Among the myobatrachids, odours were observed in the following genera:

Geocrinia (although Williams et al. 2OOO recorded no odour), Heleioporus (R. Davis,

University of Western Australia states that Heleioporu,s spp. have weak, yet

characteristic and unpleasant odours; V/illiams et a\.2000, however, record no odour

for the two species they tested), Limnodynastes (3 of 7 species), Neobatrachus,

Notaden, Pseudophryne and Uperoleia. Crinia, Paracrinia, Megistolotis and

Mixophyes all lacked odours. Odours for the last four genera cannot be ruled out,

however, due to the small number of species or individuals of each species assessed.

Although few Limnodynastes species produced odours, it has been reported that

most release secretions that stimulate the nasal mucosa, resulting in a warm, dry

sensation Qters. comm. G. Marantelli, Amphibian Research Centre, May 2001). Re-

assessment of all Limnodynasles species tested, using a select panel of five oenology

students instructed to record the hedonic nature of the secretions, confirmed this

observation for Z. dumerilii, L. interioris, and L. terraereginae. These three species all

have tibial glands. The remaining species tested (all of which lack tibial glands) did not

appear to have the same sensory affect. However, the burnt odour produced by

L. peronii, and the burnt, fishy aroma released by L.fletcheri did, to some degree,

stimulate the nasal mucosa.

The majority of classifications obtained in this study are consistent with the work

by Williams and his colleagues (taking into account the variation in descriptive terms

used by volunteers). Five species of frogs previously described as having no odour,

however, were found by this study to release scents when stressed. They were:

Geocrinia laevis, Litoria gracilenta, Neobatrachus pictus, Notaden melanoscaphus and

P s e udo phryne s emimarmorata.

The greatest range of odours was observed in the hylid genus Litoria. Although

this may be an artefact of the greater number of species sampled compared to other

genera, the consistency of odours within other genera suggests otherwise. With the

exception of the sweeter, floral aromas of Neobatrachus and Notaden, all odour-

producing myobatrachids can be broadly grouped as producing musty, earth-like

odours. It should be noted that the earthy note described for the myobatrachids,

however, is distinct from that observed in the genus Litoria. In Litoria the earthy aroma
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is reminiscent of an organic loam/potting mix, whereas the earthy note for the

myobatrachids shows greater similarity to a wet clay soil. Such generic classification

highlights the difficulty in assigning odour classifications.

2.3.1 lntraspecific and temporal variation of odour

Intraspecific variation in odour was rare. The sampling of several individuals

from a single locality revealed little to no detectable variation in odour type. Notable

exceptions were the tree frogs, L. ewingi and L. peronii. The odour of L. ewingi is

discussed in more detail in Chapter 7. Geographical variation in species odour was also

minimal, the exceptions being L. ewingi, L. peronii, L. rubella and to some degree

L. raniþrmis. The difference in L. rubella odour was not wholly unexpected in the

light of previous work documenting conspicuous differences in the nature of skin

peptides amongst different populations (Steinborner et aI., 1996).In addition, L. rubella

includes allopatric populations throughout northern Australia that differ slightly in

morphology. However, because of the small number of frogs sampled from each

locality it was difficult to characterise the differences in odour. All animals produced

odours, which were all variations on a similar theme (i.e. all smelled more or less grass-

like and sour, despite some being detectably different (frogs were sampled from Farina

Station, Flinders Ranges, South Australia; Nutwood Downs Station, Northern Territory;

Gladstone, Queensland and Carrington Falls Quarry, Queensland). On the other hand,

while the peptide profiles of L. caerulea fuom different locations are seen to differ

(Donnellan et aI. 2000), no obvious change in odour was perceived for this species of

frog (see Chapter 4).

Odour differences for captive-bred frogs and those caught in the field were

observed for the following species: L. ewingi and L. paraewingl (slight difference,

needs further investigation with more frogs). This variation suggests that environmental

factors may play a role. For instance, the presence of certain molecules in unrelated

species may be the result of their production not by the vertebrates themselves but from

exogenous environmental sources such as indigenous skin-surface microflora (Yotsu e/

aL 1987) or dietary sources (see Chapter 8). Bred L. chloris and L. citropa from

Melbourne Zoo lacked odours, however bred individuals from the Amphibian Research

Centre produced odours similar to captive specimens. No difference was observed
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between bred and field odours of Crinia signiþra, Geocrinia laevis, Litoria caerulea,

L. dentata, L. fallax, L. infrafrenata, L. spenceri, L. splendida, Limnodynastes

tasmaniensis, Pseudophryne semimarmorata and Uperoleia littlejohni. Thus, it is

unlikely that environmental factors play a role in odour production for these species.

Finally, although a number of frogs have been classified as producing no odour, odours

for these species cannot unequivocally be ruled out as they may fall below the human

olfactory system's odour threshold. It is a commonly held notion that animals have a

better sense of smell than humans. For example, Krestel et aI. (1984) reported that dogs

(beagles) are about 300 times more sensitive than humans to amyl acetate, and Marshall

and Moulton (1981) found that dogs (German Shepards) are 1000-10,000 times more

sensitive than humans to alpha-ionone. Similarly, an intra-laboratory comparison of

rats and humans (Laing, 1975) provides convincing evidence of greater sensitivity of

the rat. The superiority of the rat for the five compounds tested was between 8 and 50-

fold: n-propanol (x8); benzaldehyde (x10); cyclohexanone (x10); isobutyl-n-butyrate

(x30); n-heptanol (x50).

2.3.2 Case studies examining the systematic relationship of odours

2.3.2.1 Australian Frogs

A) Species group relationships

Most odours seemed to fit into discrete groups: nutty, 'green' (including grass-like

and herb-like), spice-like, earth-like or unpleasant (adapted from Williams & Tyler

1997; Williams et al. 20OO). In some cases the frogs within these "odour groups"

reflect the species groups within the genus Litoria as suggested by Tyler and Davies

(1973). For example, L. caerulea and L. splendida (L. caerulea group) smell of nuts,

whereas L. infrafrenata (L. infrafrenata group), which is also large and green, smells of

curry. The L. infrafrenata reported here came from northern Queensland, whereas the

specimen reported by Tyler (1968) (which smelled like dried thyme) was from New

Britain. The odours of the two populations are quite different, providing support for

morphological data indicating that the population status of subspecies (2. infrafrenata

infrafrenata and L. infrafrenata militaria) could be changed to full species. Litoria

raniþrmis, L. moorei and L. alboguttata, all members of the L. aurea group, have

similar acrid, menthol smells. The closely related L. electrica and L. rubella also have
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indistinguishable odours. Conversely, three species of medium-sized brown tree frogs,

L. adelaidensis, L. ewingi and L. rubella all smell grass-like, yet do not share a species

group, while L. ewingi and L, jervisiensis, two frogs morphologically similar and within

the same species group, smell very differently: the former emitting a "grassy" smell and

the latter a "curry" smell (Martin & Littlejohn 1966).

B) The Cyclorana/Litoria debate

The observed odour for C. platycephala lends weight to the current argument that

this species should be classified as a monotypic genus (pers. comm. M. Tyler, Adelaide

University, August 2001). Maxson et aI. (1982) questioned whether C. platycephala

formed an independent off-shoot of Cyclorana or whether it had affinity with the

L. aurea species group. Based on immunological data, the latter seems more likely.

Maxson et al. (1985) could not support the association of C. australis and

C. platycephala, demonstrating that C. platycephala is remote from all congeners. In its

gross morphology, this is also the case, as C. platycephala has a flattened head,

prominent eyes, and fully webbed toes: these adaptations seem aquatic rather than

fossorial.

This may also be the case with Litoria alboguttata, a frog nearly identical in form

and habit to most Cyclorana. Originally described as Mitrolysis albogutta by Günther

(1S73) and considered a Cyclorana species by Parker (1940), this species was moved to

the genus Litoria on the basis of its intercalary structures (Tyler 1974). Karyotypic

studies by King et aL (1919), MC'F analyses by Maxson et al. (1982) and

morphological data by Burton (1996) and Meyer et aI. (1997), however, demonstrate a

close relationship to C. australis and C. novaehollandiae, supporting the return of the

species to the genus Cyclorana. The production of an extremely strong and

overpowering odour, similar to the odour produced by L.anrea, L. moorei and

L. raniþrmis (L. aurea species group), by the species alboguttata argues against such a

move and supports Tyler's classification. Whether albogutatta belongs in the genus

Litoria, Cyclorana or a monotypic genus, remains a matter of debate (pers. comm. M.

Tyler, Adelaide University, August 2001).
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No striking behavioural or ecological differences seem to exist between the

species of Cyclorana, and L. alboguttata. In all species the calls are long and of low

frequency; all species breed in ephemeral waters following heavy rains, and breeding is

clearly opportunistic. Cyclorana have lentic tadpoles which are tolerant of high water

temperatures and which complete their development in six weeks or less. Thus,

biological differentiation does not appear to parallel described morphological and

biochemical differences. Many instances of the uncoupling of the evolution of overall

biology and molecular change have been reported. It has been suggested that living in

inhospitable areas with unreliable rainfall may account for similarities noted in the

overall biology of the various species of Cyclorana (¡ters. comm., M. Tyler, Adelaide

University, August 2OOI; Maxson et al.1985).

C) ls the variation in odour amongst some genera of significance?

The greatest range of odours was observed in the hylid genus Litoria. Although

this may be an artefact of the greater number of species sampled compared to other

genera, the consistency of odours within other genera suggests otherwise. This

variation in odour fits with the curuent belief that the morphological, biochemical, and

biological attributes of Litoria are too extensive for a single genus. Despite the

similarity in odour sensation this may also explain the variation in odours produced by

Linmodynasf¿s. The discrete morphotypes within the genus indicate the existence of at

least three units and this is supported by molecular data (Schäuble et aL.2000). The

three units are the specialised "bull frogs," such as L. dorsalls sharing the dermal calf

gland, L. ornatus and L. spenceri with polymorphic skin patterns and behavioural

synapomorphies and a conglomeration of non-fossorial taxa highly successful in

radiating throughout vast areas (Tyler 1999).

2.3.2.2 Foreign frogs

Similar comparisons of non-Australian frog odours are difficult because only

small amounts of data on odorous species are available. In addition, there is a lack of

data on non-odorous animals. Of interest, howsver, is the detectable difference between

odours emitted by R.luteiventris (new plastic) and the closely related species

R. pretiosa (bitter/spicy). Although discernable on the basis of allozymes, species of

the R. pretiosa complex are almost indistinguishable morphologically. Four
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measurements of the head - internarial distance, interorbital distance, tympanum

diameter, and orbital diameter - contribute the greatest weight in distinguishing the

species by multidiscriminate function analysis, but the differences are small and not

regarded as appropriate for qualitative distinctions in the field (Green et aL 1997).

Although further investigation of the variation in odour of R. pretiosa and R. Iuteiventris

is needed, the use of odour may be an effective way to distinguish between both species.

The Pacific Coast ranids R. a. aurora, R. muscos¿ and R. cascadae on the other

hand all appear to produce a 'garlic' aroma. All belong to the R. boylii species group,

which also includes R. pretiosa. R. pretiosa has been described as having a bitter/spicy

odour, which on further questioning was described as having a garlic-like note. Based

on allozyme analysis R. cascadae and R. aurora are closely allied, whilst R. pretiosa

diverges considerably from the other species. Morphologically, three of the species -
R. aurora, R. cascadae and R. pretiosa - may be considered generalised 'brown frogs',

while R. boylii and R. muscosa are morphologically divergent and may be termed

'stream frogs'. Furthermore, based on karyotypic character analysis, R. boylii and

R. muscosa appear to constitute a pair of sister taxa (Green 1986a, 1986b).

Mitochondrial DNA analysis, however, does not support a monophyly of R. boylii

and R. muscosa, favouring an hypothesis that R. aurora, R. cascadae and R. muscosa

form a clade. Analyses of nuclear ribosomal DNA restriction-site data and allozymic

data support a monophyletic R. boylii group, but do not effectively resolve the

relationships among the species within this group (Macey et aI.20Ol). Care has to be

taken in commenting on the relationships of Rana species. In certain respects,

karyotypic, morphotypic and genotypic evolution in these frogs may have proceeded

independently (Green 1986a).

The odour of R. pretiora was described as "similar to Bufo boreas but more bitter

and spicy". This contrasts with the description of B. boreas producing a "peanut paste"

odour similar to B. punctatus. B. punctatus and B. boreas have parapatric distributions

in western North America and hybridisation is believed to occur between both species.

Both species, however, exhibit genetic divergence that corresponds to their

morphological divergence. This level of genetic differentiation is greater than any
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reported for a hybridising pair of tenestrial invertebrates and as such B. punctatus and

B. boreas have been aligned with different clades (Feder 1919).

Although odour comparisons provide support for a number of phylogenetic

relationships, at present too little is known about the factors affecting the biochemistry

of granular glands to allow meaningful generalizations" For example, Myers et al.

(1973) noted a decline in the toxicity of secretions producedby Phyllobates terribillis

maintained in captivity. There even may be differences in the presence of a substance

in secretions from glands on different parts of the body in the same species. Serotonin

was identified in the secretions of parotoid glands of Bufo alvarius, but was absent from

the macrogland on the hindlimb (Cannon et al. 1978). Such analysis is further limited

by the subjectivity of odour description, the fact that odours detected by humans may

constitute only a portion of the volatile compounds released by frogs and, in the case of

the Australo-Papuan anurans, the uncertainty and incomplete knowledge of their

phylogeny Qters. comm. M. Davies, Adelaide University, September 2001).

2.3.3 Potential roles of frog odorous secretions

It is clear that frogs produce a wide range of unique and interesting odours. While

some of these odours were repulsive or unbearable to be near (e.g. L. alboguttata,

L. chloris, L. peroni and N. centralis), many others were considered pleasant (e.g.

L. paraewingi and N. pictus) and some had mixed effects (e.g. L.caerulea). Whether

such odours have similar effects on frog predators is conjectural. For odours that were

repulsive by our assessment it is easy to attribute to them an anti-predator function. The

production of volatile compounds that repel predators would confer a selective

advantage, even if frogs also produced non-volatile skin compounds that were

distasteful. By detering predators at a distance frogs avoid mouthing or handling by

attackers assessing their palatability. Alternatively, odours may function by acting as a

cue to the predators that the prey is noxious. If predators learn that an unpalatable prey

is associated with a certain odour, they may avoid prey with that odour in the future,

even if the odour itself is benign (Williams et al.2OO0). It is likely that an anuran taxon

that encourages such learning in predators can be mimicked by another taxon, which

might not possess the noxious compounds but does possess the odorous ones. For

instance, a number of Uperoleia and Geocrinia species superficially resemble frogs of
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the toxic genus Pseudophryne and release indistinguishable, earthy odours. This

similarity in appearance and odour may be of advantage to the frogs. The

Pseudophryne, Iike the poison dart frogs of South America, accumulate lipophilic

alkaloids (pumiliotoxins) in their skin secretion (Spande et al. 1988; Daly et aI. 1990;

Smith et al. in press)., Despite similarities in their biology, such compounds are absent

in the secretions of both Uperoleia and Geocrinia (Daly et aI. 1990; Smith et al. in

press). Given the sympatry of many species in each of these three genera it is

hypothesised that they are involved in a mimetic relationship, but further tests are

needed to establish this.

As discussed in Chapter l, frogs may also use their odours as a form of

camouflage. Presumably, the prey of predators which hunt by smell can be cryptic and

well protected if they have the same smell as their immediate environment (Edmunds

1974). Thus the 'green' grass-like and plant-like odours of many of the tree-frogs and

the earthy odors of the burrowing frogs Limnodynastes and Uperoleia could help ensure

the frogs remain undetected. Furthermore, these same odours, whilst protecting the

individual, could function as alarm pheromones for nearby conspecifics, which may

have evolved behavioural changes (e.g. fleeing behaviour, change in shelter use) in

response to these signals (Lutterschmidt et aL 1994; Marvin & Hutchison 1995). A

similar system has evolved in the tadpoles of some species in response to water-borne

chemical cues (e.g. Hews 1988; Semlitsch & Gavasso 1992).

Odours released by frogs could also be involved in kin recognition, thereby

playing a role in social behaviours such as congregation or mate choice. Similar systems

making use of water-borne chemical cues exist in the tadpoles of some species

(Blaustein & O'Hara 1982; Blaustein & Waldman 1992; Blaustein & Walls 1995).

Although we only detect odours when frogs are agitated it is possible that smaller

amounts of the same substances (in concentrations imperceptible to us) are being

released constantly and are integral to behaviour unrelated to predator repulsion or

avoidance. Furthermore, injured and microbeþarasite infested frogs have been

observed to release odours (pers. comm. D. Pergolotti, Cairns Frog Hospital, September

2000). Thus odour could be an important cue to the health status of a potential mate.
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A further role for intraspecific pheromonal communication is amongst those

species in which males lack vocal sacs and produce "soft" calls detectable to the human

ear at only a few metres. Visual communication by arm and leg signalling often

followed by tactile contact has been reported in several species. Odoriferous compounds

may serve as an initial attractant to bring the animals into sufficient proximity for such

activity.

2.5 Conclusion

While this study provides a platform upon which further studies can be based, it

should be recognised that odours detected by humans may constitute only a portion of

the volatile compounds released by frogs. Accordingly, any contrast between taxa

based on human olfactory perception may be incomplete. Sensitive chemical analysis

techniques involving gas chromatography are required for the total characterisation of

frog odours. The interspecific variation revealed in this study does, however, lend

support to the use of odour in field identification.

Although it is clear that many frog species produce odours when stressed, it is

also clear that very little is known about the composition, source and function of these

odours. The proceeding chapters describe studies undertaken to investigate the

chemical composition, source and possible 'defensive' function of the odour of two

species of tree-frog, L. caerulea and L. ewingi.



Table 2.1 Odour descriptions and hedonic assessment of the 'defence' secretions of Australian and foreign frog species obtained by surveying

professional and amateur herpetologists and by olfactory assessment using naive volunteers. The number in brackets following many of the

descriptions indicates the number of naive volunteers who used the term to describe the frogs' odour. Captive status: F = Field assessed (i.e. odour

characterisedimmediatelyfollowingcollection); SC=captured&heldincaptivity<lmonth;LC=captured&heldincaptivity>3months;B=
bred. Source: OF(¿y) = Olfactory study (number of frogs used, number of volunteers); L = Literature; P = Personal communication (includes

results from survey); PO = Personal observation.

Taxonomic relationships

Closely related to
C. novaeholl.andiae

C. australis species gto.tpt'.

Closely related to
C. longipes, C. maini,
C. manya and C. verrucosa.

C. brevipes species groupl2

C. brevipes species groupl2

C. brevipes species groupl2

Observed effects#

No observed effects

No observed effects.

No observed effects.

No observed effects.

Source

LI

oF(4,8), L1,
PO

LI, PO

oF(4,8), PO

Captive status

F, LC

LC

Fn, SCpo

LC

Reported odours (A) & hedonic assessment* (B)

No detectable odour

No detectable odour

No detectable odour.

No detectable odour

Species

Australian Frogs

Hylidae

Cyclorana
australis

Giant Frog

C. cultripes

Knife-footed Frog

C. Longipes

Long-footed Frog

C. maini

Main's Frog
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C. brevipes species groupl2

C. australis species g.oupt'

Monotypic species group.
Possibly a separate genustt'
L2

C. brevipes species groupl2

Monotypic species grouptj

Genus enigmatic:

Closely related to
C. australis and
C. novaehollandiae
(C. australis species
group)t2

Closely related to L. aurea,
L dahlä, L. moorei and
L. raniþrmis (L. aurea
species group)t"3

No observed effects.

Slight initation of nose.

No observed effects.

Caused eyes to water
(lachrymation) and

severely irritated nasal

mucosa. Caused 1

volunteer to gag.

L1

oF(8,8), L1,
PO

oF(2,4), PO

PO

L1

oF(3,14),
Ll, Pl, PO

F

SCor. po, LCrr

Fpq, SC6p. p6

LC

F

Fp1, SCe¡, pq,

LCu

No detectable odour

No detectable odour

(A) Musty/muskyPo (t); Wet burnt log (l);
Cha¡acteristic but diffrcult to describe (2).

(B) 25Vo dislike, 15Vo indifferent.

No detectable odour

Grass-like.

(A) Fresh, menthol, acridlr; Acrid (1); Vy'inter-

green (1); Spicy, acridPr'to (¡); Noxious, foul (2);

Faecal (1); Burnt eucalyptus leaves (1); Dry, spicy
(1); Heather absolute (1); Mossy, spicy, green (2);

Couma¡in, HayJike (1).

Similar to L. raniþrm¿s but more earthy & burntPo

(B) l00%o dislike.

C. manya

Small Frog

C- novaehollandiae

New Holland Frog

C. platycephala

'Water-holding

Frog

C. verrucosa

Litoria
adelnidensis

Slender Tree Frog

L. alboguttata

Striped Burrowing
Frog
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L. aurea species groupl3

Closely related to L. fallax.

L. bicolor species grouptj

Closely related to
L. splendida

L. caerulea species groupl3

Closely related to
L. gracilenta.

L. aruensis species grouplj

Originally included in
L. infrafrenafa species
groupl/

Caused eyes to sting and

water

Non-volatile secretiòn:

- Accidental contact with
eyes caused acute pain,
stinging sensation and
watering.

- Contact with skin
resulted in erythema &
itchiness.

Volatile secretion:

- Resulted in headaches &
slight nausea on prolonged
exposure.

Caused lachrymation and

severe irritation of nasal
mucosa.

Caused nauseous feeling in
3 people tested.

PO,L4,L5,
L6

L1

oF (20, 148)

LI,PI,P2,
PO

oF(10,6),
LL,P3,P4,
PO

F¡a,6,¡6, SCpe

F

F¡1, p1, p2, p9, SCgp,

LCor, u, pt, pz, po,

Bor, Lr, pz, po

SCqF,pe,e3, LCLI,
Bpo, ps, p¿

Dried thymePo' 
u; Acridl5; Disagreeableb

No detectable odour.

(A) Acrid, Bad, Distasteful, Foul, Noxious,
Offensive, Unpleasant (14); Asian food (2); Biscuit
(4); Boiled meat (1); Bread (6); Butter (1); Buttered
popcorn (2); Corn chips (3); Dirty socks (7);

Earthy/Dusty (2); Fungal (2); Grassy (l); Hay (4);

Herbs (1); Leaves (1); Metallic (1); Musty (1);
Nuttyli (77) - Almonds (2) - 'Burnt' (7) - CashewPl

(5) - PeanutsPt'to (t6) - Pine nuts (1) - Walnut (1) -
General (45); Peanut brittle (1); Peanut butter (3);

Rice plants (1); Satay (3); Savoury (3); Sesame oil
(1); Shellfrsh (cooked) (2); Spermous (1); Urine
(1);Woody (1); Yeast (1).

Similar to L splenlidaPl'Po.

(B) 26Vo dislike, 74Vo indifferent/pleasant

(A) Grass-likeLl; No odour (3 x bred juveniles)Po'
Pa; Unpleasant, strong spicePo (1); Spicy curry (1);

Dry, acrid, spice (1); Mace-like (1); Foul,
Revolting, UnpleasantP3 (2).

(B) lÙOEo dislike.

L. aurea

Green & Golden
Bell Frog

L. bicolor

Northern Dwarf
Tree Frog

L. caerulea

Australian Green
Tree Frog

(see Chapter 4)

L. chloris

Red-eyed Tree
Frog

À



Closely related to
L. subglnndulosa,
L. phyllochroa and
L. daviesae.

L- citropa species groupl3

L. aurea species groupls

Closely related to L. rubella

L. rubella species grouprr

Closely related to
.Pl_ P2L. ewrnSr

Closely related to
L. rubellaPr.

No observed effects.

No observed effects

No observed effects

Stimulation of nasal

mucosa. Response to the
sensation va¡ied with most
noting low to no irritation.
Three volunteers, however,
noted a strong 'chemical'
irritation.

oF (3,5),
PO,P2

oF (4,8), PO

PO, P2

oF(3, 13),
Ll, P1, PO

Fp1, SC6¡.pe,
Bor, po, pz

LC

LC, B

Flt, pt,

SCor, pr,.o

(A) No odour (3 x bred juveniles)Po; Strong,

distinct (1); Unique (1); Penetrating (1); Green,
citrus, musky'o'n (2).

Similar to L. spencerin.

(B) 207o like;807o indifferent.

(A) Sweet ('suga¡y'), vegetablePo; Sweet (2);
Sweet, sharp, alcoholic (2); Sweet mulch, fresh wet
leaves (4).

Slight similarity to Z. raniformisPo.

(B) lo07o indifferent.

Simila¡ to L. ewingi but less spicy & with a slight
citrus notePo.

Similar to L. ewingiPz.

(A) Grass-like, sou*r'Po; Acrid, grass-like (l)Pt;
Grass, dirt (2);Peat moss, Plant (1); V/et rainforest
(1); Earthy, fungal (1); Eucalypt, earthy (1); Damp

carpet (1); Damp clothes, mildewy (1); Rising
damp, musty (1); Adelaide tap water, chlorine (1);

Chemical (1); Boccochini (Italian cheese) (1).

Similar to L rubella & L ewingiPl' P2' Po.

(B) 87o like; 62Vo dislike; 307o indltrerent

L. citropa

Blue Mountains
Tree Frog

L. dahli

Dahl's Aquatic
Frog

L. dentata

Bleating Tree Frog

L. electrica
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Closely related to
L. jervisiensis and
L. paraewingi

L. ewingi species groupl-3

L. bicolor species groupl3

L. eucnemis species groupl3

L. aruensis species groupL3

L. Iatopalmala species
L3group

Stimulation of nasal

mucosa, however, no
adverse perception.
Sensation ranged from a

sharp, fresh feeling to a
dry irritation concordant
with the supplied
'spicy/herbaceous'
description.

Low - mild irritation of
nasal mucosa

Ll, OF(37,
49), Pl, PO

PO, P4

LI

Ll, OF(5,5)

PO

L1

Flr, pr, po,

SCor. pr, po,

LCor, pr, po,

Bor. po

LC, B

LC

SCor, po,

LClt, or, po

F

(A) GrassJikett'tt (6); Mown lawn (2); Green
vegetable (2); Brussell sprout (1); Planrlike (6);
Potting soil (5); Earthy (1); Earthy, grass (4);

Earthy, mossy (1); Mossy, green (1); Green pea (3);
'Light', green (1); Herbaceous, green (6); Spicy,
green (3); Peppery (1); Camphoraceous (1);
Eucalypt, green, earthy (l); Leaf litter, composty,

forest floor (3); Wet soil with hint of 'electrical
fue', burning plastic (1).

Distinct variation in odours of individual frogs

Similar to L. rubella, L. electricaPr'Po &
L. dentataPz'Po.

(B) l00Vo indifferent.

MulchPo'Pa

No detectable odour

(A) No detectable odou*r; Smoky, greenPo; Spicy
(1), Herbaceous (3); Green, cuny (1).

(B) 4O7o hke;607o indifferent.

No detectable odourll

L. ewingi

Brown Tree Frog

(see Chapter 7)

L fallnx

Eastern Dwarf Tree
Frog

L. genimaculata

L. gracilenta

Dainty Tree Frog

L. inermis

Peter's Frog

5
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Relatively close relationship
to L chlorisPl

L. infrafrenafø species group

L. ewingi species groupl

Very closely related to
L. tittlejohni (species pair)Pl

Monotypic species groupL3

L. ewingi species group*t

Species pair with
.Pl

L. lervtsrcnsts

Monotypic species groupt3

L. aurea species groupt'3

L. freycineti species grouplr

L- latopalmala species
rilAgroup

Low - mild irritation of
nasal mucosa

LI,IA,PI,
P2, P5, PO

P6, P7, P8

PO, L7, L8

LI, PO

P6, P8

LT

L1, P9

L1

L1

Fu.pt.vz, SCps..o,

Br-l

F, LCpo

F¡1, SCp6

Fpo, ps

LC

F

F

F

Musky, spicePs; Dried thymeu; Currytt'Pl' P2' Po

CurryP6' 
ez' es' L7; Muskf' to

Faintly grass-likelr' Po

Cuny

No detectable odour

Characteristic, unpleasantÐ; Fresh, menthol,
Acridlr

Faintly grass-like.

No detectable odour

L. infrafrenata

Giant (or white-
lipped) Tree Frog

L. jerttisiensis

Jervis Bay tree frog

L. lesueuri

Lesueur's Frog

L.littlejohni

Heath frog

L. meiriana

Rockhole Frog

L. moorei

More's Frog

L. nasuta

Rocket Frog

L. pallida

Pale Frog
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L. ewingi species groupt'

Very closely related to
L. ewingi. The two species

breed and produce hybrids in
their narrow zone ofcontact
in north-eastern Victoriale

Closely related to L. rothü
(L. peronii species group)ß

L. citropa species groupl3

L. aurea species groupl3

Sharp, pleasant sensation

Mild - strong irritation of
nasal mucosa.

Pleasant sensation

Sensation ranged from a

fresh feeling to mild
irritation of the nasal

mucosa (not unpleasant)

oF(l, 3), P2,

PO

Ll,
oF(6,2s),
P2, PlO

oF(2,4), PO

L1,
oF(4, 18),
P10, Pl1,
PO

Fpz, po, SC6¡, Bpe

For, pz, pro, po'

LCrr, po

SC

Fpg, pro, po,

SCor. po

(A) Grass-likeot, Simila. to L. ewingiw'Po

(B) 1007o like.

(A) Sha¡p, plant-, grass-like, spicyPr0; Foul,
Unpleasant (6); Grass-like (1); Herb (3); Spicy,
green (l); (2); Peppery (2);

to (t0); Musty, wet hair- likell

Distinct variation amongst individualsP2' Ð' Po.

(B) 7 2Vo dislike; 28Vo indiffer ent.

(A) Green, cheesy (1); Sweet, sweaty foot (3);

Fatty, greenPo

Similar, but sharper than t. citropaPo.

(B) 507o dislike; 507o indifferent.

(A) Faecal (2); MossyPro; Earthy (1); Fresh,

menthol, acridll;Menthol (1); Green, earthy (1);
'Wet grass & soilPo (l); Fresh (1); Raw mushroom
(2); Fungal, mould (1); Unpleasant (1); Sha¡p,

fungal (1); Coumarin, hay-like note (1); Forest

floor, damp (2);Cutgrass (1); Benzene-like (1);

Kiwi fruit 
-& 

pear lollies (1); Ga¡licPlr.

(B) 287o like;33Vo dislike; 397o indlfferent

L. paraewingi

Victorian Frog

L. peronii

Péron's Tree Frog

L. phyllochroa

Leaf-green Tree
Frog

L. raniþrmis

Southern Bell Frog
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L. peronii species groupl3

L. rubella species groupl3

Closely related to
L. electricaPl

L. caerulea species gouplj

Induced feelings of nausea

in some volunteers but did
not appear to irritate.

Mild initation of nasal

mucosa

LT,
oF(rz,23),
Pl, PO

LT,
oF(ls,20),
PO

P2,P3,PO

L1, OF(3,
8), PO

Fpr. po, SCor,
LClt

FLr, po, SCor, po

LC, B

SC, LC, B

(A) Mild hshll; Raw red meat (l); Rotting meatPr

(3); Earthy, metallic, fungal (1); Dank, swampy (2);

Rotten eggs (2); Sulphur; Hydrogen Sulphide,
Sodium sulphite (4); Vinegar (1); Weird (1); Potent
(1); Foul (3); Mud, wet, damp (1); Rotten leaves
(l); Sweet, rotting smellPo; Plant, creek smell (1);

Hard to describe but not unpleasant (1).

(B) 877o dislike; l37o indifferent.

(A) GrassJike, sour, acrid at timeslr; Sharp, grass-

like (l); Plant-like (3); Broad beans, peppermint
(1); Ga¡den/nursery smell (4); Potting soil (3);

Earthy, wet peat mossPo (1); Detergent, chlorine
(1); Rainforest, rotting logs, ferns & pine trees (l);
Fungal, earthy (1); 'cool' (1); 'warm', used

sneakers (l); Pine, grass, sawdust (1); Hardwa¡e
product'Selley's all clear' (1).

Distinct va¡iation in odours from different
geographic locations

Similar to L. electrica & L. ewingiPo.

(B) 5Vo dislike; 957o indiffercnt.

Fresh, Sharp, Faint PinePo; DisinfectantP;
AntisepticP3.

(A) Nutty'l'Po- Cashew (2) - Peanut (6).

Similar fo L. caeruleaLr'Po.

(B) 1007o like.

L. rothü

Roth's Tree Frog

L. rubella

Red (or Desert)
Tree Frog

L. spenceri

Spotted Tree Frog

L splendida

Magnihcent Tree
Frog

5
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L. citropa species groupu

L. ni g r ofr enafa species
groupl3

No observed effect

No observed effect

No observed effect

No observed effect

oF(l,5), PO

L1

PO

PO

L1

Ll, PO

LI,PO

LC

F, LC

F, LC, B

F, LC

F

F, LC

F, SC, LC, B

(A) Decomposing grass clippings (l);
Decomposing vegetation (1); Sweet, compost (l);
Greenleaflo 12).

(B) l0o7o indifferent

No detectable odourll

No detectable odour

No detectable odour

No detectable odourll

No detectable odourtt' Po

No detectable odourll' Po

L. subglanduLosa

Glandular Frog

L. wotjulumensis

'Wotjulum Frog

Myobatrachidae

Crinia haswelli

Haswell's Froglet

C. parinsigniftra

Eastern Sign-
bearing Froglet

C. remota

Remote Froglet

C. riparia

Streambank Froglet

C. signifera

Common Froglet

À
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Low - mild initation

Volatile secretion:

- LachrymationPe

Non-volatile secretion:

- Lachrymation and intense
initati on/burning sensation
following accidental eye
contacÈlo

- Ingestion of secretion
resulted in dry, swollen
lips and mouth, tightness
of the respiratory tract
leading to restricted
breathins and reduced
heart raõLlo'Lll

All stimulate the nasal
mucosa - feeling warmth

Ll, P10, PO

P9

P8

LI

P2

Fps,po, BLr, po

F

F

F

F, LC, B

No detectable odourLl; Musty, wet dirtPl0'Po

Simila¡ to Pseudophryne spp.'o.

Characteristic odour.

No detectable odour

No detectable odour

Geocrinin laevis

Smooth Frog

Heleioporus spp.

H. australincus

Giant Burrowing
Frog

H. eyrei

Moaning Frog

Limnodynastes spp.
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Dry/warm sensation

Nonvolatile secretion of
tibial gland aversive to
ratslllA

No observed effect

Dry/warm sensation

No observed effect

No observed effect

Dry/warm sensation

L1

oF(8,8), PO

P10, PO

PO

LT,
oF(12,8),
Pl0, Po

L1,
oF(14,8),
PO

PO

LC

F, LC

F

LC

F

Fq, po, SCq¡, Bps

B

No detectable odourll

(A) Warm, dry sensation (7); Musty, spicy, earth-

like (1); Warm, shirazPo.

(B) I00Vo indifferent.

Musty, burnt, f,rshy

Dry/warm sensation (no real odour).

Musty, burnt.

No detectable odour

No detectable odour

L. convexiusculus

Marbled Frog

L. dumerilü

Four-bob (or
Eastern Banjo)
Frog

L. fletcheri

Marsh (or Long-
thumbed) Frog

L. interioris

Giant Banjo Frog

L. peroni

Brown-striped Frog

L. tasmaniensis

Spotted Grass Frog

L. lerraereginae

Northern Banjo
Frog

5
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Genetic studies suggest this
genus should be
synonymised with
LimnodynastesPr .

No effect

Nauseous sensatiom

Fresh, pleasant sensation

Pleasant sensation

Pleasant sensation

L1

PO

LI

L1, OF(5,8),
PIO, PO

Lt,
oF(12,8),
P2, P3, P1O,

PO

oF(5,8), P2,

P3, P10, PO

oF(4,8)

PO

LC

LC, B (uvenile)

F

Flr, pro, po, SCor

Fp16, p6, SC6¡,
LC¡1, Bp2. p3

Fpro, po, SCe¡, Bp2,

P3, PO

SC

No detectable odour.

No detectable odour.

No detectable odour

(A) Fermented meat-likelr'to (Z); Sweet, red meat
(l); Sweet, unpleasantPro (5).

(B) 87.5Vo dislike; I2.57o indiffercnt.

(A) No detectable odourll; Sweet, floral (4);
FloralP3'PrO'Po (6); Toilet freshenerP2 12).

(B) 1007o like.

(A) Floral.

(B) 1007o like.

(A) Sharp, sweet, floral.

(B) 1007o like.

Megistolotis
lignarius

Carpenter Frog

Mixophyes

fasciolatus

Great Barred Frog

M. schevilli

Northern Barred
Frog

Neobatrachus
centralis

Trilling Frog

N. pictus

Painted Frog

N. sudelli

Sudell's Frog

Notaden bennetti

Crucif,rx (or Holy
Cross) Toad
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Pleasant, mild initation

Mild irritation, not
unpleasant

L1, OF(3,6),
PO

L1

L1

P2

oF(4,8)

PO

P2, P3, PO

P2, P3, PO

P2, P3, PO

LC

LC

B

F, LC, B

Fps, SCqp, Bp6

LC, B

LC, B

LC, B

(A) No detectable odourlr; FloralPo (4); Hand soap

(1); Colonge (1)

(B) 1007o indifferent

No detectable odour

No detectable odour

Musty, dirt-like

(A) Musty, earth-likePo; Wet dirt (8)

(B) 1007o indifferent

Musty, wet dirt

Musty, wet dirt

Musty, wet dirt

N. melanoscaphus

Northern Spadefoot
Toad

N. nichollsi

Desef Spadefoot
Toad

Paracrinia
haswelli

Haswell's frog

Pseudophryne spp.

P. bibronü

Bibron's Toadlet

P. coriacea

Red-backed
Toadlet

P. corroboree

Corroboree Frog
(Toadlet)

P. dendyi

Southern Toadlet

a
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P9

P9

Ll, P2, PO

L1

LI

L1

LI

LI

F

F

Fp¿ po, LCn,po,
Blr, pz, po

F

LC

LC

F

F, LC

Unpleasant. Not very pungent or obvious

Unpleasant. Not very pungent or obvious

No detectable odou*l; Musty, dirt-likeP2'Po

Musty, ea¡thlike

Musty, ea¡th-like.

Musty, ea¡thlike.

Musty, ea¡th-like.

Musty, earthJike.

P. guentheri

Günther's Toadlet

P. occiàentalis

Western (or
Orange-crowned)
Toadlet

P. semímarmorata

Southern Toadlet

Uperoleia altissima

U. aspera

Derby Toadlet

U. borealis

Northern Toadlet

U. inundata

Floodplain Toadlet

U. lithomoda

Stonemason
Toadlet

L'I

a



LI

PO

PO

L1

LI

LI

Pl1

Pl3, P14

F, SC, B

LC

LC

LC

F

F

F

Musty, earth-like.

No detectable odour

Musty, earthlike

Musty, ea¡th-like

Musty, earth-like

Males - garlic & mint (toothpaste like)

Females - no odour

Characteristic, spicy, simila¡ to R. pretiosa but not
as biffe113; Peanut butter, similar fo B. punctatasPra

U.littlejohni

Littlejohn's
Toadlet

U. martiní

Martin's Toadlet

U. mjobergii

Mjöberg's Toadlet

U. talpa

Mole Toadlet

Microhylidae

Cophixalus ornatus

Ornate Frog

Foreign Frogs

Bufonidae

Bufo spp. (Yemen)

B. boreas

'Western Toad

9r
f.)



Non-volatile secretion;

- Accidental contact of
secretion with eye caused

intense pai¡Llo' et' eq

Skin secretions cause

severe sneezing and
catarrh-like symptoms in
, Ll5numans

Skin secretions cause

severe sneezing and

cat¿¡rhlike symptoms in
humansll5

LI,LI2,PO

P14

Lt3

Lt4

L15

L15

LI3

LC, F

F

No detectable odou*r'Po; Statement made in
reference to chemical defence that the cane toad

secretion smellsll2

Peanut Butter

Vanilla

Cha¡acteristic smell. Statement made that "the
smell is so powerful that it deters almost all
predators."

Cha¡acteristic smell

Characteristic smell

Mink

B. marinus

Marine (or Cane)

Toad

B. punctatus

Red Spotted Toad

B. vulgaris

European Toad

Discoglossidae

Alytes obstetrícans

Midwife Toad

Bombina bombina

Red unk

B. variegata

Yellow unk

Hylidae

Gastrotheca
monticoLa

(¡
u)



Secretion shown to repel
shrews/prevent feedinglr 

7

Inhibits feeding in some
, t20.L2t

snaKes

P15

Pl, P16, PO

P15

Lt6

L6

Lr1

Ll8

LT9

P17, POFpru, Bpo

Distinct odour

Cooked, steamed green vegetables; Runner beans

Characteristic odour, difficult to describe

Smell noted but not described

Disagreeable

Strong odour

Acrid rotting leaves

Unpleasant

Indescribable yet distinclcharacteristic to the

clawed toadPrT; No odour (8 frogs tested)Po.

Phrynohyas
venulosa

Marbled tree frog

Hyla chrysoscelus

H. regilla

H. versicolor

Phyllomedusa spp.

Phyllomedusa
rohdei

P. tomopterna

Tiger leg Monkey
Frog (or Lemur
Tree Frog)

Dendrobatidae

Aromobates
nocturnus

Pipidae

Xenopus laevis

African clawed
toad

Urs



Irritation & watering of the
L26

eyes

Irritating to eyes (burning
sensation when
accidentally rubbed in
eyes)

L22

L6,L23,
L24

L6,L25,Ptg

L27

L28

P19

L29,L24

L22

Onion

G arlicLz3' 
Lu 

; Dis agreeab leu

Disagreeable odouli' L26; PeanutsPls

Roasted peanuts

Peanut

Skunk.

Disagreeable odour

Onion.

Pelobatidae

Pelobates sp

P. fuscus

Garlic Frog

Scaphiopus spp.

S. hammondíi

Western spadefoot
toad

S. intermontanus

Great Basin
Spadefoot

S. holbrookü

S. holbrookü
hurterü

Hufer's Spadefoot

Pelodytidae

Peladytes sp.

L'I
L,I



Irritating to eyes.
Experiments show the
secretion to be highly toxic
(unpubl. data)P2z

P20

P2t

P22

P2l

Pzt,Lt3

P23

Parsley

Garlic (not consistent - some frogs on handling
don't produce any odour).

Distinct odour

Garlic (not consistent).

MuskyPl

Tadpoles - peculiar, sweetish odourll3

Reminiscent of new plastic products.

Odour produced byjuveniles and adults ofboth
sexes. Not detected in metamorphs.

Pelodytes
punctatus

European Parsley
Frog

Ranidae

Rana a. zurora

The Northern Red-
legged Frog

Rana capito

Gopher Frog

R. cascadae

Cascades Frog

R. hechsheri

River Frog

R. luteiventris

Columbia Spotted
Frog

U¡
o\



Non-volatile secretion
observed to kill other
species of frog on cotactl3o

P2t

P19

P13

L6,PI9,
P24,P25,
PO

P26

F

LC

Garlic.

Alfalfa sprouts.

Distinct odour, Bitter, spicy - similar to western

toads (8. boreas) but not as bitter

MinkPa; Mink/AnimalisticPo; FoulP2s; UrinePre;

Disagreeablel6

Peppery

R. muscosa

Mountain Yellow-
legged Frog

Rana palustris

Pickerel Frog

Rana pretiosa

Oregon Spotted
Frog

Rana
septentrionalis

Mink Frog

Mantella
aurantiaca

Golden Mantellid

*Percentage like/dislike/indifference only relates to observations made during the olfactory analysis of Aust¡alian frogs. No attempt has been made to standardise results

against number of volunteers.

#Observed effect of volatile secretions unless otherwise stated.

Personal reports: Pl = Mike Tyler (Adelaide University: mtyler@adelaide.edu.au);P2=Geny Ma¡antelli (Amphibian Resea¡ch Centre, Melbourne: arc@frogs.org.au);

P3 = Raelene Hobbs (Amphibian Research Centre); P4 = Russel Traher (Melbourne Zoo: russel.traher@zoo.org.au); P5 = Deborah Pergolotti (Cairns Frog Hospital:

frogcrusader@north.net.au); P6 = John Wombey (CSIRO, Wildlife & Ecology: John.Wombey@dwe.csiro.au); P7 = David (david@fats.org.au); P8 = Frank Lemckert

(Research & Development Division, State Forests of NSV/: frankl@sf.nsw.gov.au); P9 = Robert Davis (University of Western Australia: rdavis@upnaway.com); P10 = Steve

Walker (EPA, South Australia: sjwalker@visto.com); Pl1 = Peter Robertson (wildlife.profiles@bigpond.com); P12 = John Mulder (Mulder.J@net.HCC.nl); P13 = Jay

lJr
-l



Bowerman (bowerman@empnet.com);Pl4 = Terry Schwaner (Southern Utah University: Schwaner@suu.edu); P15 = Cal King (getulus@no bull.com); P16 = Mark

Hutchinson (South Australian Museum: hutchinson.mark@sagov.sa.gov.au); P17 = Jack Crayon (University of California, Riverside: crayoj@student.ucr.edu); Pl8 = Renata

Plattenberg (plattenberg@yahoo.com); P19 = Jackie Grant (Cornell University: jbwl @cornell.edu); P20 = Andy Stevenson (andy.cc.stevenson@postoffice.co.uk); P21 = Sean

Barr (University of California, Davis: sjbany@ucdavis.edu); P22 = John Jensen (Georgia DNR, Nongame-Endangered Widlife Program: John-Jensen@mail.dnr.state.ga.us);

P23 =BryceMaxell (University of Montana: nathist@selway.umt.edu); P24 =Bob Ling (Kankakee Community College: bling@kcc.cc.il.us); P25 = Mel (Herpfrog@aol.com);

P26 = Edward Kowalski (Philadelphia Zoological Society: EdwardK6T4@aol.com). Literature sources: Ll = V/illiams et al. (2000);LZ = Maxson et al. (1985); L3 = Tyler

&Davies(1978);L3A=Davies,Martin&Watson(1983);L4=TyIer(1968);L5=Tyler(I976);L6=Duellman&Trueb(1986);L7=Ma¡tin&Littlejohn(1966);

L8 = Cogger (2000); L9 = Dennington (1990); L10 = Tyler (1987); Ll I = Softly & Nairn (1915); L11A = Crook & Tyler (1981);Ll2 = Stoddart (1980a); L13 = Noble (1931);

L14 = V/ildlife Fact-File cañ3 (1997); L15 = Habermehl (1981); L16 = Brodie & Formanowicz (1981); L17 = Sazima(1974); L18 = Tigerleg Monkeyfrogs,

http://www.mascarino.com/ VariousTiglerlegMonkeyfrogs.htrnl (accessed 25th October 2000); L19 = Myers et al. (1991);L20 =Zielinski & Ba¡thalmus (1989);

L2I =Barthalmus & Zielinski (1988); L22 =Boulenger (1911); L23 = Mattison (1987); L24 =Lábler et al. (1968); L25 = Conant & Collins (1991); L26 = Minton, SA Jr'

Q97Ð;L27 = Stebbins (1985); L28 =Waye & Shewchuk (1995); L29 =l;N{.cCoid et al. (1999); L30 = Oulahan(1976).

(¡
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Chapter 3: Solid-phase Microextraction as a tool for sampling
frog volatile compounds

3.1 lntroduction

Despite interest in amphibian odours few studies have sought to determine the

components responsible for frog odours. A primary reason for this lies in the difficulty

of sampling volatile compounds and their subsequent chemical identification. Many

conventional methods of extraction are destructive to both the organism and the

chemical under study and, as a result, lead to misidentification and/or loss of the

sample. Where this involves the sampling of live animals, ethical considerations need

to be taken into account. Hence it was an important focus of this study to develop a

non-destructive mechanism of extraction for volatile skin chemicals.

Attention focused on the sampling and preconcentration technique of solid phase

microextraction (SPME). SPME has been applied to a wide range of volatile and semi-

volatile organic compounds from various matrices such as air, water, and soil

(Pawliszyn 1997), and has found applications in food, pesticide, and environmental

fields (Pawliszyn 1999). Several applications of SPME to chemical ecology have also

appeared. For example, SPME has been used for the sampling of insect pheromones

(Malosse et al. 1995; Mozuraitis et al. 1996; Moneti et al. 1997; Monnin et aL 1998;

Frerot et al. 1997) and has been shown to be comparable to solvent extraction and

solventless injection (Moneti et aI. 1991). SPME has also been used for the

identification of plant volatiles (Schäfer et al.; 1995 Matich et al. 1996) and to isolate

pheromones from the brown algae, Laminaria digitata by direct insertion into seawater

(Maier et al. 1996).

This chapter describes the use of headspace SPME (HS-SPME) as a tool for

extracting frog volatile compounds and compares it to solvent extraction techniques

used in conjunction with Tyler's non-destructive method for the release of frog

glandular secretions (Tyler et aL 1992).
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3.2 Methods

The effectiveness of SPME was studied by analysing the release of eucalyptol

from the skin glands of Ewing's tree frog, Litoria ewingi. Following preliminary trials

employing crude hexane extractions of skin, it was observed that eucalyptol (identified

using the NIST92 chemical library) was a regular (albeit trace) component of the

extract. Attempts were made to absorb the volatiles from the secretion using three

different commercially available S PME fibres.

Eight frogs were collected from Mannum, South Australia, Australia. The frogs

were maintained in quarantine for one month before being transported to the

Department of Chemistry, University of 'Waterloo, Ontario, Canada. The animals were

housed in plastic aquaria (400 x 2IO x 260 mm) lined with a substrate of wet

newspaper. Lighting was supplied by overhead fluorescent lights and a photoperiod of

16:8 light:dark employed. Laboratory temperature was maintained at 23"C. Frogs were

fed on crickets obtained from the Department of Zoology, University of Guelph.

Three commercially available SPME fibres (Sigma-Aldrich Pty. Ltd.), 100 pm

polydimethylsiloxane (PDMS), 65 pm polydimethylsiloxan/divinylbenzene

(PDMSiDVB) and l5 pm polydimethylsiloxane/carboxen (CARÆDMS), were

investigated for headspace sampling of the volatile components of the secretion. Frogs

were sampled by placing them in 15 ml clear glass vials, into which stainless steel wire

baffles were inserted to limit the movement of the frog and prevent it from contacting

the fibre (Figure 3.1). kritially, larger sample chambers were used, but the volume was

reduced to facilitate mass transfer of the analytes to the fibre coating, after determining

that the frogs were not unduly stressed in the smaller vial, and had adequate air for the

entire sampling duration. Other techniques usually employed to increase mass transfer

include vial and/or fibre agitation or heating (Pawliszyn, 1997); both of these prove

difficult to accomplish when sampling volatiles from live animals.

Prior to sampling, frogs were voided of urine by applying gentle pressure to the

bladder. Once the frog was enclosed in the vial, the vial was shaken vigorously for 10-

20 seconds to stimulate release of its glandular secretion and the associated volatile

compounds. The headspace of the vial was then sampled at23"C for 1 minute using the



6l

PDMSIDVB fibre and 10 minutes for both the PDMS and CAR/?DMS fibres, Sample

times were based on times determined by Koziel et al. (1999) for fast sampling of air.

Following sampling, the PDMS fïbre was immediately introduced to the gas

chromatograph's injector, Both the PDMS/DVB and CAR/?DMS fibre were stored on

dry ice prior to analysis.

(A) (B)

I,ígure 3.1 Headspace sampling of frog volatile compounds. (A) Sï!ß fibre holder and vial with frog.

(nl Close up of sámple viaî followin gfrog (Litoria ewingi) stimulation. The foamy residue on the side

ofthe vial is released secretion,
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Analysis was performed on a Varian 3400C gas chromatograph coupled to an ion

trap detector (Varian 4D Saturn GC/MS). The gas chromatograph was fitted with a HP-

5MS silicone column (30 m x 0.25 nìm x 0.25 pm). The canier gas was helium at 10

psi. Oven temperature was maintained at 40"C for 1 minute and was then programmed

at S"C/minute to 110'C and 20"C/minute to 260"C. A septum programmable

temperature injector (SPI) was used and its temperature held constant at 250,210 and

260"C for the PDMS, PDMS/DVB and CAR/PDMS fibres, respectively. A desorption

time of 3 minutes was employed for both the PDMS and PDMS/DVB fibres and 5

minutes for the CAR/PDMS fibre. The mass spectrometer was operated in electron

impact mode using a multiplier voltage range of 1600 to 1620 volts, axial modulation 4,

filament current 25 ¡tA, ion trap temperature 150'C and transfer line temperature 25O"c.

The technique was compared with the non-destructive method employed by Tyler

et aI. (1992) in which secretions are released from the frogs' skin glands during the

application of an electrical stimulus to the skin surface (Figure 3.2). The secretions are

then washed from the skin with water and collected for analysis. Three frogs, collected

from the same site at Mannum, were stimulated and their secretions pooled. The

resultant water/secretion mixture was then extracted with an equal volume of hexane

and concentrated for analysis. Analyses of the extracted secretion were performed on a

Varian 3400C gas chromatograph coupled to a Finnigan Mat 70-TSQ quadrapole mass

spectrometer. The same column type and temperature programme used for the SPME

studies was employed. The injector temperature was held constant at 250'C. Ionization

for mass analysis was by electron impact at 70 eV and 220"C. Selective ion scanning

mode was employed.
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X'igure 3.2 Surface electrical stimulation of Litoria ewingi. Following stimulation the secretion is

washed from the frog using distilled water.
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3.3 Results

Eucalyptol was readily isolated by SPME. Co-eluting with eucalyptol was the

monoterpene limonene (Figure 3.3). The presence of both compounds was confirmed by

comparing retention times with the retention times of standard compounds (Sigma-

Aldrich Canada Ltd.) under the same chromatographic conditions. Mass spectra from

NIST92 and in-house libraries were also used. Hexane extracts of the water/secretion

mix obtained by Tyler's method did not yield eucalyptol or limonene.

Table 3.1 shows the detection of both compounds, reported as signal to noise ratio

(SnÐ, in 8 animals using the three fibres. Relative abundances of extracted limonene

and eucalyptol are compared for frogs four, five, six, seven and eight (Figures 3.4 and

3.5). It is clear, that under the described experimental conditions, the PDMS fibre did

not perform as well as the PDMS/DVB or CARÆDMS fibres.

Table 3.L Detection (S/1.{) of limonene and eucalyptol in the volatile profile of Litoria
ewingi using three different SPME fibres.

PDMS/DVB 65um

Limonene Eucalyptol

CAR/PDMS 75um

Limonene Eucalyptol

PDMS 100lrm

Limonene Eucalyptol

nd
7
nd
nd
nd
14
nd
19
nd
36
nd
48

l.**

***

11

***

nd
#
nd
33
nd
26
nd
48
nd
30
nd
26
nd
36

::.
nd
#
nd
18
nd
60
6

65
15
23
nd
34
nd
80

:::
nd
t5
nd
#
nd
68
nd
9l
nd
32
nd
t4
nd
35

***

nd
20
nd
#
nd

280
9

280
12
146
tr
4t
tr
96

nd
36
nd
nd
nd

Control 1

Frog 1

Control 2
Frog 2
Control 3

Frog 3
Control 4
Frog 4
Control 5
Frog 5
Control 6
Frog 6
Control 7

Frog 7
Control 8

Frog 8

nd
84
tr
67
10
44

*{.{.

{.**

nd Not detected

tr Trace (S/lr{ <5)
*x* Fibre not tested

# Fibre damaged by frog
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RC cor¡nls

100

A = Limonene

B = Eucalyptol

50

25

50 ?5 150

Figure 3.3 The presence of limonene and eucalyptol in the volatile profile of Litoríq ewingi. Both
compounds appear to be derived from dietary sources (see Chapter 8), with limonene prominent in the
food source ofthe frogs.

A
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Tigure 3.4 Relative abundance of limonene extracted from Litoria ewingi (fiogs 4, 5, 6,7 and,8) by the

PDMS/D\B (l min exposure), CAR/PDMS and PDMS (10 min exposure) fibres.
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X'igure 3.5 Relative abundance of eucalyptol extracted ftom Litoria ewingi (frogs 4, 5,6,7 md 8) by the

PDTMS/DVB (l min exposure), CAR/PDMS and PDMS (10 min exposure) fibres,
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3.4 Discussion

It is clear that SPME is an effective tool with which to investigate volatile

biological compounds. The ease with which SPME can be used (due mainly to its

simple operation and lack of sample preparation steps) makes this technique attractive

to both chemists and biologists. The primary advantage, however, lies in its application

to the sampling of living organisms. Conventional methods can be destructive to both

the target chemical and organism under study, and are severely limited when it comes to

studying changes in the chemical signature of an individual. With headspace SPME,

only those compounds volatile enough to interact with other organisms or the

organism's physical environment are sampled. These compounds can then literally be

taken from the "frog's back" and introduced directly to the analytical instrumentation,

removing the risk that the compounds emitted are changed during the extraction

process. As the frog is not harmed during this process, repeated sampling events can be

conducted. The ability to sample the same animal at various life stages increases the

amount of information that can be obtained and also provides information about any

temporal variation of volatile compounds in the skin of the frog.

The use of short sample times with porous-polymer-coated fibres (PDMS/DVB &

CAWPDMS) provided the most effective extraction technique whilst minimising the

stress to frogs. Under the described conditions, the CAR/PDMS fibre provided similar

extraction efficiency for limonene and increased extraction efficiency for eucalyptol

compared with the PDMS/DVB fibre. The PDMS/DVB fibre, however, proved more

effective when extraction time was accounted for. Furthermore, the capacity of the

CAR/PDMS fibre for sampling high molecular weight (>150 amu; recommended use

< 90 amu) and planar analytes is limited (Shirey & Mindrup 1999a). The CAR/PDMS

fibre also has a higher percentage of micropores compared with the primarily

mesoporous PDMS/DVB (Shirey & Mindrup l999a,b). This results in the CAR/PDMS

fibre retaining compounds more strongly and can lead to ineffective and./or incomplete

desorption from the fibre and consequently chromatographically broader peaks and/or

carry over. Although this problem may be overcome using higher desorption

temperatures, the effect of higher background levels and the potential for thermal

degradation of the sample must be taken into consideration. High background levels
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associated with the CAR/PDMS fibre accounted for the PDMS/DVB fibre providing the

best signal/noise ratio (detection limit) for the majority of frog volatiles analysed.

The rapid rate with which a sample can be collected is of advantage when

sampling frogs. Due to the nature of frog skin, and its role as a respiratory surface, it is

important the animal be kept moist to minimise desiccation. Standard techniques of

volatile trapping usually employ dynamic systems in which air is drawn across the

sample over time. Desiccation stress as a result of such methods may alter the chemical

profile of the animal or, if humidified air is used, traps to remove the moisture could

provide sites for analyte loss. 'Water molecules may also compete for sites on the

adsorbent trap reducing the concentration of volatiles collected (Koziel et aL 2000).

Short sample times overcome these problems and negate the need for expensive

experimental setups. By using fibres covered with mixed porous solid adsorptive

coatings such as Carboxen/PDMS and PDMS/divinylbenzene the extraction can be

interrupted and the fibre analysed prior to equilibrium, reducing displacement of

analytes sorbed in the fibre caused by major matrix components such as water. These

coatings are characterised by a higher extraction efficiency than liquid coatings,

especially for low molecular weight compounds (Gorecki 1999; Mani 1999). This

facilitates short extraction times and better temporal resolution.

The ability to concentrate samples on the fibre is another advantage of SPME.

The high efficiency of the fibre in extracting low concentration samples enabled the

analysis of individual animals. 'Whereas we could sample terpenes from a single animal

using SPME, on average two skins were required for solvent extraction. Malosse ¿/ ø/.

(1995) showed this when he demonstrated the quantity of volatiles isolated from a

single pheromone gland using SPME equalled the amount isolated from 50 glands using

solvent extraction. The ability to sample individual animals decreases the number of

subjects needed for a test and allows individual variation to be assessed. The ability to

work with low sample numbers or amounts is also an advantage if the sample is in

limited supply, a threatened species or difficult to obtain.

Although Tyler's method is effective for the collection of nonvolatile compounds

such as peptides and alkaloids, it is limited in its application because compounds in low

concentration may be lost either during the collection or extraction process.
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Furthermore, washing the secretion from the skin with water decreases the ability to

capture water-insoluble compounds, and may explain the lack of eucalyptol in hexane

extracts of the L. ewingi secretion.

Besides the analytical shortfalls associated with conventional methods,

consideration must be taken into account of the widespread decline in many frog species

(Tyler, 1991). Typically glandular secretions have been obtained via extractions of

excised skin. In some species more than 1000 specimens have been sacrificed to obtain

sufficient quantities of a compound for identification (e.g. Roseghini et al. 1976). It is

imperative that non-destructive techniques for the identification of volatiles be

developed if we wish to continue to search nature's vast store of chemicals without

plundering the environment. The use of SPME fills this gap for volatile and

semivolatile secretions.

3.5 Conclusion

SPME proves an effective and easy to use tool for the study of frog volatile

compounds and overcomes many of the problems associated with conventional

sampling techniques. Factors favouring SPME include its non-destructive nature,

accuracy, speed, preconcentration ability and cost (a single fibre may be re-used on

average 100 times). It is hoped that the application of SPME to this study will open up

what until now has been a poorly explored field of research - the study of frog odorous

secretions. Moreover, the utility of SPME will allow the chemical characterisation of

many of the odours commented on by herpetologists.
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Ghapter 4: Odour of the Green Tree-Frog, Litoria caerulea
(White, 1790).

4.1 lntroduction

The skin chemistry of the Green Tree-Frog, Litoria caerulea, has received

considerable attention because of the presence of enlarged parotoid (poison) glands on

the dorsal surface of its head (Figure 4.I). Although no actual role (from the frog's

perspective) has been demonstrated for the secretion released by these glands 
*, 

it seems

likely, based on the pharmacological action of many of the secretions' components, that

it would serve a defensive function. If unable to escape the vicinity of a predator,

L. caerulea will adopt a defensive position whereby the body is inflated and raised off

the ground on all four legs, the rear of the body being held higher than the head

(Figure 4.2). The head, and consequently its glands, are then directed towards, and

sometimes 'butted' against the threat. At the same time large quantities of the secretion

may also be released (Williams et aL 2000). Compounds previously isolated from this

secretion include 5-hydroxytryptamine (serotonin), 5-hydroxyindoleacetic acid, 5-

hydroxytryptophol (Roseghini et aI. 1916; Erspamer 1994), histamine, N-

acetylhistamine, and the bioactive peptides bombesin, caerulein, the caerins and

caeridins (Anastasi et aI. 1968; Stone et aI. I992a; Waugh et aI. 1993). In addition to

these components, odorous compounds are usually released, often well in advance of

the non-volatile secretion Qters. obs.).

Litoria caerulea (Figure 4.1) is alarge tree frog with a broad body and short limbs

(males 66 - l1 mm; females 60 - 110 mm). It has a wide distribution from the coast to

the drier interior of northwestern 'Western Australia, The Northern Territory,

Queensland, South Australia and New South Wales. It is found in a large variety of

habitats and is frequently found in human dwellings, lavatories, water tanks and

troughs, windmills etc. This, together with its widespread sale in the domestic and

international pet trade, makes L. caerulea Australia's most well known frog.

tMost 
research on peptides of anuran skin has centred around their use as tools in biochemical taxonomy (Cei et al. 1967, 1968;

Fujitaet al.198l), questions related to evolution and structure ofpeptides found in the vertebrate nervous system and gut (Crim &
Vigna I 983), or more recently to their antimicrobial (Zasloff 1987) and antitumour potential (Ohsaki et al. 1992).
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This chapter examines the volatile compounds produced by L.caerulea and

reports on the isolation and characterisation (chemical and olfactory) of the compounds

responsible for the odour. In addition, the effect of L. caerulea odour on human test

subjeets, and the ability of various stimuli (model attack events) to elicit odour release

are investigated in order to gain insight into the proposed 'defensive' function of

volatile secretions in frogs.

The aims of this chapter are to

Describe in detail the sensory characteristics of the odour released by

L. caerulea

Isolate and characterise the compounds responsible for the odour and

Investigate the effect of simulated attack events on odour release

Snout to vent length 100 mm

X,igure 4.1 The Australian Green Tree-Frog, Litoria caerulea (White, 1790). Note the enlarged glands

poãitioned above the shoulders on the dorsal surface of the head (pa¡otoid glands) (Source: Cogger 2000),

I

2

J
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Figure 4.2 lHigh intensity defence posture exhibited by Litoria caerulea when stressed or challenged.

Drawing courtesy of S.J. Walker (source: \ù/illiams et aL 2OOO).

4.2 Methods

4.2.1 Animals

Twenty frogs were collected from Nutwood Downs Station, 250-km southeast of

Katherine, Northern Territory (134" 09'E; 15'49' S). Sixteen were retained alive and

transported back to the laboratory for chemical (6) and olfactory (10) analysis. Four

were euthanased by placing them in a - 4"C freezer. Prior to being placed in the freezer

frogs were held for one hour at 5oC. The parotoid glands were then excised and placed

in liquid nitrogen for transport back to the laboratory and subsequent storage.

An additional 10 frogs were obtained from other localities for olfactory analysis to

determine whether intraspecific variation in odours occurred: Normanton, Qld (4),

Moomba, SA (3), Derby, V/A (1) and Darwin, NT (2). It is possible that the odour of

many frogs is determined by the compounds they take up and accumulate from their

diet. Therefore to determine whether the frog odour was synthesised by the animal or

was reliant on environmental sources, five captive-bred animals were also assessed for

odour.
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All animals were housed at 28"C in glass aquaria. A photoperiod of 12:12

light:dark was employed. Lighting was supplied by overhead daylight quality

fluorescent tubes (36V/ Philtips TLD Aquarelle). Frogs were maintained on a diet of

mealworms, crickets and blowflies.

Four captive-bred water pythons, Liasis fuscus (ca. two months old) were

obtained from Professor Russell Baudinette, Department of Environmental Biology,

Adelaide University. The pythons were maintained under constant temperature (26"C)

and photopeiod I2:I2 L:D. Snakes were housed together in a newspaper lined, glass

aquarium (1.5 x 0.5 x 0.5 m; L x B x H), supplied with a range of logs and stones under

which to hide. One end of the aquarium was divided to provide a water source for the

snakes. Snakes were fed a single adult mouse each once a week.

Three green tree-snakes, Dendrelaphis punctulata, wefe obtained from Mr. Ben

Wright, Northern Territory Snake Catchers Pty Ltd, Howard Springs, Northern

Temitory. According to Mr. Wright the snakes, which were initially collected from the

wild, had been held in captivity for at least six months prior to purchase. During this

time snakes were maintained on a diet of lizards and, on occasion, force-fed neonatal

mice. On arrival at Adelaide University, all snakes were weaned onto a diet of neonatal

mice. Snakes were fed two neonatal mice each once a week. The snakes were housed

separately in constant temperature chambers (90 x 60 x 60 cm; L x B x H), held at28"C

and photoperiod 12:I2L:D. All chambers were provided with a range of large branches

on which to climb and a water pool.

4.2.2 Olfactory characterisation

One hundred and forty eight naive volunteers (i.e. volunteers untrained in

olfactory analysis and with no prior experience of the frog's odour) were asked to smell

the secretion released by a stressed frog and then describe, in five words or less, the

odour that they perceived. The volunteers were also asked whether they liked or

disliked the sensation. Frogs were restrained and caused to secrete by applying mild

electrical stimulation to the parotoid glands following the technique described by Tyler

et aI. (1992). All handlers wore latex gloves to avoid contamination with human odour.



74

Immediately prior to exposure volunteers were asked to smell the latex gloves for one

minute so as to familiarise themselves with that odour,

Animals were held approximately 15 cm below the nose of a volunteer and the

volunteer instructed to breathe normally (Figure a3). lf afrer five seconds an odour was

not perceived, the subject was asked to inhale deeply through their nose and to repeat

this procedure three times or until an odour was perceived. After three attempts, if an

odour was still not recognised, the stressed animals were removed. It should be noted

that not all animals stimulated in this way produced an odour. Furthermore, odour

release'was, at times, intermittent, with some animals having periods where they did not

release an odour on stimulation. If the handler was unable to perceive an odour no

result was recorded for that animal or volunteer.

f igure 4.3 Olfactory analysis of frog odour
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Prior to inclusion in the study the fitness and health status of all volunteers was

assessed against criteria formulated by the University of Adelaide's Human Research

Ethics Committee. Following exposure to the volatile secretion all subjects were

monitored for half an hour to ensure that no adverse reactions to the secretions occurred.

From the 148 volunteers 20 were randomly selected and asked to evaluate the

frog's odour against a set of reference odorants. Subjects were asked to indicate the

qualitative similarity, on a scale of one to nine (1 being dissimilar and 9 similar),

between the frog's odour and 13 references: Balsamic (Benzoin), Fruity (Ethyl

caproate), Minty (Peppermint oil), Green (cis-3-Hexen-1-ol), Mossy (Oak moss

absolute), Herbaceous (Oreganum), Camphoraceous (Camphor), Aldehydic (Lauric

aldehyde), Animal (Civet), Unpleasant (Valeric acid), Earthy (Patchouli oil), Ethereal

(1,2-Dichloromethane) and Nutty (2-Acetylpyrazine). Standards were diluted to lÙEo

(wt/wt) concentrations in ethanol. Subjects were presented with the odour on strips of

soaked blotting paper after evaporation of the solvent (Toyota et aI. 1978). Odour

categories were selected to cover a wide range of olfactory stimuli and include the

odour descriptors used by Williams et aI. (2000) to classify the scent associated with the

defence secretions of Australian frogs.

The same group of volunteers was also used to assess the odour differences of

captive bred and wild caught frogs and wild caught frogs from different localities.

Frogs were marked by hotwire branding (Clark l97l) and randomly placed in pairs.

The volunteers were then asked to smell both frogs and rate their similarity.

4.2.3 Chemical characterisation

Dissected glands (of four frogs) were extracted by soaking them in a range of

solvents of varying polarity: methanol, ethanol, acetonitrile, chloroform, ethyl acetate

and hexane. Sections of glands (1 cm x I cm) were placed in 2 ml of solvent and

allowed to soak for four days. Extracts were stored in the dark at room temperature

(30"C). The extracted tissue was then removed and the odour quality of each solution

noted. The extracted odour was assessed by smelling samples of each extract presented

on blotting paper strips, after evaporation of the solvent. Both methanol and ethanol

extracts retained the characteristic nutty odour of the frog and were used for subsequent
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analysis. An added advantage of both solvents was their low affinity for fats, thus

minimising the extraction of unwanted compounds associated with the glandular tissue.

Prior to analysis, the extracts were concentrated under nitrogen and gentle heat (30"C)

to 20p1. Analysis was undertaken on a Hewlett Packard 6890 GC coupled to 5972 Mass

Selective Detector. The gas chromatograph was fitted with a HP-5MS silicone column

(30 m x 0.25 nìm x 0.25 pm). The carier gas flow was l mlimin Helium. Oven

temperature was maintained at 50"C for 1 minute and was then programmed at 8o

C/minute to 250'C. The injector temperature was held constant at 210"C. Ionization

for mass analysis was by electron impact at 70 eV and 22O"C; mass range 35 - 350

amu.

Six live frogs and additional gland sections were sampled using headspace SPME.

Gland sections were placed in 4 ml glass sample vials and sampled using a

polydimethylsiloxane/divinylbenzene (PDMSiDVB) fibre. Previous studies have

indicated that the PDMS-DVB coating has a high affinity for small aliphatic amines

Qters. comm. J. Pawliszyn, University of 'Waterloo, January 2000). The fibre was

exposed to the headspace of the vial for one minute at room temperature (20'C). Live

frogs were sampled by placing them in 500 ml glass sample chambers (Figure 4.4).

Prior to sampling, frogs were voided of urine by applying gentle pressure to the bladder.

Frogs were stimulated to secrete using electrical stimulation then placed immediately in

the sample chamber. The headspace of the vial was then sampled at 23"C for ten

minutes using a carbowax/divinylbenzene (CV//DVB) fibre. Following sampling, the

fibres were immediately introduced to the gas chromatograph's injector. Analysis was

performed using the same column and GC conditions described above. To achieve

sharp SPME injection bands the inlet liner was replaced with a n¿urow bore (0.75 mm

ID) liner. A desorption time of 3 minutes was employed. All compounds were

identified by comparing retention times with the retention times of standard compounds

(SIGMA-ALDRICH Pty Ltd) under the same chromatographic conditions. Mass spectra

from NIST92,WI EY and in-house libraries were also used.
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(A) (B)

Í'igure 4.4 Sample chamber for the analysis of frog (Litoria caerulea) volatile compounds. (A) Chamber

with SPME fibre introduced. (B) Close up of frog in chamber.

To facilitate identifïcation of the compound(s) responsible for the odour,

conculent studies were undertaken using gas chromatography - olfactory port (GC-OP)

techniques. This enabled the human nose to be used as a detector and evaluate the

organoleptic properties of the GC effluent, Studies were conducted on aYarian3400C

gas ohromatograph frtted with an SGE BPX-5 silicone column (30 m x 0.25 mm x 0.53

Llm), The effluent was split with approximately 80% entering the nasal port (where it

was mixed with humidified air) and2}Yo sent to a flame ionisation detector. The carier

gas was Helium and an identical temperature program to that of the GC-MS was

employed. To prevent condensation of eluted components on the wall of the GC

column outside the oven, a l/8-in,-OD Teflon tube was placed through a hole in the

oven wall. The extern al end was attached to a Teflon tee. The exit end of the column

was threaded through the tube and penetrated a silicone septa in the right hand side of

the tee. A Teflon funnel was placed over the capillary end to focus the eluting vapours

and provide a 'sniffrng port', The bottom of the tee was connected to a vacuum, which

pulled heated air from the oven over the capillary, Humidified air, warmed to room

temperature using a modified I{LC column heater, flowed through the sampling port to
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prevent drying of the nasal mucosa. Air entered the base of the funnel prior to the

entrance of the capillary so as the eluting compounds could mix and be carried by the

air stream to the nose. Due to the strong association of odour with the ethanol extract it

was used for olfactory studies. A 3¡rl extract was injected, the temperature program

started, and the individual whose nose was being used gave a running report to a second

person. This investigator recorded the time and odour description of eluted compounds.

The frog volatiles were assessed four times by people trained in this technique.

Volunteers were trained by monitoring their response to a series of standard odour

compounds. These standards were also used randomly throughout the testing protocol

so as to control for fatigue and variation in odour perception.

4.2.4 lnvestigations of odour releasing stimuli

Nine of the frogs previously used for olfactory analysis were assessed for their

reaction to handling (animal gently held in cupped hands), clasping (animal held around

its waist and by its hindlimbs), gentle touching/prodding with blunt forceps (as

described by Brodie 1977; Brodie et aI. 1979, 1998; Williams et al. 2000) and

presentation with two species of snake predators, the Common or Green Tree Snake,

Dendrelaphis punctulata, and the Water Python, Liasis fuscus. Green Tree Snakes are

known predators of anurans (Cogger 2000), whereas Water Pythons have been noted as

rodent specialists and are considered unlikely to be major predators of frogs. A juvenile

python was, however, observed attacking a small L. caerulea in the field Qters. obs.)

and R. Traher, Melbourne Zoo, detailed an account of water pythons feeding on and

discriminating between green and magnificent tree frogs in the Kimberly region of

Western Australia. Furthermore, studies of the Water Python have been confined

almost entirely to Fogg Dam, 60 km southeast of Darwin in the Northern Territory.

This site has an extremely high abundance of Dusky Rats, Rattus colletti, and hence this

species forms the major component of the snake's diet Qters. comm. R. Shine,

University of Sydney, February 200I; Shine 1991). In addition, the most abundant frog

species at the site is the toxic aquatic frog, Litoria dahlii. It has been suggested by

Madsen and Shine (1994) that the reason for the lack of frogs in the diet of wild pythons

is due to a learnt aversion as a result of becoming ill after consuming L. dahlii. The

pythons used in this study, however, had no prior exposure to frogs (laboratory bred
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animals). It is highly probable the green tree-snakes had prior exposure fo L. caerulea

as they were initially obtained from the wild.

For forcep and snake presentations, frogs were placed in a 5 cm high tray lined

with damp paper towel. This set up allowed observation of both flight and secondary

defence behaviour. Frogs could easily escape the tray by jumping, however, by

'cornering' the frog their behaviour could be observed when trapped and unable to flee.

Frogs were placed two and a half body lengths away from the corner of the tray so

as to provide space for turning and flight. All stimuli were initially presented to the

head of the animal. Initially the snout was touched lightly with forceps or tongue

flicked by the snakes. If this did not elicit a behavioural response, the sides and legs of

the frog were prodded or gently pinched with forceps, or contacted by the snake.

Snakes were held so that only their anterior trunk and head extended from an

experimenter's hand. This method limited the snake - frog contact to a prescribed

number of tongue flicks. Hand held snakes have been used in previous studies and have

been shown to elicit the same behaviour as free-moving snakes (Ducey & Brodie L99l;

Ducey & Brodie 1983).

4.3 Results

4.3.1 Olfactory characterisation

Table 4.1 shows the classifications used to describe the frogs odour. No obvious

differences were observed between the odour of frogs from different localities or

between captive bred and wild caught frogs. Of the 148 descriptions, the term "Nutty"

was the most common (54.73Vo of answers including 'peanut butter' & 'peanut brittle').

This coresponds with the odour matching study and the study by V/illiams et aL

(2000). The ability of the volunteers to distinguish the odour from other odours in the

matching study, however, was less distinct (Figure 4.5). 'When given a comparison,

people were less sure of their initial descriptions and hesitant to distinguish differences.

However, asked if they would alter their description of the odour no one was prepared

to do so.
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The next most common description was 'Acrid' (and related terms) at 9.46Vo.

Atthough few people described the odour in these terms, preferring to associate the

odour with a definite smell, a greater proportion voiced a dislike for the odour (23.53Vo)

and noted that the secretion initated the nose and caused the eyes to water. In one

instance there was accidental contact with the secretion and the eye of one of the

handlers, resulting in an intense stinging sensation, which was alleviated after flushing

the eye for three minutes with water. Contact with the skin of two handlers resulted in a

slight 'burning/tingling' sensation, erythema and itchiness. The itchiness intensified in

one of the handlers I - 2 minutes after contact. Although not painful, the area contacted

was sensitive to touch and remained so following washing. Initially the secretion was

clear and sticky, yet surprisingly fluid. This quickly dried leaving traces of an opaque,

flaky/crystalline - like material.

The majority of volunteers (137o), however, stated that the odour was "not too

bad" and even "quite nice" in short doses. Eight percent even commented that the

odour induced feelings of hunger and that the scent had a slight addictive effect (i.e. the

volunteers wanted to smell it a second or third time). This effect was greatest with short

(< 5 seconds) exposure time and was enhanced by continued removal and re-

presentation of the frog. Continued exposure (10 - 60 seconds) resulted in a shift in the

sensation characteristics of the odour with all volunteers registering discomfort but not

outright dislike. Some of the volunteers noted light-headedness and the onset of

headache following continued exposure.
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Table 4.L Descriptive terms used to classify the odour of. Litoria caerulea secretions

Descriptive terms Number of
classifrcations

Acrid/B adlDis tastefulÆoul/1.{oxious/

Offensive/Unpleasant

Asian food

Biscuit

Boiled meat

Bread

Butter

Buttered Popcorn

Corn chips

Dirty socks

Earthy/Dusty

Fungal

Grassy

Hay

Herbs

Leaves

Metallic

Musty
Nutty

- 'Burnt'
- Peanut
- Cashew
- Almonds
- rily'alnut

- Pine nut
- General

Peanut brittle

Peanut butter

Rice plant

Satay

Savoury

Sesame oil

Shellfish (cooked)

Spermous

Urine

Woody

Yeast

t4

2

4

1

6

1

2

J

7
,,

n

1

4

1

I
I

1

77
(7)
(16)
(s)
(2)
(1)
(l)
(4s)

1

J

1

J

1

2

I
I

1

1
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Figure 4.5 Matching of the odour of Litoria caerulea secretions to industry standards using a naive panel

of 20 volunteers, Columns represent the mean similarity score on an arbitrary scale of 1 (dissimilar) - 9

(similar).

4.3.2 Chemical characterisation

Chemical analysis of the volatiles emitted identifred a single compound, 2-

pyrrolidone (2-PyrO), as the major component responsible for the nutty aroma (Figure

4.6). The nutty property of pure 2-PyrO was confirmed by olfactory analysis. Pure2-

pyrO was presented to fïve volunteers as described above (section 4.2,2). All

volunteers described the odour as roasted nuts. Interestingly, the nutty smell of 2-PyrO

was observed to intensify on standing in air, This inorease in odour was accompanied

by the formation of soapy-coloured crystals, later identified by inftared spectroscopy as

2-pyr1 monohydrate (distinguished from anhydrous 2-PyrO on the basis of a strong,

broad peak at 37OO - 3300 rangelcm't coresponding to a hydrogen bonded O-H

stretch),

Despite variationin the volatiles of the tree frogs, 2-PyrO was a major component

(S7lr¡ > 10) present in all frogs tested both with SPME and solvent extraction. Even in

animals where the odour intensity was low or non-existent (to the nose) 2-PyrO could
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be found, albeit in trace amounts. Identification was obtained by comparing retention

time, mass spectral data and odour with that of the pure compound (SIGMA-

ALDRICH) under the same chromatographic conditions. To interpret the mass

spectrum the work of Budzikiewicz et aI. (1967) was used. 2-PyrO (M* 85) gave a

prominent peak M + I peak and a M - 1 peak (uptake and loss of a H-atom

respectively). In addition, ring cleavages give rise to a typical fragment atmJz 56 (loss

of CH2=\fl2) and to fragments at mlz 42 and 41 (base peak), due to release of HzNCO

and HNCO, respectively.

Other compounds identified as 'likely to contribute to the overall nuttiness of the

frog's odour' included butyrolactone (fatty, caramel), benzaldehyde (almond), P-

caryophyllene (terpene odour, woody, spicy) and cinnamic acid ethyl ester (sweet,

honey, balsamic, cinnamon, plum; commonly used in commercial nut flavours).

Identification in most cases was by co-injection of standards and mass spectral

matching (> 70Vo match to the Wiley mass spectral library). All compounds, except

caryophyllene, were found in both long-term captive and wild caught frogs.

Caryophyllene was absent in captive animals, only being isolated from wild caught

specimens (see Chapter 6).

C¿HzNO MW 85

Figure 4.6 Structure of 2-Pynolidone (cyclic amide/Lactam)

H
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4.3.3 lnvestigations of odour releasing stimuli

All stimuli employed in the odour releasing experiments resulted in defensive

actions being adopted by the frogs. The efficiency of each stimulus in eliciting a

response and the types of action taken by individual frogs, however, varied. Handling

was sufficient to cause odour release in the field but had little or no effect on animals

acclimatised to laboratory conditions. Grasping laboratory acclimated frogs (i.e.

animals used to being handled) resulted in odour release in eight of the nine animals

tested. Release was not instantaneous following touch, but more a result of stress due to

an inability to escape the grasp.

Use of the forceps resulted in typical antipredator behaviour as described by

Williams et al. (2000). When initially challenged, individuals exhibited the 'low

intensity' posture of crouching with the head down and legs drawn into the body. No

odour was perceived following low intensity stimuli. Further agitation caused three of

the frogs tested to back away (frogs edged backwards whilst maintaining eye contact

with the forceps), turn quickly and j.rmp away. The remaining six frogs remained

immobile and adopted the 'high intensity' posture. This posture consists of the frog

fully inflating and raising its body on all four legs, with the rear of the body held higher

than the head and the parotoid glands orientated towards the attacker. Increased

stimulation eventually resulted in odour release (approx. one minute after initial

stimulation) in four individuals. Continued stimulation resulted in the odour

intensifying and the release of non-volatile secretions 2 - 4 minutes later.

Exposure to pythons had varied effects on the frogs. After 3 - 4 tongue flicks to

the snout, three animals quickly adopted an intermediate posture between the low and

high intensity postures described above, but did not secrete. One frog adopted the high

intensity posture and emitted an odour; two animals backed away from the snake before

fleeing and three frogs showed no interest in the snake. On being picked up, to return it

to its tank, one of the three frogs that adopted the defensive posture but did not secrete,

released a strong odour accompanied by glandular secretion.
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The response of the frogs to the common tree snake was less variable than to the

pythons. On presentation of the snake four animals immediately adopted the high

intensity defence posture and angled their parotoid glands towards the snake whilst

secreting strong odours. Two of these animals also expelled non-volatile components of

their glandular content. Three frogs immediately turned and fled. On retrieval these

animals were observed to be emitting strong odours. One frog edged away backwards

whilst lowering its head and releasing odour before quickly turning and fleeing. Eye

contact was continuously maintained with the snake until the animal jumped away. The

final frog showed no response to the snake, apart from appearing more alert, and

remained immobile and apparently unaffected by the snake's presence.

4.4 Discuss¡on

Although most odours are the result of the presence of mixtures of several,

sometimes many, different compounds; single compounds can have a significant impact

on an aroma. This is the case with 2-PyrO, which appears to be primarily responsible

for the nutty note of the secretion of L. caerulea. In fact, two colleagues familiar with

the frog's odour mistook a blind presentation of 2-PyrO for an extract of the secretion.

Aside from the principal odorant, other compounds identified as 'likely to add' to the

overall aroma were butyrolactone, benzaldehyde, B-caryophyllene and cinnamic acid

ethyl ester.

What role this nutty odour plays in the frog's biology is a matter of conjecture. It

is easy to attribute odours that are repulsive (by our assessment) with an antipredator

function. Foul odours are amongst the most potent stimuli for withdrawal. Typically, if
something dangerous has an odour, the smell is intolerable and everyone knows it and

keeps away. Pleasant odours, however, are less distinct in their action. Although good

smells usually arouse general agreement, the agreement about them is not quite as

perfect (Miller L997). This appears to be the case with the odour of. L. caerulea.

Although the majority of volunteers classed the odour as pleasant, the range of odour

descriptions was diverse. It should be noted, however, that odours innocuous to humans

might in fact be effective against other groups of animals.



86

On extended exposure the odour can cause adverse effects and it is important to

be aware that most odorants - at high enough concentrations - evoke not only odour but

also chemesthetic sensations. Thus an important issue in odour as a defence involves

distinguishing between a purely olfactory and a combined olfactory-trigeminal nasal

response. Whether the frog's odour is truly defensive is linked directly to the action of

2-PyrO (the primary odorant). This does not preclude the fact that the volatile secretion

as a whole may be defensive, and the effect of other volatiles in the secretion should not

be ignored. Few data are available concerning the presence of 2-PyrO in the

environment. As a curiosity, it was found to be abundant in the glue of cobwebs

(Schildknecht et aI. 1972) and insect larvae (Deml & Dettner 1995; Deml 2001). It is

also known to occur in white bread (Luning et al. l99l) and was recently identified by

GC/MS in raw and roasted cocoa (Ziegleder l99l) and a large number of dried foods

(Mende et al. 1994). Of primary interest is the relationship of 2-PyrO with its straight

chain form, y-aminobutyric acid or GABA (see Chapter 5). GABA is the principal

inhibitory neurotransmitter in the vertebrate CNS. It is proposed that a biochemical

equilibrium, in favour of the lactam, exists between GABA and 2-PyrO and that 2-PyrO

is an important precursor of GABA in the CNS and/or acts as a pool for excess free

GABA (Haegele et al. 1987). Conversion of 2-PyrO to GABA in cat brain (Tower

1960), mouse brain (Callery et al. 1978) and rat tissue (Fasolato et al. 1988) is

consistent with such a relationship.

Despite its relatively low (acute) toxicity - rat oral LD50 and maximum tolerable

dose 6.5 -1.3 &.4glkg respectively (Aleshin 1974) -2-PyrO may be responsible for

some of the effects observed by experimenters. It is likely 2-PyrO is partially

responsible for the erythema seen in the skin of handlers exposed to the secretion. The

substance is listed as a general skin, eye and respiratory tract irritant (IPCS International

Programme on Chemical Safety, ICSC - International Chemical Safety card - 0562,

April 1997). The application of lmg/ml solution of 2-PyrO caused itchiness when

applied to the skin of the forearm of a volunteer. Topical application to the eyes of

rabbits causes irreversible clouding of the cornea (Aleshin 1974). Pharmacological

studies have also indicated that 2-PyrO exhibits anticonvulsant activity in animals,

presumably by acting on the GABA system (Hawkins & Sarett 1957; Ltghtowler &

Maclean 1963). It is also likely 2-PyrO displays other activities attributed to GABA,

such as the promotion of lethargy and sleep (Juhasz et al. 1989) and the depression of
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food intake and promoting food avoidance (Tews et al. 1986, 1987). As a lactam, 2-

PyrO is relatively nonpolar and consequently enters the brain more readily than GABA

(Meldrum 1915; Lundgren & Hankins 1978). 2-PyrO has also been shown to possess

psychotropic properties resembling those of tranquillising drugs in mice, rabbits, cats,

and pigeons (CRCS Inc. 1985).

The presence of 2-PyrO in the secretion of frogs may also impart a degree of

insect repellency. Its presence in the osmeterial secretion of gipsy moth larvae

(Lymantria species) has been shown to protect the larvae from attacks by ants.

Although by itself it is an effective repellent, it is believed to augment the ant repellent

activity of nicotine, which is also present in the larvae's secretion (Deml & Dettner

1995). In addition, the straight chain form of 2-PyrO, GABA, has been implicated in

the control of insect behaviour, being the primary inhibitory neurotransmitter in

arthropods (Takeuchi & Takeuchi 1965; Kashin 1971). Such activity is interesting in

light of observations indicating the mosquito repellency of skin secretions Qters. comm.

M. Tyler, Adelaide University, January 1998; Cawood 1991) and'Williams et aL (1998)

study which demonstrated the fly repellent activity of L. caerulea's secretion. The

presence of the compounds B-caryophyllene and benzaldehyde may also play a role in

insect repellency, as both compounds are effective insect repellents (e.g. Saim &

Meloan 1986; Peterson et al. I98l; Messer et al. 1990; Collins et al. 1996;Lwande et

al.1999).

Although it seems probable that 2-PyrO could play a defensive role, appropriate

tests with relevant predators are needed. Neither the pythons nor tree-snakes appeared

to be influenced by the frog odour, albeit the presentations were conducted under

artificial conditions (e.g. handling and restraint of the snake was not controlled for etc.)

because the focus of the study was the behaviour of the frog. Furtherrnore, although the

analysis was qualitative, it seems unlikely that, under natural conditions, the intensity of

the odour (and concentration of 2-PyrO) can reach levels high enough to act as a

primary repellent, unlike for example, the alkyl mercaptans and sulphides of skunk

defensive secretions (Andersen et aI. 1982). Skunk odour can be detected by humans at

a concentration of 10 ppb. This is an extremely low concentration, roughly equivalent

to mixing a teaspoonful with water from an Olympic sized swimming pool (The

Mammal Society: Mammal Record Breakers; http://www.abdn.ac.uk/mammal/skunk;
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accessed 161310l). Rather, it is probable that the unique odour may serve in the

formation of a conditioned reflex. A factor that should promote the formation of a

conditioned aversion to the frog odour is the fact that the odour is released during the

act of defence posturing.

4.5 Conclusion

Although it is clear that the frog's nutty odour is released when a predator

challenges the animal, the exact role this odour plays in the animal's defensive strategy

remains unknown. The source of this odour appears to be the cyclic amide 2-

pyrrolidone (2-PyrO). Although not acutely toxic, 2-PyrO is classified as an irritant and

may be responsible for some of the adverse effects exhibited by accidental contact with

the secretion. 2-PyrO is a constant component of the volatile profile of L. caerulea and

appears in both wild caught and laboratory bred animals, indicating that 2-PyrO is

synthesised by the frog.
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GHAPTER 5: lsolation of y-aminobutyric acid (GABA), a
possible odour precursor, from the skin secretion oÍ Litoria
caerulea

5.1 lntroduction

Due to the close relationship of 2-pyrrolidone (2-PyrO) with its straight chain

form y-aminobutyric acid (GABA), it seems likely that GABA would also be present in

the secretion of Litoria caerulea. GABA is generally regarded as a precursor to 2-

PyrO, hence its presence may be linked to the production of odour. GABA is also

closely related to the odorant butyrolactone. Butyrolactone (GBL) is formed via the

cyclization of y-hydroxybutyric acid (GHB), a naturally occuring metabolite of GABA

found in the central nervous system (CNS) and peripheral tissues. (LeBeau 2000; Roth

& Giarman 1969; Bessman & Fishbein 1963). This reaction requires minimal energy

and aqueous solutions of GHB will occur as equilibrium mixtures of the acid and

lactone (Albert 1963). The conversion of GABA to 2-PyrO requires greater energy and

most likely proceeds via an enzyme-catalysed reaction. Figure 5.1 shows the possible

relationship between 2-PyrO, GHB, GBL and GABA.

Distinguishing between 2-PyrO and GABA by GC-MS, however, is difficult.

Although we can be assured of the presence of 2-PyrO in the skin secretions of the frog

- evidenced by its presence in the volatile profile (Chapter 4) - GABA is not volatile

and we cannot be equally certain of its presence in the secretion. Treatment of GABA

under dehydrating conditions and heating GABA above its melting point (202"C) yields

2-PyrO as a degradation product (associated with a loss of water) (Gabriel 1889; Mende

et al. 1994). As high temperatures are required to volatilise the sample for GC analysis,

conversion may occur as a result of the analytical technique, leading to incorrect

identification. Furthermore, analysis of GABA is complicated by the small, polar

nature of the molecule, making it difficult to chromatograph (adsorption losses). For

GC-MS analysis the standard approach is to derivatise (transform) the compound to a

more readily chromatographed - increased volatility and thermal stability and (usually)

non-polar - form. In addition to improving the chromatography, the formation of

derivatives can be used as a diagnostic tool to characterise functional groups (Attygale

1998). By reacting the carboxyl or amino group of GABA prior to analysis, the 'GABA

molecule' can be locked in its straight chain form preventing the internal cyclisation of
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GABA into 2-PyrO, thus allowing the identification of the two closely-related species.

The work presented in this chapter looks at two techniques, acetylation and silylation,

for the analysis of GABA. In addition to derivatisation and analysis by GC-MS, the use

of high performance liquid chromatography (HPLC) is investigated, Where GC relies

on the volatility of a substance, HPLC relies on its solubility in an appropriate solvent

over its affinity with the stationary phase. As such HPLC can be operated at room

temperature thus avoiding the risk of thermal degradation. Potential roles of GABA in

the frog's secretion are also discussed.

Therefore the objectives of the work presented in this chapter were to

Establish an appropriate technique to analyse GABA and

To ascertain whether there is GABA in the frogs' secretion

I

2.
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Glucose

cr-Ketoglutarate
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Glutamic acid <- Glutamine
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GABA-TA

2-PyrO
Succinic semialdehyde
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Figure 5.1 Possible relationship between 2-PyrO, GHB, GBL and GABA. TCA = Citric acid

cycle; PLP = Pyridoxal phosphate dependent enzymes; G-TA = Glutaminase; GAD = Glutamic
acid decarboxylase; GABA-TA = GABA transaminase; AR = Aldehyde reductase (Adapted from
Haegele et al. 1987).

AR

TCA



92

5.2 Methods

Sections of glands (2 cm x 1 cm), obtained from two frogs used in the previous

study and two newly collected frogs, were extracted (individually) by soaking in 10 ml

of a (1:1) water/methanol mix. The secretions of two live frogs (previously used for

olfactory analysis) were collected using surface electrical stimulation (Tyler et al.

1992). The secretion was washed from the skin using 20 ml of water (Milli-O. An

equivalent amount of methanol was then added to this aqueous extract. All samples

were continuously shaken in a water bath held at room temperature (25"C) for one hour.

The glandular tissue was then removed, the extracts centrifuged, and the supernatant

liquid filtered through a Millipore 0.45 pm filter. The collected solution was stored at -
80'C until analysed.

Initial studies were conducted on a Hewlett Packard 6890 GC coupled to 5972

Mass Selective Detector. The gas chromatograph was fitted with a HP-SMS silicone

column (30 m x 0.25 mm x 0.25 ¡rm). The carrier gas flow was 1ml/min Helium.

Oven temperature was maintained at 50'C for 1 minute and was then prograrnmed at 8"

C/minute to 250"C. The injector temperature was held constant at 2I0"C. Ionization

for mass analysis was by electron impact at 70 eV and 220"C; mass range 35 - 350

amu

In order to detect non-volatile amines the extract was acetylated under Schotten -
Baumann conditions: 4 ml of the extract was treated with acetic anhydride (0.3 rnt). A

slight molar excess of sodium bicarbonate was added. The reacted solution was

extracted with dichloromethane. A further 4 ml was evaporated (under pressure) to

dryness. The remaining material was heated, for 30 minutes at 70oC, with 50 ¡rL of

trimethylchlorosilane (TMCS). Authentic samples of GABA (Sigma-Aldrich Pty Ltd)

and 2-PyrO were treated the same way (total dilution 1:100).

Subsequent analysis was performed using liquid chromatography - electrospray

mass spectrometry GC-ESMS)*; the method adapted from Mesmer and Satzger (1997).

The sample was loaded using a flow injector (Rheodyne model 8125, Cotati, CA, USA)

.ESMS 
is a softer form of ionisation compared to the standard electron impact (EI) ionisation employed with most GC-MS systems.

Due'to the extensive fragmentation, EI ionisation often results in a mass spectrum with no discemable molecular ion (see Vy'ebster el
aI. 1998 & Dass 1999 for comprehensive reviews of ESMS).
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fitted with a 5 pL loop onto a C18 reverse-phase HPLC column (1 x 250 mm,

pBondapak from Vy'aters Chromatography Division, Millipore Corporation, Bedford,

MA) fitted with a Novapak C18 guard column (1 x 20 mm). The mobile phase

consisted of 85Vo acetate buffer (25 mM ammonium acetate, pH adjusted to 4 with

acetic acid), líVo methanol delivered at a flow rate of 10 ¡rl/min by a dual syringe

pump (1408 Solvent Delivery System, Applied Biosystems, Perkin Elmer, USA). The

column was connected directly to an electrospray ion source (ES) of a quadrapole mass

spectrometer (API-300, PE Sciex, Thornhill, Ontario, Canada). All connections

between the column and ion source consisted of PEEK tubing (0.005" ID). The mass

spectrometer was operated in positive ion mode on [M + H]* and was scanned frommlz

30 to mlz 110 with a step size of 0.1 amu and a dwell time of 0.3 msec. The ES needle,

orifice and ring potentials were set at +4500V, +60V and 300V, respectively. The

curtain (nitrogen) and nebuliser (air) gases were set at 8 and 10 units, respectively. For

tandem mass spectrometry (MS/¡vIS) experiments, nitrogen gas was used as collision

gas setting at 2 units. The collision energy varied between the experiments and

therefore was optimised as appropriate. The instrument was tuned using polypropylene

glycol and resolution was set at a peak width of about 0.7 amu at 507o peak intensity.

The presence of GABA in the extract was confirmed by comparing retention time and

mass spectra with that of a standard solution (O.lmg/ml GABA) under the same

chromatographic conditions. No attempt was made to quantify the amount of GABA in

the extracts.
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5.3 Results

Attempts to derivatise the acid and confirm its presence proved unsuccessful.

GABA and 2-PyrO produce common mass spectra even after acetylation (acetylated

pyrrolidone). An M+ ion (I27) is accompanied by a distinct M + 1 peak and fragments

atmlzgg and 98 (ring cleavage); loss of the acetyl group (mlz43; base peak) leads to

the pyrrolidonyl residue (m/z 86, 85). Derivatisation of GABA by heating with

silylanizing agent also led to the formation of the trimethylsilyl derivative of PyrO (as

observed by Bergström & Gürtler L9ll).

Analysis by ES mass spectrometry, however, showed all extracts contained

significant levels of GABA (taking into account the dilution effect of the solvent).

Figure 5.2 shows the daughter ion mass spectrum (mlz 103) for the frog extract and

pure GABA using positive ion mode. Note the characteristic ion atmlz 104 (protonated

GABA) andmJz 87 (corresponding pynolidonyl residue).
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5.4 Discussion

It is clear from the tandem MS studies that GABA is present in the skin secretions

of L. caerulea. Despite its widespread use as a neurotransmitter and neuromodulator in

many animals (both vertebrates and invertebrates), and its presence in many non-neural

organs such as the ovaries, adenohypophysis, liver, digestive tract and pancreas (Gilon

et al. 1990; Takeuchi & Takeuchi 1965), the presence of GABA in amphibian skin

secretions is scarcely documented. To date, GABA has only been recorded in the

secretion of the yellow unk, Bombina variegala (Michl & Bachmayer 1964; Habermehl

1981), and in high concentration in the secretion of the African rhacophorid frog,

Hylambates maculatus* (Yasuhara et a\.1981).

The role played by GABA in the secretion of frogs is not known and the

biological implications of this finding still have to be determined. Ingestion of GABA

(by humans) has been implicated in gastro-intestinal disorders, insomnia, headache, and

pyrexia (Reynolds & Prasad 1982). Perry et al. (1974) noted severe peripheral vascular

collapse after ingestion of 8 g of chromatographically pure aminobutyric acid. Fisher ¿r

at. (1974), however, showed doses of 1 to 2 g administered daily and 40 g given over 48

hours produced no serious side effects.

It is possible that GABA secreted onto the skin may have a potential defensive

function. The most potent and rapid effects of GABA, and GABA agonists, in

mammals are the inhibition of skeletal muscle reflex (systemic effect). Thus, some

possible effects on a predator might be to inhibit movement, decrease the speed of

muscle contraction, cause tetany or decrease the capability for co-ordinated activity

Qters. comm. A. Blackshaw, Nerve - Gut laboratory, Royal Adelaide Hospital,

September 2001). However, uptake of GABA across the enteric mucosa is relatively

slow and quite poor. The chief site of GABA absorption is the small intestine (Guyton

& Halt 1996). Realistically, the release of GABA is unlikely to provide a direct benefit

for the frog. Perhaps the only significant possibility is that the predator may learn to

associate muscular events with the consumption of the frog, but this seems unlikely.

" Now recognised as Kassina mtculata and placed in the Family Hyperoliidae L¿urent, 1943 (Duellman & Trueb 1986)
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It is most likely that the presence of GABA is an artefact of the embryological

origin of the glands and/or a by-product of non-essential amino acid synthesis. The

early evolution of amphibian skin secretions probably involved glands containing

endogenous control compounds such as monoamine and peptide neurotransmitters and

neuromodulators. The skin glands that synthesise these secretions seem to have arisen

from the same neural ectoderm that forms the embryonic neural tube, neural crest and

the ectodermal placodes (Pearse I976,19771'Pearse & Takor 1976; Mueller et al.1980:'

Barthalmus 1994). Recognised for being unique to vertebrate chordates and for the

diversity oftissues/organs for which they anlage, the neural crest and the above adjacent

embryonic tissues give rise to: (1) much of the nervous system (sensory nerves,

autonomic nervous system) and its (2) sensofy placodes, (3) pigment cells, (4)

ultimobranchial bodies that secrete calcitonin, (5) adrenal chromaffin cells that secrete

adrenaline, noradrenaline, dopamine and probably serotonin, (6) the visceral skeleton

and its many cartilaginous and bony derivatives, (7) a variety of orofacial muscles, (8)

neuromast organs of the lateral line system of amphibians and fishes, and (9) the dermal

glands of amphibians (Gans & Northcutt 1983; Le Douarin 1986). Considering the

many biological control substances that have arisen via neural ectoderm, it is not

surprising that the amphibian poison glands, which arise from larval cells during

metamorphosis (Delfinio et al. 1985 Seki ¿r aI. 1989), seem to be extensions of the

nervous and endocrine systems. In fact, the melanophores of amphibians are highly

modified catecholaminergic neurons in which the amino acid substrate tyrosine is

converted into DOPA (a precursor for dopamine, adrenaline and noradrenaline

synthesis) and eventually to melanin pigment. Thus the migration to the skin of neural

crest and adjacent embryonic cells results in pigment cells, sensory cells and organs and

anuran skin glands that contain natural control substances found in all vertebrate bodies

(Barthalmus 1994).

5.5 Conclusion

The presence of GABA in the skin secretion of L. caerulea is clearly shown by

the MS-MS studies. Although the role of GABA in the frog's secretion remains

unknown, its presence is intrinsically linked to the generation of odour through its

relationship with 2-pyrrolidone.
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Chapter 6: Dietary source of B-Caryophyllene in the skin
secretion of Litoria caerulea

6.1 lntroduction

Unlike the other odorants isolated from the secretion of L. caerulea (Chapter 4),

caryophyllene, or most likely a mixture of B-caryophyllene (trans-), cis-caryophyllene

and humulene with which it co-occurs (Figure 6.1) (Collado et a|.1998) only appears in

wild caught animals and even then somewhat intermittently (Chapter 4). Such variation

suggests an external or environmental source and also the presence of an uptake

mechanism. Two possible mechanisms that may explain the presence of caryophyllene

in the skin secretions are dermal and dietary uptake. Frogs are extremely susceptible to

environmental contaminants. Their dual lifecycles and permeable skin provide more

opportunities for exposure than other vertebrates. For example, Stone et al. (I992b)

showed that plasticisers accumulated in the skin secretion of the Magnificent Tree Frog

Litoria splendida, suggesting that the frogs adsorbed these compounds from the

moistened plastic bags in which they were transported. Being arboreal, it is possible

that L. caerulea may accumulate caryophyllene through its contact with foliage. The

use of caryophyllene as a transdermal agent in aiding the skin penetration of

pharmaceuticals (Cornwell & Barry 1994) provides circumstantial support for such an

hypothesis. The most likely route of exposure for caryophyllene, however, is dietary

uptake. Uptake of compounds from the diet and their subsequent concentration or

storage in the skin has already been identified as an important step in the defence

strategy of the south and central American 'poison dart' frogs (Daly et al. l998a,b).

Daly and his colleagues have shown that frogs of the genera Phyllobates and

Dendrobates do not produce all of their alkaloid toxins when reared in captivity, but

will accumulate them if they are provided via the diet (Daly et al. 1994a).

In order to determine whether caryophyllene was obtained from the diet, the

secretion of wild and captive animals was analysed for the presence of the terpene.

Caryophyllene in the secretion of animals caught in the wild was also monitored with

respect to time in captivity. It is hypothesised that, if the terpene is acquired from the

diet, it would be lost from the volatile profile as the body stores become depleted. kl
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addition, the diet of the green tree frog was examined and, where possible the most

common prey items collected and screened for caryophyllene.

ta-

H
H

I 2 I
Figure 6.1 Structure of p-Caryophyllene (1), Humulene (2) and cls-Caryophyllene (3).

The aims of the work presented in this chapter are to:

1. Ascertain whether or not diet is a source of caryophyllene and

2. Isolate the source of caryophyllene in the diet of wild caught frogs.
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6.2 Methods

6.2.1 Study site

Frogs were collected and feeding observations were conducted at Nutwood

Downs Station Homestead, 250 km southeast of Katherine, Northern Territory (134" 09'

E; 15" 49' S). Most frogs were found in areas with standing water such as toilets,

washroom and laundry sinks and water tanks. A focal site for feeding observation and

frog collection was a high-pressure water pump used for cleaning farm machinery.

Despite regular use and poor water quality (high hydrocarbon load), this pump

contained on average 15 green tree frogs throughout the year and as many as 40 during

the wet season. Figure 6.2 shows a schematic of the homestead and surrounding areas

where feeding observations took place.
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Figure 6.2 Nutwood Downs Station Homestead and surrounding environ. 1: Bore; 2: Workshop; 3: High
pressure water pump; 4, 15 & 16: Sheds; 5 &8: Workers' accommodation; 6: Washroom; 7: Water tank;

9: Off,rce & Store; 10; Teacher's accommodation; 11: Homestead; 12: Mess/Kitchen; 13: Laundry; 14:

Marsh/swamp (inundated during wet season; isolated pockets of water throughout the year). Please note,

this map is not drawn to scale but is included to provide a layout of the study area.
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6.2.2 Volatile analysis of wild caught frogs

In early April 1998, 10 frogs were collected and taken to the laboratory for

analysis. Eight animals were tested within one week of capture for the presence of

caryophyllene in their skin secretions. Four of the eight frogs were randomly selected

for monthly analysis of their secretions. Animals were monitored over a six-month

period to determine the effect of time in captivity on the animal's volatile profile. The

remaining two frogs were not tested until two months after collection to determine if
continued stimulation influenced the presence of caryophyllene in the volatile profile.

To determine if the frogs were capable of biosynthesising caryophyllene the

secretions of three animals previously collected at Nutwood Downs and held in

captivity for over two years were analysed. A further four frogs were collected in

September 1998 to determine whether the presence of caryophyllene was a chance

result or due to seasonal influences.

To identify individual frogs, and so ensure the same animals were tested each

month, frogs were marked by hotwire branding (Clark l97I). A portable battery

powered soldering iron (12 V) was used to create small circular scars upon the

epidermis. Scars persisted for approximately four months.

Animals were housed at 28"C in peat-lined glass aquaria. Lighting was supplied

by overhead fluorescent tubes (36V/ Phillips TLD Aquarelle). Frogs were maintained

on a diet of mealworms (Tenebrio molitor), crickets (Acheta domesticus) and blowflies

(Calliphora stygia). Samples of food were analysed (by headspace SPME & GC-MS)

for the presence of caryophyllene prior to feeding. Random spot checks of stock

colonies were undertaken throughout the study to ensure caryophyllene was not present

in the diet and consequently available to the frog. The peat lining the aquaria was also

tested for the presence of caryophyllene (via soxhlet extraction with hexane & analysed

by GC-MS). Both the food and peat tested negative for caryophyllene.

Prior to analysis, frogs were voided of urine and stimulated to secrete using

surface electrical stimulation (Tyler et al. 1992). They were then placed in an airtight,

500 ml glass vessel. The volume of the vessel was chosen to ensure an animal of 10 -
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30 cm snout-vent length could remain enclosed for a maximum of 30 minutes with

minimal stress A 65 pm/partially cross-linked Carbowax/divinylbenzene fibre was

then exposed to the head space of the vessel for 20 minutes at room temperature (20 +

1"C) (Chapter 4, Figure 4.3). After adsorption, the fibre was removed from the vessel

and immediately introduced into a gas chromatograph (injector temperature 220"C)

where it was left to desorb for 40 minutes. Studies were performed on a Varian 3400C

gas chromatograph fitted with a J&W DB170l silicone column linked to a mass

analyser (Finnigan Mat 70-TSQ mass spectrometer). The carrier gas rwas Helium and

the oven temperature was maintained at 50'C for 1 minute and was then programmed at

3"C/minute to 100"C and 6"C/minute to 220"C. Ionization for mass analysis was by

electron impact at 70 eV and220"C. Selective ion scanning mode was employed.

6.2.3 Dietary analysis

Dietary studies were undertaken in the period prior to the Northern Territory wet

season (September - October 1998) and also at the end of the wet season (March-April

1999). Study times were dependent on access to the site. Both weather conditions (the

station is inaccessible by car during the wet season) and mustering schedules influenced

survey dates.

The study involved watching animals feeding in the field and the examination of

undigested material in faecal pellets. To minimise disturbance to the animals, night

vision goggles (British Aerospace Australia Pty Ltd) and low light video equipment

(Sony Video 8 XR CCD-TR5llE video camera recorder) were used. During the day

frogs were located in refuges around the homestead and marked for identification by hot

wire branding. At night selected refuges were monitored for frog activity. Animals

leaving the refuge were randomly selected to be tracked and observed. Each animal

selected was observed for two hours immediately after leaving its refuge. If feeding had

not occurred within this period, the position of the animal was marked and checked at

30 minute intervals. If the frog was still in the vicinity of the marker following each

check it was observed for a further 15 minutes. A total of 24 animals were observed

using this technique (15 during the April survey and nine in September).
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Faecal pellets were collected from four refuges; the bore (meter box), high

pressure pump, washroom and teacher's hut toilet (Figure 1: 1, 3, 6 and 10

respectively). Refuges were checked each morning and any faeces collected placed in

707o ethanol for later analysis. Prior to analysis, faeces collected from each refuge were

pooled. Samples were then shaken in 0.5 mm2 sieves suspended in water to remove fine

organic matter. The remaining sample was then sorted for any identifiable material.

The stomach content of 20 frogs was obtained via gavage (flushing with isotonic

saline) (Legler & Sullivan l9l9) to compare with the above techniques. The use of

stomach flushing was minimised because it stressed the animals severely. Gavage

resulted in the animals ceasing to feed for one to two days following the procedure. All

prey items were identified to order.

6.2.4 lnsect collection and analysis

Insects were collected for comparison with dietary data and to determine the

presence or absence of terpenes. Due to the indiscriminate nature of frog prey selection,

broad-spectrum collection methods were used. Attention focused on night sampling

and included barrier traps (malaise and window traps), light traps and the use of a

mercury vapour lamp and sheet. Sweep netting and manual collection were also

employed. Insects were snap frozen in liquid nitrogen and transported back to the

laboratory for analysis.

Insects in large abundance in frog stomach contents and faeces were targeted for

analysis. Combinatorial analysis of insect orders was undertaken. Insects were placed

in 15 ml clear glass vials and macerated with a glass rod. Following maceration vials

were capped and the headspace sampled for 5 minutes at room temperature using a

CWDVB fibre. Analysis was conducted under the same conditions employed for frog

secretion analysis.
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6.2.5 Uptake Experiments

Five frogs raised in captivity were provided with a diet of brown house crickets

(Acheta domesticus) injected with 0.2 ml of a 5 ppm solution of B-caryophyllene in

distilled water (solubility water < lmg/ml atZl"C). Frogs were fed a single cricket once

a week for a period of one month. The frogs' diet was supplemented with mealworms.

One frog was randomly selected and assessed for caryophyllene 24 hours after the

initial feed. The remaining frogs were sequentially sampled each week throughout the

feeding period.

6.3 Results

6.3.1 Volatile analysis of wild caught frogs

All frogs tested from both the April and September collections contained

caryophyllene as components of their volatile secretions. The identification of

caryophyllene was achieved by comparing retention times with the retention times of

standard compounds (Sigma-Aldrich Ltd.) under the same chromatographic conditions.

Mass spectra of caryophyllene from NIST92 and in-house libraries were also used. On

average, caryophyllene took 2.5 months to disappear from the secretions. Following its

loss caryophyllene did not reappear in the profile of the tested animals, nor was it

present in animals held in captivity for greater than two years.

In addition to caryophyllene, three monoterpenes were identified in the volatile

secretion of some of the animals tested. Limonene was isolated from four animals and

eucalyptol and ocimene were present in the secretion of two frogs. All were lost from

the secretion over time.

6.3.2 Dietary analysis

Prey items consumed are listed in Table 6.1 and stomach content analysis in Table

6.2. Despite faecal analysis showing a bias towards hard bodied prey, orthopteran

fragments remained the most common components (up to 3OVo total volume faecal

pellet) following data correction (arbitrary correction factor: percentage volume

identifiable fragments/percentage volume unidentifiable material). Other prey orders
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identified included (in order of observed frequency) Coleoptera, Hemiptera, Odonata,

Hymenoptera (Ants), and Isoptera.

The abundance of prey items, and consequently feeding activity, was greater

dgring March-April, with most animals tending to move away from their day refuges

and forage for food. During the September survey animals spent more time feeding

around their daytime refuges or not venturing out at all. Some animals did not leave

their refuge over the entire observation time (i.e. greater than two weeks).
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Table 6.L Observed prey items of Litoria caerulea at Nutwood Downs Station

Homestead

Survey No. frogs
observed
feeding

Site observations Prey items consumed by 1 or
more frogs

April

April

April

2

2

Water tank overflow: run-off trench
containing a few large rocks and long grass.

Opens out onto a lawn surrounding the
workman's quarters. Frogs observed both in
the trench and resting on the tanks supporting
structure (semi-permanent water body)

Washroom: Frogs emerged from toilet cistern
(day refuge) and fed on insects attracted to the
light. Following generator shut down most
animals left the washroom and moved towards
the swamp (followed tank runoff trench) or
remained around the water tank.

High-pressure water pump/Grassy woodland
Frogs spent approx. halfan hour foraging on
the ground around the pump before moving
south into the grassy woodland and turning
east towards the dense scrub and marsh area
near the swamp.

High-pressure water pump: Frogs perched on
the lid of the tank and fed on flying insects or
foraged on the ground around and under the
pump. The pump ,ffas bathed in diffuse light
from the workshop. Following feeding frogs
returned to the pump and remained there until
morning.

Light near workshop: High concentration of
insects swarming around the light made
observation difficult.

Lawn/grass area near teacher's hut (although
not shown on the map this area is adjacent to a
small vegetable garden). Frogs emerged from
sewage pipes below the hut.

Insects: Coleoptera (2 species)

Diptera (1 species)

Hemiptera (2 species)

Odonata (2 species)

Orthoptera (2 species)

Vertebrates: Anura: Litoria rubella

Insects: Coleoptera (l species)

Neuroptera (1 species)

Diptera (2 species)

Insects: Blattodea (1 species)

Coleoptera (3 species)

Isoptera (l species)

Larval Coleoptera (2
species)

Larval Lepidoptera

Orthoptera (3-4 species)

Phasmatodea (1 species)

Unidentified crustacean

Insects: Coleoptera (2 species)

Lepidoptera (3 species)

Neuroptera (l species)

Odonata (2 species)

Orthoptera (3 species)

Insects: Coleoptera (? Species)

Diptera (at least 3 species)

Hymenoptera (at least 3
species)

Mantodea (l species)

Neuroptera (2 species)

Insects: Orthoptera (4-5 species)

J

April 2

April 2

April 1

April 'Window/Kitchen Insects: Coleoptera (2 species)
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April 2 V/indoWnear laundry

High-pressure water pump: Frogs perched on
the lid of the tank feeding on flying insects or
foraging on the ground around and under the

pump'

Grassy woodland: After it left the pump 1

frog moved in the direction of the bore and

successfully located a damaged termite nest.

It appeared almost as if the frog was seeking
the nest. The second animal moved south
towards a dense strand of cider bush and wild
gooseberry. Sweep netting ofboth bushes

resulted in high numbers of Stenocatantops
angustifrons.

Light near workshop

Diptera (? Species)

Hymenoptera (2 Species)

Lepidoptera (3 species)

Neuroptera (2 species)

Insects: Orthoptera (2 species)

Lepidoptera (3 species)

Neuroptera (2 species)

Insect: Lepidoptera (4 species)

Coleoptera (2 species)

Orthoptera (2 species)

Insect: Isoptera (frog 1 only)

Orthoptera (2 species)

Insect: Lepidoptera (4-5 species)

Diptera (? species)

Hymenoptera (? species)

Vertebrates: Anura: Litoria
rubellalrothi

Sept.

Sept.

Sept.

5

2

2
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Table 6.2 Prey items found in the stomach contents of 20 Litoria caerulea

Frog Prey item Number

1

2

Insect: Orthoptera: Caelifera: Acridoidea: Acrididae*
Insect: Orthoptera: Ensifera (single species)

Vertebrate: Anura: Hylidae: Litoria rubella

Insect: Lepidoptera: Geometridae
Insect: Orthoptera: Ensifera: Tettigoniidae (Katydid)
Insect: Coleoptera (Elytra only) (single species)

Insect: Orthoptera: Ensifera: Gryllidae (Black freld cricket)
Vertebrates: Anura: Litoria rubella/rothi

Insect: Coleoptera: Elateridae (Click beetles) (single species)

Spider

Insect: Hemiptera (Fish killer bug, Lethocerøs sp.)

Insect: Orthoptera
Insect: Coleoptera: Tenebrionidae

Insect: Phasmatodea: Phasmatidae
Insect: Coleoptera (larva)
Insect: Lepidoptera (larva)

Insect: Lepidoptera
Insect: Coleoptera

Spider
Insect: Odonata (Dragon fly) - or lacewing?

Insect: Coleoptera: Tenebrionidae
Insect: Coleoptera: Scarabidae (2 different species)
Insect: Odonata

Insect: Orthoptera: Caelifera: Acridoidea: Acrididaex
Insect: Odonata (dragon fly)

Insect: Hemiptera
Insect: Odonata (damsel fly)

Insect: Hemiptera (single species)
Insect; Orthoptera: Caelifera: Acridoidea: Acrididae*
Insect: Hymenoptera (Formicidae) (single species)
Insect: Coleoptera: Elateridae
Insect: Coleoptera: Tenebrionidae
Insect: Blattodea
Anuran skin (Dermatophagy)

1

2
I

1

I
1

2
I

J

1

1

1

I

1

I
1

I
1

1

I

I
J

1

2
1

1

1

5

I
20

1

1

I

4

5

6

7

8

9

10

11

12

13

Note: Only 13 frogs (657o of animals) had food items present in their stomach.

*Identified as Stenocatantops angustifrons,
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6.3.3 lnsect analysis

Caryophyllene was isolated from samples containing Orthoptera (three samples),

Lepidoptera (one sample) and three mixed samples neither of which contained

Orthoptera. Individual analysis of grasshoppers contained in the pooled sample

identified the spur-throated grasshopper, Stenocatantops angustifrons (V/alker) as a

major source of caryophyllene (Identified with keys in Rentz 1996). This species of

grasshopper was in high abundance in the faeces of frogs (approx. SOVo of identifiable

prey) and regularly caught by insect trapping. Analysis of commonly encountered moth

species did not yield a source of caryophyllene.

6.3.4 Uptake experiments

Initial analysis of the frogs proved negative for terpenes. Following feeding of

dosed crickets the concentration of caryophyllene present in the secretion rapidly

increased (Figure 6.3). Almost total uptake of caryophyllene was observed after one

day.

A

B

10.50 11 .50 14.50

Figure 6.3 A section of the volatile profile obtained from Litoriq caerulea four weeks after treatment (A)
and before treatment with dietary caryophyllene (B). The peak at 12.71 minutes corresponds to

B-caryophyllene.

ScEn El+
Ttc

1.36e7

Scan El+
Ttc

3.01e5

ïme
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6.4 Discussion

Feeding experiments demonstrated that L. caerulea could take up caryophyllene

from food. Isolation of the monoterpenes limonene, eucalyptol and ocimene suggests

such a mechanism may act for terpenes in general. This correlates well with studies on

the Brown Tree-Frog, L. ewingi, which show both dermal and dietary routes exist for a

range of terpenes and their alcohols (see Chapter 8).

The ecological advantage of sequestering terpenes still needs to be determined.

Yet, when we consider many terpenes have been recorded as insect antifeedants,

defence agents, pheromones, allelochemicals and signal molecules (Charlwood &

Banthorpe l99I), together with the widespread incidence of insect parasitization and

predation of amphibians (e.g. Main & Main 1956; Butler & Main 1959; Zumpt 1965;

Hutson 1978; Littlejohn & 'Wainer 1978; Davies et aL 1979; Pounds & Crump 1987

Janzen 1994), the presence of such an uptake system seems profitable to the frog. As

discussed in Chapter 3, the presence of caryophyllene could help explain the

observation that the skin secretion of L. careulea is repellent to mosquitoes (Cawood

1997), as well as explain Williams et al. (L998) observation that the secretion inhibits

blowfly larvae eclosion and reduces adult feeding rates. Caryophyllene has been shown

to affect the growth and development of the moth Heliothis virescens (Gunasena et al.

1988) and repel a range of insect species (e.g. Howard et al. 1989; Guardiola et al.

1990; Messer et al. I99O).

The presence of terpenes may also aid the animal in a defensive capacity against

predators and microbial pathogens. Although relatively low in toxicity, caryophyllene

is both a skin and eye irritant (Sax 1989; Lewis 1992) and, in high enough

concentration, a CNS and respiratory depressant (DOC 2001). Furthermore,

caryophyllene is an effective antibacterial (Muroi & Kubo 1993; Kedzia et aI. 1994)

and antifungal agent (Garg & Siddiqui 1992; Kedzia et aI. 1994). Despite the frog

being able to produce both neurotoxic and antibiotic peptides (pers. comm. J. Bowie,

Adelaide University, July 2000) the use of a broad array of noxious and toxic

compounds would certainly increase the usefulness of the secretion. Sequestering

terpenes from the diet allows the frog to increase its defensive arsenal without

expending energy in synthesis.
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Compared to many sequestered compounds, terpenes appear to exist for only a

short time in the secretions of L. cqerulea. The longest record of caryophyllene in a

frog secretion is four months, the average "lifetime" being 2.5 months. Sequestered

alkaloids, however, have been maintained in wild-caught frogs for I - 4 years (DaIy et

aI. 1994a). Such dependence on environmental sources may be an indication of the

widespread availabitity of terpenes in nature. The widespread availability of terpenes is

important when we consider the generalist nature of frog feeding behaviour. Due to the

indiscriminate nature of frog prey selection, if terpenes are to play a role in the animal's

secretion, they must be readily abundant in the diet.

Alternatively, it is possible that the presence of teqpenes in the secretions of frogs

may be of an entirely secondary nature or even incidental. Although most animals cope

with toxic or unpalatable compounds in their food by rapid excretion of harmful

metabolites or by metabolic detoxification (Brattsten 1986; Hesbacher et aI. 1995),

another strategy for dealing with harmful compounds is sequestration. Many specialist

herbivores deal with harmful plant compounds in this manner (e.g. arctiid moths

sequestering pynolizidine alkaloids from host plants, Ehmke et al. 1990). The rapid

uptake and subsequent presence of caryophyllene in the skin secretion could be

explained by such a mechanism. Eisner et aI. (1990) suggested a similar scenario with

Rana pipiens and the retention of cantharidin. Within a few days of the cessation of

ingestion of prey items containing cantharidin, R. pipiens no longer harboured

substantial quantities of the compound. 'Whether the cantharidin is excreted,

metabolically degraded, or both, over time is uncertain, but the fact that after ingestion

it is always present in the slime suggests that it is at least in part voided by integumental

excretion.

Despite not demonstrating a feeding preference for particular prey items, it is

clear that the feeding habits of L. caerulea will influence prey intake and subsequently

may alter the availability of compounds in the diet. Tracking animals demonstrated that

individual frogs had preferences for specific feeding locations. Feeding in the grassy

woodland and grass paddock southeast of the teacher's hut (Figure 1) favoured

grasshoppers in the diet. The high proportion of grasshoppers in the diet may be a result

of associations with human dwellings. Dempster (1963) reported that grasshoppers and

certain other ovipositing Orthoptera require compacted soil for successful reproduction.
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Both areas are used to house cows and their newly born calves and it has been

suggested livestock trampling may act to compact the soil and aid grasshopper

development (Whitaker et aL 1983). The high proportion of Stenocatantops

angustifrons, the primary source of caryophyllene in the diet, relative to other

orthopteran species is likely a combination of their increased nocturnal activity and their

size when compared with other grasshopper species observed at the site. The majority

of nocturnal Orthoptera caught were less than three centimetres in length compared to

an average of five centimetres for S. angustifrons. Whether S. angustifrorzs is an

important dietary component of L. caerulea from other regions needs to be determined.

The fact that it is a common and.widespread grasshopper in the tropics (Rentz 1996)

increases this possibility.

6.5 Conclusion

This study highlights the impact environment can have on the frog's volatile

profile. The feeding trials clearly demonstrate that caryophyllene (and probably other

terpenes) can be sequestered from the diet. Furtherrnore, dietary analysis indicates that

a source of caryophyllene (the spur-throated grasshopper) is abundant in the frog's diet.

Such widespread availability is important when we consider the generalist nature of

frog feeding behaviour. Although the significance of this uptake system has not been

elucidated, the presence of caryophyllene in the secretions of L. caerulea is very

interesting when viewed in light of its bioactivity.
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CHAPTER 7: Odour of the Brown Tree-Frog, Litoria ewingi
(Duméril and Bibron, 18411

7.1 lntroduction

The Brown Tree-Frog, Litoria ewingi, is the most widely recognised frog in South

Australia. It is a medium sized tree frog (males 22 - 40 mm; femal es 32 - 46 mm) with

elongate, slightly webbed fingers lacking lateral fringes. The dorsum is grey, brown or

greefl and there are black and yellow markings in the groin and on the posterior surface

of the thighs (Figure 7.1), Its favoured habitat is moist, low growing vegetation,

typically in areas with access to regular water (Tyler 1978). As such many are found

around the fringes of permanent water bodies such as river backwaters, farm dams and

even garden fishponds,

Snout to vent length 35 mm

f igure 7.1 The Brown Tree-Frog, Litoria ewingi (Duméril and Bibroq 1841) (Source: Tyler 1995)
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When disturbed brown tree-frogs will usually flee, relying on a single long leap

and the display of flash colouration to evade their attacker. If unable to escape,

however, these frogs display defence behaviours characteristic of mos| Litoria species

(Figure 7.2). Typically this behaviour is accompanied by the emission of a strong

'green' odour* and the release of a clear, lubricious secretion. Although the non-volatile

components of the secretion have been well studied - compounds isolated include

serotonin, bufotenine, bufotenidine, 5-hydroxyindolacetic acid, 5-hydroxytryptophol

(Roseghini et al. 1976) and an unusual combination of peptides: caerin 1.1 (reported

from other Lítoria species), uperin 7 .l and 7.1.1 (show structural similarity to the uperin

group of antimicrobial peptides isolated from frogs of the genus Uperoleia), caeridin

7.1 and tryptophyltin 6.1 and 7.1 (related to peptides isolated from the red tree-frog,

Litoria rubella) (Steinborner et al. 1991) - the volatile components have received little

attention.

Figure 7.2 High intensity defence posture exhibited by Litoria ewingí when stressed or challenged.

Drawing courtesy of S.J. Walker (Source: Williams et al.2000).

'A 'green' odour typically refers to the odour of freshly cut gr¿¡ss and leaves. In this study 'green' is used to encompass a range of
vegetative odors all of which have an underlying grassy note.
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This chapter reports on the isolation and characterisation (chemical and olfactory)

of the volatile compounds responsible for L. ewingi's odour. Of particular interest is the

variation in the odour - odours ranged from a sharp mown-lawn odour to more earthy,

herbaceous and mossy odours (see Chapter 2). This variation in odour is not consistent

with odour patterns observed in other tree-frogs (e.g.L. caerulea). Variations in odours

are observed between captive and wild animals, frogs from different locations, amongst

animals collected from the same location and even within individuals over time. Such

variation raises questions concerning the individuality of odour, as well as geographical

and environmental effects on odour composition (see Chapter 8). It is also possible that

the odour may vary depending on its function or on the frog's physiological state. For

instance many animals release their anal gland secretions in a defensive manner, yet use

the same secretory mechanism for territorial marking. Hence, Fox and Cohen (1977)

hypothesise that the composition of secretions, made during scent marking and

deposited on a traditional or specific marking spot, may actually be changed as a result

of alarm reactions. Amphibian odours (or at least those odours readily perceived by

humans) are generally regarded as only being released when a predator challenges the

animal. However, the release of volatiles (albeit in concentrations below our olfactory

threshold) or even different volatiles by animals in a resting (unchallenged) state may

occur. As such, the odour of non-stressed frogs is examined to determine if the animal

continuously or selectively emits volatile secretions.

The aim of the work presented in this chapter was to:

Describe in detail the odour of L. ewingl, including its degree of variation

Isolate and characterise the compounds responsible for the perceived odours

and

Determine if the compounds responsible for frog odour are continually

released or limited to stress events.

1

2.

3
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7.2 Methods

Initial studies were undertaken whilst a visitor in the New Analytical Methods and

Technologies Laboratory, Department of Chemistry, University of Waterloo.

Subsequent experiments were undertaken at the 'Waite Mass Spectrometry Facility

(Australian Wine Research Institute/Adelaide University).

7.2.1 Animals

Sixteen frogs from two separate sites were collected for chemical analysis. Eight

individuals were collected from flood plains near Mannum, South Australia (139" 18'E;

34o 54'S), six from a small dam/waterhole at Norton Summit in the Adelaide Hills

(Mount Lofty Ranges) (138' 43' E;34" 55' S) and two from the Paracombe Golf Course

(Mount Lofty Ranges) (138" 46' E; 34" 5l' S). Six captive-raised frogs were also

obtained for analysis. Captive raised animals were reared from tadpoles collected from

the Norton Summit site. An additional 25 captive raised animals were used for

olfactory analysis, together with a further 25 frogs from Mannum and Norton Summit,

three from Paracombe and four from Belair (138' 38'E; 34' 60'S).

Frogs collected from Mannum for the purpose of chemical analysis were placed in

quarantine for one month prior to being sent to the University of 'Waterloo. All other

animals were housed in the herpetology laboratory, University of Adelaide. 'Where

possible, collected animals were tested within three days of capture. Frogs were housed

under constant temperature (22"C) and photoperiod 12:12 L:D in 62 x 32 x 36 cm (L x

B x H) glass aquaria containing peat moss as a substrate. A 20 x 20 x 6 cm water

container was placed in each aquarium and filled with dechlorinated tap water. Water

was changed once a week at the time of feeding. Frogs were fed a diet of crickets,

mealworms, and the occasional cockroach. Tadpoles were initially placed in water

collected from the dam (waterhole) where they were found. Partial renewal twice a

week with a 50:50 mix of dam and dechlorinated water was undertaken. Tadpoles were

fed boiled lettuce and tetrafin fishfood. Following metamorphosis young frogs were fed

fruit flies and pin-head crickets until they were large enough to feed on mealworms and

larger crickets.
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7.2.2 Olfactory characterisation

Procedures for olfactory analysis are outlined in Chapters 2 and 4. Forty-nine

naive volunteers were asked to characterise the odour in one-off presentation trials and

describe in five words or less the odour they perceived. From the 49 volunteers, ten

were randomly selected and asked to evaluate the frog's odour against a set of reference

odorants. A further ten were selected to analyse differences between wild (Mannum

and Norton Summit collected frogs) and captive raised frogs. Ten frogs from each

group were marked by loosely tying coloured cotton threads around their hind legs

(these were removed following the study) and placed in pairs (either captive/lvlannum,

captive/1.{orton Summit or Mannum/1.{orton Summit). The volunteers were then

presented with each pair and asked to smell both frogs and rate their similarity on a

scale of one to nine; one being dissimilar and nine similar. In order to limit bias in the

results, a double blind design was used (i.e. both the handlers and volunteers were

unaware of the source of each frog). Following four months in captivity the same frogs

were re-assessed for odour differences. As well as assessing differences between

groups, a select panel of three volunteers familiar with the frog's odour was used to test

within group variation. Volunteers were presented with five frogs and asked to rank the

similarity of the frogs' odour by using the first frog they smelt as the point of reference.

7.2.3 Chemical characterisation

Similar techniques to those employed f.or L. caerulea and outlined in Chapter 3

were used. Analyses of animals sent to Canada (Mannum frogs) were undertaken on a

Varian 4D Saturn Gas chromatograph - ion trap mass spectrometer. Analyses of frogs

conducted in Adelaide were undertaken on a Thermo Finnigan Trace GC linked to a

TSQ-700 Finnigan Mat Quadrapole MS. Frogs were sampled at 23"C for one minute

using a polydimetþlsiloxane/divinylbezeîe (PDMS/DVB) fibre. Chromatography

conditions were as follows: The carrier gas was Helium at 10 psi. The temperature

program for the HP-5MS column (30 m x 0.25 mm x 0.25 pm) was 40oC (1 minute) -

5"C/minute - 110"C (0 minutes) - z}"Clminute 250"C. A septum programmable

temperature injector (SPI) was used and its temperature held constant at2l0"C.
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Identification of compounds was achieved by comparing retention times with the

retention times of standard chemicals (Sigma-Aldrich Canada Ltd) under the same

chromatographic conditions. Mass spectra from NIST92, Wiley and purpose built in-

house libraries were also used.

In addition to sampling the secretion of stressed frogs, attempts were made to

analyse the 'atmosphere' sumounding non-stressed individuals to determine if volatiles

are continuously released or if their emission is limited to stressing situations. Frogs to

be sampled were placed in square glass tubes (3 x 3 x 10 cm, L x B x H) capped at each

end with stainless steel wire mesh and allowed to acclimate to the test conditions for

two hours. During the acclimation period the tubes were placed on damp paper towel.

Most frogs on being placed in the chamber established themselves in one of the

chamber's comers. Once the frog had established itself, the chambers were carefully

tumed horizontally and the SPME fibre extended into the chamber and positioned above

the frog (Figure 7.3). Frogs were sampled for 1, 5 and 10 minutes using the

PDMS/DVB fibre and 20 minutes using the PDMS fibre. Analysis was by GC-MS as

described above.

Figure 7.3 Stylised diagram of the non-invasive sampling apparatus used to analyse resting state

emissions of. Litoria ewingi volatiles.
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7.3 Results

7.3.1 Olfactory characterisation

Classifications used to describe L. ewingi's odour are shown in Table 7.1. All

descriptions were based around an underlying 'green' note. When compared against

odour standards the closest odours were those of actual grass samples and oreganum

(herbaceous) (Figure 7.4).

Table T.L Descriptive terms used to classify the odorous secretions of Litoria ewingi

Odour description Number of
classifïcations

Grasslike
Mown lawn

Green vegetable
Brussell sprout

Green pea

'Light', green

Plant-like
Potting soil

Earthy
Earthy, grass

Earthy, mossy

Mossy, green

Herbaceous, green

Spicy, green

Eucalypt, green, earthy
Leaf litter, composty, forest floor
Wet soil with hint of 'electrical fire', burning plastic

Camphoraceous
Peppery

6
2
2

1

J

1

6
5

1

4
1

1

6
J

I
J

1

I
1
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Figure 7.4 Matching of the odour of Litoria ewingi secretions to industry standards using a naive panel

of 10 volunteers. Columns represent the mean similarity score on an arbitrary scale of I (dissimilar) - 9

(similar).

*Note Cut grass refers to the blades of grass only, whereas a Grass tuft is a plug of lawn containing the

blades, roots and accompanying,soil.

Despite similarities in the terms used to define the odour, volunteers noted distinct

differences in the smell of individual frogs (Figure 7.5) and in the odour of frogs from

different localities. The biggest differences in odour, however, were observed between

captive-raised and wild-caught animals (Figure 7.6). Although all frogs produce an

underlying green aÍoma, captive-reared frogs appear to lack the earthy, spicy notes

present in wild animals. This is reflected in the odour descriptions of frogs when

viewed in respect to the collection site (Table 7.2). Following four months in captivity,

however, the difference in odour of stressed animals decreased and volunteers found it

difficult to separate the frogs based on odour. Furthermore, it was noted that the gleen

vegetable odour characteristic of captive-raised animals predorninated over the

herbaceous aromas initially observed in wild-caught frogs. Non-stressed frogs

produced no obvious odour.

,¡
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Figure 7.S Within group similarity of odours. assessed using volunteers familiar with the úour of Lituria

ewlngise.cretions, nrroi-tars show standard deviation from the mean' A total of five ftogs for each group

were asæsæd.
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Fígure 7.6 Similarity of wild caught frogs from
naive volunteets were presented with pairs of wi
odours on a scale of 1 - 9; 1 being dissimilar and 9

Error bars show standard deviation from the mean. A total of 30 frogs (10 from each üeatment) were

used,

Bred Mannum Norton Summit

Table 7,2 Odovr classifications affangedby Litoria ewingi collection site

Captive mised Mannum NoÉon Summit Belair Paracombe

Brussell spnout

GÉss-like

Green pea

'Light', green

Mown lawn

Plant-like

Earthy

Eafhy, grass

Earthy, mossy

Plant-like

Potting soil

Camphoraceous

Eucalypt, green, earthy

Herbaceous, green

Earthy, grass

Herbaceous, green

Leaf litter, composty, forest
floor

Potting soil

Earthy, grass

Green vegetable MossY, gfeen Leaf litter, composty, forest
floor

Peppery

Spicy, green

Wet soil withhint of
'electrical fne', burning
plastic



t23

7.3.2 Chemical characterisation

The difference in perceived odour is mirrored by chemical differences in the

frog's volatile profile. Although attempts to isolate a single compound responsible for

the underlying 'green' note were unsuccessful, analysis of wild-caught animals

indicated the presence of a wide range of plant monoterpenes in the frogs' secretion

(Figure 7.7). Relative amounts (reported as peak area) are included for the six most

coÍtmon terpenes isolated from the secretion (Table 7.3). In contrast, terpenes were

absent in the six captive-reared animals tested. Animals transported to Canada yielded

only two monoterpenes in their secretions, limonene and eucalyptol. For most animals

tested, the amount of limonene released into the headspace was greater than that of

eucalyptol (Figure 7.8). Although no attempt was made to quantify the amount of each

terpene in the headspace, the difference is unlikely to be a result of detector sensitivity.

Repeated injections (six injections over three days) of a 10 ppm solution of limonene

and eucalyptol resulted in no significant difference in detection (measured as

signal/noise) for both compounds (average ratio of limonene:eucalyptol I:L44). No

volatile emissions were observed from non-stressed animals for all sample times.

Figure 7.9 shows a typical chromatogram of a non-stressed frog and the same frog

following a stress event.
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f,igure 7.7 Monoterpenes identified in six wild caught Litoria ewingi from Norton Sumit and two wild
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22= a-Longipinene
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Table 7.3 Relative abundance (peak area) of the six most common terpenes present in

the volatile profile of wild caught Litoria ewingi from Norton Summit and Paracombe*

3- Limonene

1

2
3
4
5
6
7ì
8i

nd
972005
1424828
tl24l29
2676009
1034229

nd
nd

673138
5516987
16135760
5907246

21118799
5602220
5372921
t4394716

108686
5344s6
880996
615822

27507733
20642
7t5926

3421960

nd
nd

58518s
621852
1381928
234240

nd
63t626

394673
2t29s77
4374825
3 18715 I
5581081
2903448
3080901
4ls0l88

97s000
189351
s22634
67251s

nd
nd

o
-f!b

300
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f igure 7.t Relative abundance 1pe4, ar@ of limonene and eucalypfol sampled from eight Lltoria

,*insi n rtto Canada using a rus¡prn fibre, NT = not tested, SF = sfüpped fibre.
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7.4 Discussion

Although all volunteers described L. ewingi as having a characteristic 'green'

odour, there were distinct variations perceived in the odours of individual animals. This

differs fuom L. caerulea, where although the volunteers' descriptions varied, volunteers

could not separate individual frogs (including bred and wild caught animals) based on

odour (descriptive versus physical variation in odour) (see Chapter 4). 'Whether 
these

differences in odour observed in L. ewingi are of biological significance is a matter of

conjecture. It would seem unlikely due to the fact that odour can vary within the same

animal over time. If the odour has a defensive function (as hypothesised by its release

from a stressed animal), the effect of this variation in odour must be minimal, as such

variation appears to be widespread in wild-caught frogs. The variation in odour is more

likely to be due to changes in the composition of the secretion as a result of

environmental influences. A likely influence might be a loss of dietary-derived

components or essential precursors. Hence the more herbaceous, earthy notes are lost

and there is a shift towards 'consistent' grass-like odours in frogs held in captivity for

extended periods. Further support for such an hypothesis is suggested by the chemistry

of the secretion. Although the compounds responsible for the underlying green note

could not be identified, it was observed that wild caught frogs released a range of plant

monoterpenes when stressed. Quarantined frogs showed a reduced number of terpenes

and bred frogs a total lack ofterpenes in their secretions.

Table 7.4 lists the odour descriptions supplied by volunteers asked to characterise

the odour of standard (10 ppm) solutions of the majority of terpenes isolated. Based on

their descriptions, it is clear that these compounds contribute significantly to the odour

of the frog, and it is likely their presence, absence, or variations in amount, ate

responsible for the perceived differences in individual animals.

Non-stressed/resting state animals did not release any odour or volatile emissions.

The fact that the same frogs released terpenes when stressed, a few moments later,

suggests that the terpenes are only released when the animal is challenged. Over time (a

period of months), however, the terpenes are lost from the secretion. Thus, continued

expulsion via the skin cannot be totally ruled out as the terpenes may be released in

concentrations below cuffent detection limits. Alternatively, unobserved stress events
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(e.g. territorial aggression between frogs) may result in the depletion of terpenes from

the glandular store. The most likely explanation, however, is that the terpenes are being

metabolically degraded. The ability to uptake terpenes would suggest the frog also has

a mechanism to prevent the build up of terpenes in the body and hence avoid any

subsequent toxic effects.

Table 7.4 Odour classifications of 107o solutions (in Ethanol) of the majority of
monoterpenes isolated from Litoria ewingi skin secretions

Terpene Odour

Camphene
cr-Pinene

B-Pinene
cr-Phellandrene

cr-Terpinene

B-Cymene
Limonene

Camphoraceous, Fresh herbal woody mint
Sharp pine, fresh camphor sweet pine woody earthy
'Woody pine,
Minty herbaceous, citrus with slight peppery note, green black
pepper, terpenic
V/oody terpene lemon
Weak citrus
(R)-(+)- Mild, citrus, sweet, orange,lemon
(S)-(-)-'Warm, herbaceous, spearmint, peppermint
Fresh, eucalyptus, minty herbal, rosemary
Herbaceous citrus, oily woody terpy lemon/lime tropical herbal

Plastic, petroleum
Fresh sweet, Fragrant, floral,lilac, citrus lime
Coniferþine-needle like, balsam, camphor
Camphoraceous, pine-needle like, fernJike

Eucalyptol
y-Terpinene
Terpinolene
cr-Telpineol
Isobornyl acetate
Bornyl acetate

7.5 Gonclusion

The presence and absence of plant terpenes in the volatile profile of L. ewingi are

clearly responsible for many of the characteristic odours perceived. The inability of

higher animals to synthesise such compounds (Banthorpe & Charlwood 1972) suggests

an environmental source for these compounds in the secretion of L. ewingi. This is

further supported by the loss of both odour characteristics and terpenes with time in

captivity and the absence of terpenes in laboratory-reared animals.
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CHAPTER 8: The source of monoterpenes in the skin secretion
oÍ Litoria ewingi

8.1 lntroduction

Rather than expend energy on synthesis, many animals will acquire their

defensive chemicals by sequestering toxic compounds from the environment. The

classic example of this is the monarch butterfly/milkweed (Danaus plexippuslAsclepias

curassavicø) relationship, which demonstrates coevolutionary effects of plant toxins

involving plant, insect and bird. A. curassavica synthesises physiologically active,

bitter tasting cardiac glycosides, which are sequestered by D. plexippus larvae feeding

on the plant and retained by the adult butterfly as a protection against predators (Roeske

1975; Brower & Fink 1985; Torsell 1997). This appears to be the case for the terpenes

isolated from Z. ewingi and would explain the lack of such compounds in captive reared

animals (Chapter 7). The dietary uptake of the sesquiterpene caryophyllene, and most

probably other plant terpenes, has already been shown to occur in L. caerulea (Chapter

6). Moreover, both the lipophilic alkaloids and their essential precursors or cofactors,

released by the dendrobatid frogs, are of dietary origin (Daly et al. l994a,b; Daly

1998a,b). Furthermore, the synthesis of most monoterpenes and terpenoids is restricted

to higher plants, microorganisms and a few marine and terrestrial invertebrates

(Banthorpe & Charlwood L972; Hanson 1985; Erman 1985; Charlwood & Banthorpe

1991).

Not all toxins, however, are sequestered from the diet. The presence of certain

molecules may be the result of their production not by the vertebrates themselves but

from bacteria forming part of an indigenous skin-surface microflora. For example, the

presence of tetrodotoxin in the pufferfish Fugu poecilonotus is produced by

Pseudomond.ç spp. present on the skin surface (Yotsu et aL 1987). As mentioned in

Chapter 6, it is also possible that such compounds are absorbed through the skin.
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This chapter describes studies undertaken to determine the origin of terpenes in

the skin secretion of L. ewingl. Two routes of exposure, dietary and dermal uptake were

investigated. The aims of the work presented in this chapter are to:

1. Ascertain whether or not diet is a source of terpenes in the frogs secretion and

2. Investigate the concept of dermal uptake

8.2 Methods

Initial studies were undertaken whilst a visitor in the New Analytical Methods and

Technologies Laboratory, Department of Chemistry, University of Waterloo.

Subsequent experiments were undertaken at the 'Waite Mass Spectrometry Facility

(Australian'Wine Research Institute/Adelaide University).

8.2.1 Animals

Frogs used for the initial trials were randomly selected from a supply of long-term

captive (> 6 months) animals. Frogs were originally collected from Mannum for use in

olfactory studies. Repeat studies were conducted with frogs obtained from Norton

Summit (> 4 months captivity) originally collected as breeding stock for experiments

not related to this thesis.

8.2.2 Dietary uptake

Twelve frogs were randomly divided into three groups of four: a control group

and two treatment groups. One treatment group was fed crickets spiked with limonene,

whilst the other received eucalyptol. Frogs were maintained on their diet for a period of

one month. Twice a week animals were fed crickets injected with an aqueous emulsion

of limonene or eucalyptol. The doses of both limonene and eucalyptol were calculated

based on the oral LD50 values for rats (4400 mg/kg and 2480 mg/kg respectively)

(Hazardous Substances Database, National Library of Medicine, Bethesda, Maryland,

USA: http://toxnet.nlm.nih.gov). To ensure a safe dose was used and to account for

differences between amphibian and mammalian physiology a 100-fold safety factor was

employed. Prior to inclusion in the treatment, frogs were exhaustively stimulated to

ensure adequate depletion of their glandular stores and their secretions analysed (using a
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PDMS/DVB fibre as described in Chapter 3) to account for base levels of terpenes.

Samples of food were analysed (by headspace SPME & GC-MS) for the presence of

terpenes prior to feeding. Random spot checks of stock colonies were undertaken

throughout the study to ensure additional sources of terpenes were not naturally present

in the diet and consequently available to the frogs. Test groups were held in 38 x 20 x

28 cm (L x B x H) aquaria under constant temperature (22"C) and photopeiod 12:12

L:D. All aquaria were lined with paper towel and provided with a reservoir containing

dechlorinated tap water. Both were replaced weekly at the time of feeding. In order to

rule out dermal uptake, the paper lining the aquaria and water were tested for telpenes

(hexane extraction analysed by GC-MS). In all tests, the food, towelling and water

tested negative for terpenes. Following one month's treatment, frogs were re-analysed

for the presence of terpenes in their secretion.

8.2.3 Dermal uptake trial

Eight frogs were randomly selected from the stock and divided into a control and

treatment group each containing four frogs. Treatment frogs were placed in contact

with freshly collected eucalyptus leaves (Eucalyptus dunnii) for one month. l,eaves

were placed throughout the aquaria, including in the frogs' water. Aquaria were

cleaned once each week, and fresh leaves added to maintain a saturated atmosphere of

leaf volatiles. Frogs were fed crickets once a week and were maintained under constant

temperature (22"C) and photoperiod 12: 12 L:D. Similar checks as described above for

food, substrate and water were undertaken.

For the trials undertaken in Canada, leaves were harvested from three, young (ca.

one year old) specimens of Eucalyptus dunnii. Trees were supplied by Riocell S.A.

(São Paulo, Brazil) and held at the Department of Biology, University of Waterloo.

Trees were maintained at25 "C under natural light. Trials undertaken in Adelaide used

leaves obtained from a single tree (> 30 years old) located in the University's 'Waite

Campus arboretum.

Following one month's exposure to the leaves, frogs were removed from their

aquaria and carefully rinsed for one minute under distilled water before being placed in

clean, leaf-free aquaria where they remained isolated for 24 h before testing. Such
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precautions were undertaken to avoid sampling exogenous compounds, which may have

adsorbed to the skin's surface. Frogs tested in Adelaide were also tested using the

minimal stress apparatus described in Chapter 7. Analysis of stressed frogs was

undertaken using a PDMS/DVB fibre as described in Chapter 3.

8.2.4 Analysis of E. dunnii orT

In order to confirm the uptake of E. dunnii terpenes into the frog's secretion,

0.5 ¡rL of a 100 ppm hexane solution of the plants essential oil was analysed using the

same GC/MS conditions employed for the frog analysis. The plant's oil was extracted

by hydrodistillation using a Clevenger apparatus for three hours with 50 g of eucalyptus

leaves. The separated oil was dried with anhydrous sodium sulphate and stored under

desiccation at- 4"C.

8.3 Results

8.3.1 Dietary uptake

Analysis of the frogs' secretion prior to treatment was negative for eucalyptol and

limonene in all frogs tested. Following feeding the amounts of both terpenes increased

significantly in the treatment frogs. Figures 8.1 and 8.2 show representative

chromatograms following dietary spiking with limonene and eucalyptol respectively.

Table 8.1 lists the relative abundance of each terpene in the frog's volatile profile. The

abundance of both terpenes in wild caught animals is included for comparison (data

from Chapter 7). Amounts of both terpenes are similar to those obtained for wild

caught frogs. There does not appear to be any preferential uptake of either terpene

(experiment 1: limonene < eucalyptol (1 exception); experiment 2: limonene >

eucalyptol).
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iorïó*ing ingestion orrpin'r¿i*á. mr red lineihows the initial level of limonene inthe frog's volatfe
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X'igure 8.2 Section of a representative chromatogram shgwrng$9 unt$e of eucalyptol by Litoria ewingi

following ingestion or rpiüJr*ã.- rrt red lineihows ttre initi¿ lwel of eucallptol in the frog's volatile

piããi. -¿ trn blue line conesponds to the amount of eucalyptol after I month'
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Table 8.1- Relative abundance of eucalyptol and limonene in the volatile profile of
Litoria ewingi before and after feeding with terpene dosed crickets. Data are compared
to the abundance in wild caught frogs.

Control Limonene Diet Eucalyptol Diet Wild Caught Frogs

(data from Chapter 7)

AfterBefore

Experiment 1

Before After

nd 4.3 x 105

nd 8.4 x 104

nd 1.2 x l}s

nd 8.8 x 104

Experiment 2

nd 1.5 x 108

nd 3.2 x lO7

nd 3.9 x 107

nd 5.1 x 107

Limonene

1.1 x 105

5.4 x 105

8.8 x 105

6.2 x 7Os

2.8 x 107

2.1 x l}a

7.2 x l}s

3.4 x 106

Eucalyptol

4.0 x 10s

2.7 x 106

4.4 x 106

3.2 x 106

5.6 x 106

2.9 x lO6

3.1 x 106

4.2 x 106

Before

nd

nd

nd

nd

After

9.6 x 105

2.9 x l}s

8.1 x 105

3.7 x 103

8.7 x 106

5.2 x lO6

2.9 x lO6

ST

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

Note: nd = not detected, ST = stripped fibre.

8.3.2 Dermal uptake

Prior to treatment all the frog's secretions were negative for terpenes. After a

period of one month in contact with the foliage, the frog's volatile profile closely

matched that of the plant's hydrodistilled oil (Figure 8.3), although the relative

abundance of different terpenes varied between the profiles. Table 8.2 shows the

relative abundance of two of the terpenes (limonene and eucalyptol) present in the

frog's volatile profile. No significant differences in uptake are observed compared to

dietary intake, nor does there appear to be any preference for either terpene. Non-

stressed frogs did not release terpenes, suggesting that they are either released in

quantities below the detection limit or accumulated in the glandular tissue to be released

when the frog is challenged.
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(A)

(B)

RIC

RIC

A a-Pinene
B p-Pinene

C p-Myrcene
D o-Phellandrene
E ei-Terpinene
F p-Cymene
G Limonene
H Eucalyptol
I cis-Ocimene
J y-Terpinene
K Terpinolene

6.66

6.66

8.33

t.33

1000 13.33 1500

15.00

tL.ffi

Retention time (min)
5J

X,igrrre S.3 (A) presence of Eucatyptus ûtnnii leaf oils in the volatile secretion of Litoria e'wingi ' T\e

red line indicates utto.pft .rc Uu.iã""*¿ levels. (B) Essential oil profile of E. dunnii' Relative ion

concentrations (RIC) for the highest peak given'
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Table 8.2 The relative abundance of limonene and eucalyptol in the volatile profile of
Litoria ewingi before and after one months exposure to Eucalyptus dunnii leaves

Experiment 1

Limonene Eucalyptol
Before After Before After

nd

nd

nd

nd

nd

nd

nd

nd

9.9 x lOa

3.8 x 10s

1.3 x 104

2.4 x l}a

2.3 x l}s
5.5 x 105

5.6 x 103

8.0 x 104

Experiment 2
Limonene Eucalyptol

Before After Before After

nd

nd

nd

nd

nd

nd

nd

nd

3.8 x 106

2.7 x 106

3.7 xIO6

ST

8.7 x 10ó

9.4 x 106

9.7 x106

ST

Note: nd = not detected, ST = stripped fibre.

8.4 Discuss¡on

As mentioned in Chapter 6, the ecological advantage of sequestering terpenes is

unknown. However, the fact that L. ewingi has two distinct mechanisms by which to

accumulate terpenes supports the hypothesis that these compounds are important to the

frog. Moreover, many terpenes have been shown to repel a range of potential parasites

and predators. These include insects (e.g. Taylor & Vickery 1974; Hubert & Wiemer

1985; Hwang et aL 1985; Hink & Fee 1986; Klocke et al. 1987; Karr & Coats 1988;

Jacobson 1990; Dettner et aI. 1992; Canoll 1994; Li 1996; Thorsell et aI. t998), and

vertebrate predators such as birds (Schafer et al. 1983; Kanehisa et aI. 1989; Takahashi

et aI. 1993;Li 1996; Clark l99l;l<calI et al. 1997), rats and mice (Ishida & Higuchi

I99I; Bouchard et aL 1997; krall et al. 1991), snakes (Li 1996) and lizards (kall et al.

1991). Many terpenes are also effective antimicrobial agents (e.g. Pattnalk et al. 1997;

Bourne et at. 1999; Cowan 1999). In addition, many terpenes are irritants affecting the

mucosal and ocular membranes and the respiratory tract of humans (Gosselin er ø/.

1976 Reynolds & Prasad 1982).
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No volatile emissions were observed from non-stressed animals, indicating that

the compounds acquired from the foliage were not simply coating the skin but were

accumulated and concentrated in the glands of the animal. 'Water solubility among the

monoterpenes is extremely variable, ranging from a low of <10 ppm (by weight) to a

high of 6990 ppm (Weidenhamer et al. 1993). Hydrocarbon monoterpenes have low

solubility compared to monoterpenes containing oxygen in the form of a ketone,

alcohol, ether or aldehyde (e.g. limonene 13 ppm vs eucalyptol, an ether, 332 ppm) and

as such should be better retained by lipid components of the skin. For the case of

limonene and eucalyptol, however, this does not seem to be the case. This raises the

question as to whether these compounds are accumulated by the granular glands or by

associated glands such as the lipid and mucous glands present in the skin. The most

likely site of accumulation is the granular glands, the content of which is only released

when the animal is stressed or challenged. The mucous glands, however, are known to

spontaneously and regularly secrete (Noble l93I; Sjoberg & Flock 1976) whilst the

content of both the mucous and lipid glands is frequently released to help counter water

loss (Lillywhite & Licht 1975; Blaylock et aL 1976; Withers et aI. 1984; Lazarus &

Attila 1993).

8.5 Conclusion

It is clear that L. ewingi is able to acquire terpenes both from its diet and via

dermal contact. Furthermore, these terpenes appear to concentrate in the integumentary

glands and are only released when the animal is stressed. The role these terpenes play

in the frog's biology remains unknown, however, it seems likely that they could aid the

frog in a defensive capacity.
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Chapter 9: The antipredator role of odour in Litoria ewingi

9.1 lntroduction

Although the functions of frog odours are largely unknown, their release from

stressed or threatened animals strongly indicates that at least one function could be for

defence (Williams et aL.2000). This hypothesis is supported by an observation that the

intensity of these odours increases with the severity of the threat (Tyler 1976). In

addition, there are reports that the vapour of some secretions will cause sneezing, nasal

discharge or congestion, or other generally irritating effects in humans (Minton l9l4;

Nussbaum et al. 1983; Stebbins and Cohen 1995).

Emission of volatile compounds that repel predators may confer a selective

advantage, even if frogs also produce non-volatile compounds that are toxic and/or

distasteful. By deterring predators at a distance frogs avoid contact with, and possible

physical damage from, attackers assessing their palatability. Given the possibility that

predators could make the association between odorous warning and undesirability of

prey, either through learned response or due to an innate predisposition, the secretion

may have evolved as an aposematic signal, comparable in every way to a conventional

aposematic signal, but chemical in character. The advantage of such chemical

aposematism is that it could operate at night when the frogs are most active, as opposed

to aposematic colouration or postures, the effectiveness of which may be dependent

upon daylight/vision (Eisner et al. 1997). The use of aposematic odours also raises the

possibility of mimicry. Obviously there are advantages in smelling like a toxic and

unpalatable species, or having a generally toxic smell if it prevents or reduces the

chance of attack from a predator.

To investigate the hypothesis that the odour of L. ewingl acts in a defensive

manner two approaches were undertaken. First, the ability of various stimuli to elicit

odour release was investigated. Secondly, the effect of the odour on generalist but

naive predators was studied. The predators chosen were:juvenile water pythons, Liasis

fuscus; Norway rats, Rattus norvegicus, aîd the bearded dragon, Pogona vitticeps.

Naive generalist predators were chosen over wild (specialist) predators to avoid effects

resulting from preconditioned or innate aversion to odours or from adaptation to
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noxious compounds present in the skin. For example, the red-sided garter snake,

Thamnophis sirtalis, is immune to alkaloids present in the skins of the newt and

salamanders on which they prey (Brodie & Brodie 1990). Furthermore, it is well

recognised that the predators responsible for the evolution of aposematic and mimetic

colouration do not rely upon the noxious and mimetic species as a major source of food.

Accordingly, non-specialist predators are the most likely selective agents favouring the

evolution of unpalatable skin secretions and aposematic patterns (Brodie 1981; Poulton

1890; Cott 1940;Fisher 1958).

Casual predation by non-specialist predators forms a considerable portion of the

predatory burden of a prey species (Daniels & Heatwole 1984; Corbett & Newsome

1987). This impact is amplified as a result of Australia's low faunal biomass and the

unpredictable nature of Australia's environment which can result in considerable

fluctuations in prey availability. Prey availability can be increased greatly following a

good rain. However, in periods of drought prey become limited and 'clumped' (i.e.

restricted to specific areas) (Corbett & Newsome 1987). Encounters with a specific

prey item may be few and far apaft and consequently many predators are euryphagous,

encountering and consuming a few individuals from a vast number of prey species

(Daniels & Heatwole 1984; Daniels 1987).

In addition to studies on the antipredator action of the odour of L. ewingi,

investigations of the effect of terpenes on the water python were undertaken. Three

monoterpenes previously isolated from the frog - crc-pinene, limonene and eucalyptol -
were tested for their ability to inhibit the strike response exhibited towards, and

subsequent consumption of, food.

The aims of the work presented in this chapter are to:

Determine the efficiency of various stimuli in eliciting odour release

Determine the effect of frog odour on inhibiting feeding of naive

predators and

Investigate the effect of cr-pinene, limonene and eucalyptol on water

python feeding.

1

2

J
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9.2 Methods

9.2.1 Animals

Both long-term captive and wild caught frogs were used in the 'stimuli'

experiments. Captive frogs were randomly selected from animals used in previous

studies. V/ild animals were collected from a garden pond at Belair (Adelaide Hills) and

used within one week of capture. Animals for the predator studies were obtained from

Norton Summit and held in aquaria containing soil, reeds and eucalyptus leaves

collected from the same site. The leaves were replaced weekly with fresh samples. All

aquaria were supplied with dechlorinated water, which was changed twice each week.

Frogs were housed at a constant temperature (22'C) and photoperiod 12:12 L:D and

maintained on a diet of crickets and mealworns, supplemented with insects caught at

the collection site.

Four juvenile pythons (ca. two months old) were obtained from Professor Russell

Baudinette, Department of Environmental Biology, Adelaide University. Pythons were

maintained at a constant temperature (26'C) and photoperiod I2:l2L:D. Snakes were

housed in newspaperlined glass aquaria supplied with a series of branches and logs on

which to climb. Snakes were each fed a single adult mouse once each week.

Four adult rats (2 male and 2 female) were obtained from Adelaide University

Animal Services. Rats were held under constant temperature (22"C) and photoperiod

12:12 L:D. Animals were housed in 56 cm x 39 cm x20.5 cm (LxBxH) polypropylene

cages (two animals to a cage),lined with pressed paper pellet bedding. PVC cylinders

were placed in each cage to provide the rats with a refuge in which to hide. Rats were

provided with a continuous supply of water and ratlmouse cubes.

Two bearded dragons were obtained from Associate Professor Chris Daniels,

Department of Environmental Biology, Adelaide University. Lizards were housed in a

large Naly@ plastic tub under constant temperature (22"C) and photoperiod 12:12 L:D.

Lizards were supplied with a continuous supply of water and fed a combination of

vegetable mix and live food (mealworms and cockroaches) once each week.
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9.2.2 lnvestigations of odour releasing stimuli

Ten frogs were assessed for their reaction to handling, gentle touching/prodding

with forceps and the presentation of a Common (Green) Tree-Snake, Dendrelaphis

punctulata, and 'Water Python, Liasis fuscus. Experiments were conducted using the

same procedures as those outlined in Chapter 4 for L. caerulea.

Due to the difficulty of approaching L. ewingi with a snake (frogs were extremely

wary of any movement above them and would often jump away), the behaviour of frogs

placed in aquaria containing satiated snakes was also assessed. All observations were

made within half an hour of feeding the snake. Tests were conducted in a 90 x 60 x 40

cm (L x B x H) glass aquarium lined with moist paper towel. Prior to starting the test

both the frog and snake were placed in the aquarium and allowed to adjust to test

conditions for 15 minutes. During this period the frog was isolated from the snake by

an opaque plastic divider, which separated the aquarium into two compartments. The

divider was removed at the start of each test. Studies were conducted under simulated

dusk conditions and filmed using low light video equipment (Sony Video 8 XR CCD-

TR511E video camera recorder). Four trials were conducted with each species of

snake.

9.2.3 Choice tesfs; Frog odour

All animals were assessed using a 'one-choice' test, ingestion being the dependent

measure. Both the snakes and rats were deprived of food prior to the test to ensure

consumption - snake and lizard studies were conducted each week prior to feeding and

the rats were fasted for 48 hours prior to testing.

9.2.3.1 Python studies

Snake studies involved randomly presenting the snakes with either control prey

(neonatal mice approx. 3 cm in length) or odour/secretion coated prey and recording the

snakes' behaviour towards the food. Mice were impregnated with the odour by rubbing

them over the dorsal surface of a stressed frog. Euthanased neonatal mice were

obtained from Adelaide University's Animal Services division. In order to minimise

temperature effects and reduce the impact of heat-sensing in food acquisition, test and
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control mice were cooled to room temperature (26"C) prior to presentation. A total of

nine presentations to each snake were undertaken for both control and secretion coated

mice. Due to the dependent nature of the data, McNemar's test was employed to test

for significance.

In order to control for novel odour effects* a preliminary study comparing

uncoated mice with cologne coated (17o solution of PLAYBOY Eau de Toilette) and

lizard (Pogona vitticeps) rubbed mice was undertaken. A total of five presentations to

each snake were undertaken for each odour. The principal variable measured in both

studies was strike (and consumption) versus no strike. Time to strike and observations

of tongue flicking were also recorded.

Snakes were placed in a 60 x 32 x 35 cm (LxBxH) glass aquarium covered on

each side by black plastic and allowed to acclimate to test conditions for one hour. An

amber glass lid was placed on top of the aquaria to allow observation of the animals but

minimise visual disturbance. A 'hole and sock' system was built into the lid to provide

access to the chamber for odour presentation. Mice were presented to the snakes using

long handled forceps and slowly 'jiggled' up and down to provide movement stimuli.

Tests were run at 26 + 4"C under simulated dusk (low light) conditions.

9.2.3.2 Rat studies

Rat studies were undertaken by presenting the rats with a choice of skinned and

intact euthanased frogs and secretion coated and uncoated food. Frogs were euthanased

by placing them in a freezer (- 4'C) for five minutes followed by decerebration and

spinalisation. The skin of the frogs was lightly scored with forceps to release the

odorous secretion. Initially plain mouse and rat cubes were used as the food item. Due

to their effectiveness in soaking up the skin secretion, which both reduced the impact of

the odour and caused them to disintegrate prematurely, the pellets were wrapped in

lettuce leaf. This gave the food item a 'frog-like' surface in that the secretion remained

on the item without being absorbed.

.Novelty 
often elicits fear and, as such, many animals may be reluctant to approach unfamiliar odours. Care needs to be taken to

discriminate between actual effects and unfamiliarity (Jones et a/. 2000).
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Rats were placed in separate cages prior to depriving them of food. Following the

fasting period the frog/food was placed into the cage, at the opposite end to the rat. The

behaviour of the rats towards the food source and ultimately whether the food was

consumed or rejected was recorded. If after ten minutes the frog/food had not been

consumed it was removed from the test chamber and replaced with the corresponding,

opposite treatment. In addition to using long-term fasted rats, satiated rats were

investigated for their response to skinned and intact frogs. An identical set up to the

fasted rat study was employed except that rats were provided with a continuous supply

of food until an hour before testing. At this stage the food was removed and the rats

allowed to settle down after the disturbance. Each rat was presented with the skinned

and intact frogs twice, resulting in a total of eight presentations.

9.2.3.3 Lizard studies

Lizard studies were conducted in their housing enclosures. Lizards were

randomly presented with either a skinned or intact euthanased frog. The frog was held

approximately 5 cm away from the snout of the lizard and shaken to provide movement

stimuli. The behaviour of the lizards towards the food source and whether the food was

consumed or rejected was recorded.

9.2.4 Choice tesfs.' Terpenes

Terpene studies were undertaken using the same set-up employed for frog odour

trials. Neonatal mice were coated with 0.5 ml of a 100 ppm solution of either cr-pinene,

limonene or eucalyptol and the effect of this application on snake strike behaviour

recorded. Six presentations to three of the snakes and seven to one snake were

undertaken for both control and terpene coated mice.

9.3 Results

9.3.1 lnvestigations of odour releasing stimuli

Handling was usually sufficient to cause odour release in the field and in short-

term captive animals. Depending on the degree of interaction with laboratory members,

most long-term captive animals could be gently held in a cupped hand without

secreting. Attempts to grasp the frog, however, usually resulted in secretion. In the
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stimuli tests, gentle contact with the forceps resulted in eight of the ten frogs fleeing,

while the remaining four emitted odours and adopted the 'low intensity' posture

described by V/illiams et aL (2000). Further agitation resulted in the odour intensifying

but did not lead to the frogs adopting the high intensity posture (seen in Figure 7.1).

After a few trials, approach without contact was sufficient to cause the animals to adopt

the low intensity posture. Approaching the frog from a slightly-raised position had

greater effect than approaching the frog head on.

Presentation with pythons had varied effects on the frogs. All frogs placed in

aquaria containing satiated pythons appeared agitated and exhibited a high degree of

mobility. On initial presentation, pythons actively investigated the frog. The rate of

tongue flicking increased and the head of the python was brought to within 5 cm of the

frog. At this distance tongue flicking was reduced or stopped altogether (two trials). In

one trial lingual contact was made. Movement towards the frog elicited fleeing

behaviour and release of odour by the frog. This caused the snake to turn away from

the frog. Continued exposure resulted in disinterest by the pythons. The frogs,

however, maintained their agitated state and would jump away if the snake approached.

Presentation of the head of the python to the frogs proved difficult with frogs wanting to

flee. It is unknown whether the snake stimuli or the presence of a large object (the

handler) above the frog was responsible for the observed behaviour. Most probably

both stimuli had an effect.

The response of the frogs to the tree-snakes differed considerably compared to the

python study. Rather than flee, frogs opted to remain immobile with their legs tucked in

under their body. Although no odour was evident, it was difficult to determine if the

frogs were secreting, as the frog could not easily be approached without disturbing and

stressing it. The behaviour of the snakes also differed. Rather than approach the frog,

the snakes would spend considerable time tongue flicking from a distance (usually

about 10 - 15 cm) before quickly striking at and consuming the frog (even though they

had recently been fed). At no time prior to the strike did the snakes make contact with

the frog. On being attacked by the snake, the frogs did liberate a perceptible odour

whilst exhibiting a stiff-legged posture in which the hind limbs were extended laterally

from the body of the frog or directed slightly forwards towards the snake's head. The

release of odour appeared to have no effect on the snake. Controlled approach of a
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green tree-snake and forced contact of the head of the snake with the frog's body did

elicit odour release; however, external influences (e.g. handler effects) cannot be ruled

out.

9.3.2 Choice tesfs.' Frog odour

9.3.2.1 Python studies

Application of the cologne resulted in the complete rejection of the mice for all

presentations. The response of the snakes to the presence of the cologne, however, was

not one of repulsion but rather rejection of an unsuitable prey item. On the first few

presentations (n - 7) with cologne, snakes spent considerable time (on average 31.6 +

4.8 sec) investigating the mouse before rejecting it as a food source. The rate of tongue

flicking around the mouse was also substantially increased. Subsequent presentations

resulted in quicker rejection (12.9 ! 4.2 sec). Rubbing the mice over lizards also had no

effect on percentage strike or strike rate with only two rejections recorded out of 20

presentations (Figure 9.1). Time to strike was less than five seconds for both control

andLizard rubbed mice.

Application of the frog's odour, however, significantly reduced (X2 =27.57,P <

0.001, n = 45) the percentage strike of the python (93Vo control versus 117o secretion)

(Figure 9.2). Furthermore, the snakes' behaviour when presented with odour-

impregnated mice was suggestive of an adverse reaction. All animals initially recoiled,

and in the majority of cases, turned away and placed their head under their body or

lowered it towards the ground. In 12 of the presentations the snakes moved back

towards the mouse to re-investigate before turning away or striking at the mouse.

Snakes struck and consumed the mouse a total of five times (II7o of all presentations).

On continued presentation with a coated mouse, the majority of snakes became agitated,

one individual even hissed loudly at the odour source whilst backing away. Despite this

visible agitation and continued pressure on the snake, no animals exhibited any

offensive behaviour (e.g. defence strike). Tongue flicking varied considerably with

snakes often turning without visibly sampling the air. At no time did the snakes make

lingual contact with the mice.
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Control Cologræ Lizard

Figure 9.X The response ofjuvenile water pythons to prey items impregnated with novel odour

stimrli (n = 20),

Control Frog odour

f igure 9.2 T\eresponse ofjuvenile water pythons to control and Litoria ewingi odour impregnated prey

(n = 45).
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9.3.2.2 Rat studies

In all 12 presentations fasted rats consumed the skinned frogs. Following

placement of the frog in the enclosure, the rats quickly located the carcass (usually

within 10 seconds) and began eating it. The rats did not spend any time assessing

(sniffing, mouthing) the 'quality' of the carcass as a food source. For all presentations

the rats did not stop eating, even to groom themselves, until the entire carcass was

consumed. After the meal was finished all the rats exhibited standard grooming

behaviour, licking their paws and then wiping their snouts and whiskers. Attempts to

take the carcass from feeding rats resulted in aggressive behaviour being exhibited.

Three animals attempted to bite the forceps used to remove the carcass and one rat

managed to bite and scratch the hand of the person removing the frog.

The behaviour exhibited towards intact animals differed considerably from the

behaviour observed when presented with skinned frogs. In twelve presentations the

frog was totally rejected eight times and only partially consumed four times. On

presentation with an intact frog, rats would approach cautiously, sniffing at the carcass.

The rats would approach the frog, sniff, retreat, then repeat this display until they had

observed the frog from all directions. The number of approaches appeared to coincide

with the perceived intensity of the odour. Mouthing and chewing the carcass resulted in

the rats quickly releasing the frog, retreating (usually to the opposite end of the cage)

and either wiping the inside of the mouth with their paws and/or rubbing the snout, with

the mouth slightly open, on the paper pellet substrate. Grabbing the carcass in their

paws appeared to irritate the skin. After grasping the frog, the rats would wipe their

paws at least three times on the substrate before raising them to their mouth and licking

them and again wiping them on the substrate. No wiping of the snout and whiskers was

observed, and the rats reduced contact between the paws and face. After handling a

frog the rat's paws showed clear signs of erythema.

Despite definite aversion to the carcass, total avoidance following mouthing was

observed in only four of the 12 presentations. In the majority of cases the fasted rats

returned to the frog and on re-tasting either rejected the frog (two presentations) or

attempted to 'clean' the frog by rolling and rubbing it along the bottom of the cage.

Repeated displays of burying and excavating the frog resulted in the carcass being
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coated with substrate. Periods of rolling alternated with paw wiping behaviour. During

this display no mouthing of the frog was observed. On average this behaviour lasted for

three minutes. All frogs were buried a minimum of three times before being discarded

(two presentations) or eaten (four presentations). In the four cases where the frogs were

eaten only partial consumption was observed. In all cases the dorsal skin was avoided.

For three of the four presentations the frogs were attacked from their ventral surface and

the skin peeled back to reveal the internal organs. The fourth frog was grabbed by its

lower jaw, the rat attempting to pry the mouth open to get at the internal structures of

the frog. This proved unsuccessful and the rat began chewing on the eyes of the frog

before eventually rejecting it.

Rats presented with food pellets coated in frog secretion behaved in a similar

manner to that observed with the intact frogs. This 'cleaning' behaviour proved

effective with plain pellets, as the outer surface was easily removed and as such did not

inhibit the rats from feeding on the pellets (six presentations). Covering the pellets in

lettuce leaves proved a better model. All pellets were rejected, three outright and three

following 'cleaning' behaviour (six presentations). In comparison all control pellets

were rapidly seized (<10 seconds) and completely consumed. The effectiveness of the

secretion in preventing feeding was particularly obvious in one test where, after 20

minutes the test pellet had not been consumed. Removal and immediate replacement

with a control pellet resulted in immediate feeding. Despite their hunger, attempts to

remove intact frogs and coated food elicited no aggressive response from the rats.

In all eight presentations, satiated rats consumed skinned frogs. Unlike fasted

rats, however, a significant amount of time was spent investigating (sniffing, mouthing)

the frog before eating it. While fasted rats ate the frogs in the immediate vicinity of

where they were placed, satiated individuals preferred to carry the carcass to the back of

the cage away from the observer. Rats also showed initial interest in the presentation of

intact frogs. However, after a brief show of sniffing the rats retreated without

contacting the frog and showed no further interest in its presence, preferring to remain

at the opposite end of the cage to the frog.
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9.3.2.3 Lizard studies

The inclusion of bearded dragons as a test species resulted from an opportunistic

observation where an escaped frog entered an enclosure containing four of the lizards.

Before the frog could be retrieved from the enclosure it was quickly grabbed by its

hindleg by one of the lizards. As the lizard raised its head to position the frog for

swallowing it quickly opened its mouth, released the frog and vigorously shook its head

from side to side with its mouth open (mouth gaping), thus allowing the frog to escape.

Unfortunately the other lizards were alerted by the activity and the frog was quickly

grabbed around its torso by another hzard. This resulted in the lizard forcible ejecting

the frog from its mouth and exhibiting substrate-mouth wiping behaviour. Although

alive the frog was injured in the second attack and subsequently removed and

euthanased. Following this observation, two lizards were presented with intact and

skinned frogs. Unfortunately, the lizards were wary of all presentations and would not

accept either frog. Leaving the carcasses in the cage did not promote feeding.

9.3.3 Choice fesfs.' TerPenes

Both a-pinene and limonene caused the snakes to increase the time spent

investigating mice before they recognised them as food (10 - 120 seconds compared to

< 5 seconds for control mice) but did not significantly reduce percentage strike.

Eucalyptol, however, significantly reduced percentage strike (88Vo control versus 167o

secretion; X' = 11.72, P<0.001, n = 25) when applied to mice (Figure 9.3).

Furthermore, when presented with eucalyptol, the pythons responded in a similar

manner to the presentation of odour coated mice, i.e. reduced tongue flicking and recoil

from the odour source (see section 9.3.2.I).
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Control EucalYPtol

X'igure 9.3 Response of water pythons to control and eucallptol coated mice (n = 25).

9.4 Discuss¡on

When challenged with the forceps L. ewingi released a strong odour and exhibited

the typical defence behaviour described by Williams et al. (2000). Furthermore, with

continued 'attackevents', the frogs learnt to associate the approach of the forceps with

danger, and would often release their odour before any contact between the frog and

forceps occurred, The release ofodour in response to both act:ual and perceived threats

strongly supports the hypothesis that odour plays a role in the defensive strategy of

L. wingi. This hypothesis is further supported by the response of the frog to the water

python. When placed in contaot with a python, frogs would constantly move about,

jumping from one spot to another as the head of the python moved towards them. At

the same time these frogs were observed to emit the charaoteristic 'green' odour

released by stressed animals. This response was interesting when one considers that the

python and brown tree-frog are allopatric species and that the python is supposedly a

rodent specialist (Shine lggl). Moreover, it indicates that the frog perceives the python

as a genuine threat, Inappropriate predation avoidance, such as the use ofantipredator

responses when challenged by a non-predator, has an associated loss of fitness (Werner

& Hall l98B; Lima& Dill 1990; Marantelli 2000). As a result, it would be expected

such traits would be eliminated through naÃxal selection (Schall &Pianka 1980), The

fact thatthe terpenes are so easily acquired from the environment (Chapter 8), and the

frog does not have to divert eîergy into their synthesis, may have led to the

maintenance of generalised, non-selective responses to danger.
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The response of the frogs to the green tree-snake was also unexpected and raises

the question as to what the frog perceives as a real threat. 'When placed in contact with

the green tree snake (a known frog specialist, albeit an allopatric species to L. ewingi),

L. ewingi remained immobile with its limbs tucked in under its body. It was unclear but

unlikely that the frogs were releasing an odour at this stage. Remaining immobile did

not, however, prevent the snake from locating or striking at the frog. Only animals

distasteful enough to repel predators should use immobility once the predator is aware

of their presence (Ducey and Brodie 1983). Whether L. ewingi is perceived as

distasteful by the tree-snake is unknown. However, the snakes did feed on the frog and

did not appear to show any adverse reaction to the odour. They resumed normal resting

behaviour within ten minutes of ingestion. The different approach tactics of the snakes

may explain the difference observed in the behaviour of the frog. V/here the pythons

actively approached and investigated the frog, the tree-snakes employed more of a 'sit

and wait' tactic. Although aware of the frog's presence, assessment was conducted at a

distance, the frog only being approached at the time of strike.

The response of the pythons, rats and lizards to odour-impregnated food also

supports the hypothesis that the volatile compounds released by L. ewingi play a role in

defence. All three predators showed a distinct aversion to the frog's secretion. The

python's behaviour towards secretion-coated mice indicates a direct repellent effect of

odour. Snakes presented with secretion coated mice recoiled from the odour source and

rejected the prey item. 'Whether the presence of terpenes is solely responsible for the

observed repellency requires further investigation. The similarity of the python's

response to eucalyptol-coated mice, however, supports such an hypothesis. The use of

cologne as an aversive odorant (Cooper 1994,1995) did not elicit as distinct a response.

Although prey items were rejected, the snake's response was not one of repulsion but

rather rejection of an unsuitable food source.

The lack of tongue flicking when presented with a secretion or eucalyptol-coated

mouse suggests that the stimuli could be acting directly on olfactory receptors,

independent of the vomeronasal system. This conclusion is strengthened by the fact

that no lingual contact was made with the mouse. A similar situation is seen with the

rapid strike at control mice without prior investigation. This observation supports the

hypothesis of Cowles and Phelan (1958) that the main olfactory system of snakes is
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involved primarily in the detection of airborne odorants and the vomeronasal system is

reserved for the detection of relatively nonvolatile compounds. They state "rattlesnakes

possess an olfactory alerting mechanism, possibly of low discrimination but high

sensitivity, which operates independently of the tongue and Jacobson's organ and

probably serves as a trigger mechanism for lingual air sampling responses. This implies

that alerting may be initiated from a resting, nonalert condition by the arrival of vagrant

airborne odours...and that following such general stimulation a more explicit analysis

by the use of the tongue and Jacobson's organ may follow" (Cowles & Phelan, 1958, p.

81). The ability to disrupt such a mechanism with aversive odours could be a major

advantage to the frog in that the primary stimuli initiating prey recognition are inhibited.

Effects on the vomeronasal and even the trigeminal system, however, cannot be ruled

out. As previously mentioned many volatiles not only evoke odour sensations but will

also have chemesthetic effects. Such irritant effects are evident in both the rat and

lizard studies.

Clouding of the prey odour could also disrupt such a mechanism. Both cr-pinene

and limonene may act in this regard as they caused the snakes to increase the time spent

investigating the mice before they recognised it as food. Moreover, in the wild, the

similarity of the odour to eucalyptus leaves, amongst which the frogs spend

considerable amounts of their time, could function as a form of camouflage. To escape

predator detection, prey need not disappear physically, but need merely disrupt or

'Tump off' the search image employed by the predator in locating prey. The prey of

predators which hunt by smell can presumably be cryptic and well protected if they are

odourless or have the same smell as their immediate environment (Edmunds 1974). By

causing snakes to hesitate over a food choice, the frog has a greater chance of escaping

predation.

Although the frog's secretion is repellent to the rat (on mouthing), the impact of

volatile chemicals is uncertain. It is clear that the rats perceived the odour, evidenced

by the careful investigations of the intact carcasses. The odour did not deter fasted rats

from contacting the frog. Satiated rats on the other hand refused intact frogs and

secretion-coated food, yet despite being well fed still ate skinned animals and uncoated

food. This indicates that hunger plays an important role in the behaviour exhibited

towards the frog's odour. Although extreme hunger may overcome the initial aversion
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to frog odour, given an alternative food source it seems likely the frog would remain

untouched. The defence of the frog, however, is backed up by the irritant effect

observed on mouthing. Many terpenes are iritants and, as such, it is likely that their

presence is contributing to the rat's reaction. Eucalyptol for instance has an oral

repellency toxicity index (R5s) of I.57 mgkg for the redwing blackbird (Schafer et aI.

1983) and has human systemic effects including epigastric burning with nausea and

vomiting, vertigo, ataxia, muscle weakness, stupor, pallor and oedema (Gosselin er a/.

1976; Richardson & Gangolli 1994). Although not tested in this study, cr-terpinene is

another compound present in the frogs' secretion, which is initating to the skin, and its

vapour is irritating to the eyes, mucous membranes and upper respiratory tract (species

unspecified) (Lenga 1983). The presence of irritant and distasteful non-volatile

compounds, however, cannot be ruled out. Furthermore, it is well recognised that the

smell of things outside the mouth is very different from the olfactory effect they have

once in the mouth (Miller 1997; Rozin 1982). Thus smell does not always provide a

perfect indication of what might taste good.

9.5 Conclusion

It is clear that odour plays a role in the Brown Tree Frog's defence against

predation by the python. The fact that the pythons recoiled from secretion-coated prey

without direct lingual contact is indicative of a volatile signal. The defensive nature of

such volatiles is further supported by their release in the presence of the pythons and

other stressful stimuli. Although the frogs' secretion is repellent to the rat and Iizatd

(on mouthing), the impact of volatile chemicals is uncertain. Many of the terpenes are

irritants and as such could explain the wiping and cleaning behaviour exhibited by both

the rats and lizards on contacting the secretion. 'When given a choice, the rats preferred

uncoated food and would not contact secretion coated food.

The results of this study demonstrate two distinct uses for odour: (1) direct

repellency and (2) the disruption of a predator's search image. Furthermore, studies

with the rats indicate the potential use of volatiles as an aposematic signal. Prey

survival is obviously higher when predators reject them on the basis of an aposematic

signal rather than having to sample the prey each time (Poulton 1890; Fisher 1958).

Learning would also be advantageous to the predators because they would not waste
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foraging time and energy sampling unpalatable prey and because of the risk of mortality

in situations where the prey is toxic.
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Chapter 10: Summary and conclusions

Although scarce, reports on the human perception of frog odour are found in the

herpetological literature as far back as Boulenger's work in 1911. Since then a number

of herpetologists and field naturalists have commented on the distinct and often

characteristic odours generated by anurans. However, few studies have sought to

characterise frog odour or to determine the volatile compounds responsible for these

secretions. The work presented in this thesis has addressed this lack of knowledge and

provided the first comprehensive survey of frog odours. Furthermore, techniques to

sample and chemically characterise frog odours have been developed and validated in

this study.

A total of 115 species of frogs were included in the survey, of which 86 produced

distinct odours with varying sensory characteristics (see Table 2.1). For the Australian

frogs, no difference was observed in the number of odorous species at the family level,

however, distinct differences were observed between and within genera. The greatest

range of odours was observed in the hylid genus Litoria. In comparison, the majority of

odour-producing myobatrachids released similar earthy odours.

Although the terms used by volunteers to describe the odours varied, most

descriptions could be placed into distinct odour groups. For example plant-like, grass-

like and herbaceous odours could all be grouped as 'green' odours. In many cases, the

grouping of frogs based on these odour groups, corresponded with species group

relationships. Unfortunately, too little is known about the factors affecting the

biochemistry of granular glands to allow the use of odour as a taxonomic tool.

Systematic assessment is also limited by the subjectivity of odour descriptions, the fact

that odours detected by humans may constitute only a portion of the volatile compounds

released by frogs and, in the case of the Australo-Papuan anurans, the uncertainty and

incomplete nature of their described phylogenetic relationships (pers. comm. M. Davies,

Adelaide University, September 2001). The interspecific variation revealed in this

study does, however, lend support to the use of odour in field identification.
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In addition to odour type, sensory descriptors were often used to describe an

odour. Some odours were pleasant to the human nose, others had mixed or indifferent

effects, and a few were extremely unpleasant. For odours that were repulsive by

olfactory assessment, it is easy to attribute to them an anti-predator function. Foul

odours are among the most potent stimuli to elicit withdrawal and tend to do so

universally. The role of pleasant odours, however, is harder to distinguish. The odours

produced by both Litoria caerulea and L. ewingi are two such odours. The odours of

L. caerulea and L. ewingi are pleasant in their perception, although prolonged exposure

was found to cause adverse effects such as headaches and nausea. The odour of

L. ewingi also resulted in mild initation of the nasal mucosa, the effect of which

increased on concentration of the odour. It is here where the distinction between true

odour and effects on the main olfactory nerve overlap the concept of chemosensory

effects. Both odours also have chemesthetic effects, stimulating the trigeminal system.

'Whether these odours have similar effects on frog predators and/or other frogs is a

matter of conjecture. Nonetheless, it is clear from this study that the volatiles produced

by both frogs act in a defensive capacity.

Both .L. caerulea and L. ewingi released their odorous secretions following a

simulated attack. In the majority of cases the emission of volatiles occurred well before

the release of the non-volatile secretions. Moreover, the mere perception of a threat,

such as the presence of a predator in the vicinity of the frog, resulted in the release of

odour. The effect of L. ewingi odour on generalist predators further demonstrates the

defensive role of odour for this species. The volatile secretion of L. ewingi was shown

to be repellenlaversive to the water python, Norway rat and central bearded dragon.

The results of this study demonstrated two distinct uses for odour: (1) direct repellency

and (2) the disruption of a predator's search image. Furthermore, studies with the rats

indicated the potential use of volatiles as an aposematic signal.

The application of solid phase microextraction (SPME) to the sampling of frog

odour greatly aided the chemical characterisation of frog volatile secretions. The major

advantage of SPME was its non-destructive nature. As the frogs were not harmed

during the sampling procedure, repeated sampling events could be conducted. This

allowed the changes in the frog's volatile profile to be monitored over time and

provided important information about the loss of compounds from frog volatile
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secretions, and consequently, the source (environment vs synthesis) of the compounds

responsible for the odour. Additional advantages of SPME included its simple

operation (lack of sample preparation steps), rapid sample time and the ability to

preconcentrate compounds on the fibre, thus substantially increasing the detection limits

(sensitivity) of the analysis.

By using SPME coupled to GC-MS and GC-Olfactory port techniques it was

possible to isolate and identify the major odorants present in the secretions of

L. caerulea and L. ewingi. In L. caerulea, the nutty odour was derived from a single

compound, the cyclic amide (lactam) 2-Pynolidone (2-PyrO). The presence of 2-PyrO

in the volatile profile of L. caerulea was linked to the presence of the neurotransmitter

y-aminobutyric acid (GABA) in the frog's non-volatile secretion. It is proposed that a

biochemical equilibrium, in favour of the lactam, exists between GABA and 2-PyrO

(Haegele et al. 1987). Thus, the presence of GABA in the frog's secretion is

responsible for the secretion's odour. The presence of GABA in the secretion is most

likely an artefact of the origin of the secretory glands or a by-product of amino acid

and/or peptide synthesis occurring in the gland. Although the role of 2-PyrO in the

frog's secretion is unknown, the GABA-like effects of 2-PyrO, coupled with its

volatility and lipophiticity may aid the frog in a defensive capacity. Both 2-PyrO and

GABA were isolated from wild caught and captive bred animals, indicating that they

are synthesised by the frog.

The chemistry of L. ewingi's odour proved more complex than that of the odour

of L. caerulea. No single compound was identified as being responsible for the

characteristic grassy odour emitted by L. ewingi. Furthermore, the odour of individual

frogs from both the same and different locations, and captive and wild caught-frogs rwas

observed to vary. Captive-reared animals lacked the herbaceous, spicy-green notes

present in the odour of wild-caught animals. This difference in odour was attributed to

the sequestration of plant terpenes. Two distinct routes were identified for the uptake of

terpenes into the frog's integumentary glands - dietary and dermal uptake. The ability

to acquire terpenes via two mechanisms is suggestive of the important role these

compounds play in L. ewingi 's secretion. The defensive role of terpenes is well

recognised and it would appear that they are responsible for the repellent action of

L. ewingi's odour. Many of the terpenes are irritants, and as such, their presence could
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explain the wiping and cleaning behaviour exhibited in feeding trials with both the rats

and lizards. The ability of eucalyptol to inhibit the python's feeding is the strongest

indicator for the defensive action of terpenes and the importance of a terpene uptake

mechanism. The fact that terpenes are abundant in the environment and the frog easily

acquires them (energy is not diverted to their synthesis) may have led to the

maintenance of a generalised defensive mechanism.

The results of this study demonstrate the importance of odour release in the

defensive strategy of both l. caerulea and L. ewingi, and provide an in depth

characterisation of the chemical and sensory nature of the odour of both species.

Furthermore, this study has shown that the source of anuran odours can vary. In the

case of L. caerulea the odour compound is synthesised by the animal, whereas in

L. ewingi many of the odour influencing compounds are acquired from the diet. With

the development and validation of SPME as an effective tool for studying frog volatile

secretions it is hoped that the compounds responsible for many of the odours

commented on in this thesis, and the biological role of these odours, will be elucidated.
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