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ABSTRACT 

Few documented examples of chemical crypsis exist. This is in part due to the long-standing dogma 

that no organism can be truly chemically cryptic due to associated, odorous metabolic by-products, 

and in part due to our own limitations as vision-orientated organisms. Visual crypsis, in comparison, 

is a widely documented phenomenon. This adaptation is driven by selection pressures inherent in 

predator-prey arms races between prey and their vision-orientated predators. Yet, despite the 

prevalence of macrosmatic, scent-orientated predator species and their associated ability to exert 

similar selection pressures, the potential for chemical crypsis among species has and continues to be 

largely dismissed. The aim of this thesis was to more closely examine the chemical crypsis of the puff 

adder (Bitis arietans) and in so doing, contribute to an area of chemical ecology that is in its infancy. 

Currently, this extreme ambush predator serves as the only documented case of a chemically cryptic 

terrestrial vertebrate and the mechanisms driving this crypsis remain elusive. As such, I was afforded 

the novel opportunity to investigate not only the extent to which the puff adder’s chemical crypsis 

applies, but to also assess two potential mechanisms driving their chemical crypsis, namely the down-

regulation of associated microbiota and metabolic suppression as a means of controlling associated, 

odorous metabolic by-products. By using two considered biosensor species, the African elephant 

(Loxodonta Africana) and the snouted cobra (Naja annulifera), I demonstrate, using scent matching 

and y-maze techniques respectively, that the puff adder’s chemical crypsis is broadly applicable and 

in clear defiance of previously accepted dogma of chemical crypsis being an impossibility. In addition, 

I demonstrate using culture-dependent techniques and DNA sequencing that the puff adder does not 

downregulate its associated microbiota as a means of achieving chemical crypsis, but rather, that 

several microbial species closely associated with their trachea and dorsal scales may indeed directly 

contribute towards their chemical crypsis via their own odour degradation abilities. Furthermore, the 

notion that this extreme ambushing snake achieves chemical crypsis by means of metabolic 

suppression is rejected. Using closed-system respirometry, I demonstrate that the puff adder’s 

standard metabolic rate is not lower than those of several other species of snake, including those 

known to be odorous. Lastly, solid-phase micro-extraction and gas chromatography-mass 

spectrometry provide important insights into the puff adder’s volatilome, demonstrating that it is 

predominated by non-odorous alkanes and that the presence of a known odour-absorbing, waxy 

carboxylic acid found on the surfaces of the adder’s scale may serve to trap odorous substances. 

Though I have been unsuccessful in elucidating a specific mechanism underlying the puff adder’s 

chemical crypsis, this thesis provides the groundwork for more targeted research questions that may 

achieve such ends.    
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CHAPTER 1: INTRODUCTION 

Predator-prey dynamics are driven by a constantly evolving biological arms race (Abrams 1986). The 

selection pressures associated with this evolutionary duel are thought to be one of the driving forces 

behind the wide diversity of species in existence today (Abrams 2000). Indeed, these selection 

pressures have given rise to some of the most spectacular adaptations in the natural world, for 

example, the spider-tailed horned viper (Pseudocerastes urarachnoides) that deceptively lures avian 

prey within striking distance using its arachnoid caudal lure (Rastegar-Pouyani et al. 2015) and the 

cinereous mourner (Laniocera hypopyrra) whose chicks behaviourally and visually mimic the toxic 

caterpillars of flannel moths to deter nest predation (Londoño et al. 2015). While the predator-prey 

arms race is a two-way affair, the direction in which it operates is presumed to be asymmetrical, with 

greater selection occurring within prey organisms (Vermeij 1994). This is simply because the 

associated costs for prey are far more acute and consequential than those for predators. Quite simply, 

an inability to detect the presence of a predator or the failure to evade capture, for example, can be 

fatal. In comparison, a predator’s failure to detect or capture prey simply results in a missed feeding 

opportunity. Of course, if predators consistently fail to feed over time, associated costs can be 

equivalent, but several authors have argued, somewhat idealistically, that prey responses to 

decreased predation rates could nullify these effects (see Abrams 2000), for example through 

increased prey density resulting in increased encounter rates. Regardless of the directionality, 

biological arms races operate on many aspects of life, but can be broadly categorized into two main 

groups. One, adaptations that hinder detection (i.e., behavioural and physical crypsis) and two, 

adaptations that increase survival once detection has occurred (i.e., athletic ability, armour and 

weaponry, toxins, and signalling). This thesis focuses on one particular adaptation that falls within the 

first group in its attempt to reduce detection, and which up until recently was considered impossible 

(Conover 2007) – chemical crypsis. 

Chemical crypsis results in an organism being undetectable via a chemical cue. Unlike a 

chemical signal, a chemical cue is unintentionally emitted by the sender, and when recognized by a 

receiver, results in either a neutral or detrimental effect on the sender (e.g., a kairomone). A chemical 

signal, on the other hand, is emitted intentionally and when detected by a receiver, advantages the 

sender (e.g., mimesis; Steiger et al. 2011). Thus, a chemically cryptic species differs from a chemical 

mimic in one fundamental way: A mimic is chemically conspicuous via intentional, but dishonest 

signalling. Few examples of chemically crypsis are known (e.g., Rödel et al. 2013; Brooker et al. 2015; 

Miller et al. 2015a; Resetarits et al. 2022), of which only one has been documented in a terrestrial 

vertebrate – the puff adder (Bitis arietans; Miller et al. 2015a). This snake species is considered to be 
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an extreme ambush forager, lying in wait of approaching prey for days at a time. This foraging strategy 

is closely associated with concealment tactics to capture prey, and more importantly, avoid predation. 

Of the 42 known puff adder predator species, 15 are considered macrosmatic (Miller et al. 2015a). 

The implications of such a vast array of both macrosmatic and vision-orientated predators are that 

selection pressures acting on this snake should be great, and no doubt underpin both its chemical 

(Miller et al. 2015a) and visual crypsis (Greene 1997; Stevens and Merilaita 2009).  

Due to the inconsistent application of the terminology surrounding chemical crypsis within 

the literature, in this Thesis, I consider only species that do not rely on dishonest signalling as a means 

of detection evasion to be truly chemically cryptic. Thus, species that mimic or cloak (i.e., emit 

compounds that mask otherwise tell-tale chemical signatures that would identify a species; Stevens 

and Merilaita 2009) are considered chemically camouflaged, but are not cryptic. Within these 

parameters, only two examples are known, the puff adder and the pirate perch (Aphredoderus 

sayanus; Resetarits et al. 2022). Like the puff adder, the pirate perch is an ambush forager that is 

largely undetectable to several of its prey species, yet in both instances the underlying mechanism 

remains elusive. Previously, the possibility of true chemical crypsis was dismissed due to the inevitable 

production of odorous by-products associated with metabolism (Conover 2007). Yet, now there are 

two species that seemingly defy this restriction, suggesting that the dearth of chemically cryptic 

examples may simply be a function of research focus, particularly given the widespread prevalence of 

macrosmatic predators as selective agents.  

Chemosensation is the oldest and most widespread form of communication in the natural 

world (Wyatt 2003). And yet it remains one of the most poorly understood of them all (Steiger et al. 

2011). Unlike that of vision and sound, whose measurements are predictably bound within a few 

physical properties such as waves, wavelength, amplitude, electromagnetism, for example, the 

complexity associated with chemicals and their detection is vast (Steiger et al. 2011). Chemical cues 

and signals can range from a single compound to a bouquet of several that can vary in a multitude of 

ways including concentration and functional group, to the point that the chemical environment in so 

complex in its dimensions that it becomes almost limitless (Yohe and Brand 2018). Added to this, the 

chemical environment is greatly influenced by a host of often-interconnected, abiotic factors that are 

themselves constantly changing (Cetin et al. 2003), making the study of in-situ chemical ecology 

particularly challenging. Over and above these complexities are our own biases towards modalities 

that we intrinsically understand, such as vision (Ruxton 2009; Miller et al. 2015a), which further 

compounds the appearance of rarity when it comes to traits such as chemical crypsis. In an endeavour 
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to counteract these biases and contribute towards what little we know of chemical crypsis, I further 

examine the chemically cryptic case of the puff adder.  

Currently, the puff adder is the sole example of a chemically cryptic, terrestrial vertebrate 

species. Neither of the two natural predators (i.e., dog and meerkat) used by Miller et al. (2015a) were 

able to detect this snake via airborne chemical cue. Through the use of both wild and laboratory 

populations of puff adders tested against background odour, and by virtue of using scent-matching 

techniques, whereby biosensors were rewarded to indicate any odour associated with the adder, 

regardless of intended signal, reliance on adaptive resemblance by the puff adder is highly unlikely 

(Miller et al. 2015a). Though the underlying mechanism of the adder’s chemical crypsis remains 

elusive, two have been posited as possibilities, namely microbial manipulation and metabolic 

suppression.  

Microbial Suppression – Microbial communities responsible for the production of odours may 

be suppressed or modified by the puff adders. Species odour can be greatly influenced, if not 

determined by, odour-producing bacteria and fungi, and in particular by those associated with the 

integument and respiratory tract of the animal (Archie and Theis 2011). Thus, any form of microbial 

suppression by the puff adder or by the microbial community itself could result in specific and 

intentional control of the snake’s associated odour. Examples of host-mediation of skin-level 

microbiota are known (McKenzie et al. 2012), typically due to antimicrobial peptides (AMPs) being 

produced by the host (e.g., van Hoek 2014; Walke et al. 2014) but also via mechanical means. For 

example, microbe-penetrating nanostructures associated with an organism’s dorsal surface have been 

shown to be a highly effective innate antimicrobial solution (Li et al. 2016). Alternatively, microbial 

suppression could be achieved via acquired means. Indeed, mutualistic relationships between host 

species and other antimicrobial-producing organisms have to date been well documented in several 

taxa such as sloths, birds, and amphibians (Soler et al. 2008; Ruiz-Rodríguez et al. 2009; Martín-Vivaldi 

et al. 2010; 2014; Higgimbotham et al. 2014; Kearns et al. 2017; Hill et al. 2018). Thus, given the well-

known role of associated microbial species as body odour contributors and the array of documented 

antimicrobial solutions already known to science among vertebrate species, I consider this theory 

suitably worthy of investigation and specifically addressed in Chapter 3. 

Metabolic Suppression – the standard metabolic rates of the puff adder may be low enough 

to suppress any associated, odorous by-products below detectable thresholds (Miller et al. 2015a). 

Ambush foragers in general have lower energetic requirements than their actively foraging 

counterparts (Norberg 1977). Indeed, several species of ambushing viperids are known to have field 
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metabolic rates that are lower than what is typical of actively foraging snakes (Secor and Diamond 

1998; Dupoué et al. 2017; Stuginski et al. 2018), as well as comparatively low haematocrits (Lourdais 

et al. 2014). Given that haematocrit levels are typically intimately connected with the oxygen demands 

of a species, and the fact that the lowest snake haematocrit levels are found in boids and vipers 

(Brischoux et al. 2011), two clades in which ambush foragers predominate, it is reasonable to suspect 

that the puff adder’s metabolic rate may indeed be low enough so as to suppress associated airborne 

chemical cues. As such, Chapter 4 deals with measures of the puff adder’s standard metabolic rate 

(via close-system respirometry) and associated volatile production (via gas-chromatography, mass 

spectrometry) as a means of assessing metabolic suppression as the underlying mechanism. 

But first, it is important to consider to what extent the puff adder’s chemical crypsis is 

applicable. Though Miller et al. (2015a) biosensor selection of two natural puff adder predators (dogs 

and meerkats) was ecologically appropriate, the possibility exists that these snakes are chemically 

conspicuous to other predators. Olfactory ability among species is greatly varied and depends not only 

on effective odour collection and delivery mechanisms, but also on the presence of appropriate 

olfactory receptors. Receptor repertoire is genetically determined and species-specific (Niimura et al. 

2014). Thus, in an effort to rigorously assess the extent of the puff adder’s chemical crypsis, two 

additional biosensors were enlisted – the African elephant (Loxodonta africana) and the snouted 

cobra (Naja annulifera). I chose these two biosensor species for very specific and distinct different 

reasons. First, the olfactory acuity of an African elephant is presumed to be one of the greatest among 

species due to its ~ 2000 olfactory receptor (OR) genes. This incredibly high number of OR genes is the 

highest of any mammal tested to date (Niimura et al. 2014). Indeed, that olfactory acuity among 

African and Asian elephants (Elaphas maximus) demonstrated to date (i.e., Rizvanovic et al. 2013; 

Bates et al. 2007; Plotnik et al. 2019) is suggestive of an olfactory ability that likely exceeds that of 

other species (Miller et al., 2015b). As such, I felt it a suitable candidate as a scent-matching biosensor 

with which to assess the extent of the puff adder’s chemical crypsis in spite of it not being a predator 

of puff adders. Second, snouted cobras are among the top puff adder predators, responsible for the 

removal of 25% of the adult population annually (Graham Alexander, pers. obs. 2020). This may in 

part be due to the fact that the vomeronasal system of snakes, which is responsible for the detection 

of molecules with high molecular weight and therefore low volatility (Baxi et al. 2006) is the most 

developed among all vertebrate lineages (Brykczynska et al. 2013). These cobras demonstrate clear 

successes in locating and consuming puff adders (Maritz et al. 2019) and although the manner in which 

this achieved is has not been untested, it reasonable to assume that it may in part be due to their 

highly specialized VNS. Detection by African elephants would indicate that the adder’s crypsis depends 

largely on a receiver’s receptor repertoire, and detection by snouted cobras would indicate that odour 
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molecules associated with the puff adder are likely to have such low volatility that detection via 

olfaction is greatly limited. Thus, through the application of these two additional biosensors, 

addressed in Chapter 2, I assess the extent to which the puff adder’s chemical crypsis applies.   

Finally, in Chapter 5, I provide a stand back overview of my findings within the context of 

chemical ecology and future research. 
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CHAPTER 2: THE ECOLOGICAL EXTENT OF THE PUFF ADDER’S (BITIS 

ARIETANS) CHEMICAL CRYPSIS 
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2.1. ABSTRACT 

Crypsis is achieved when the receiver fails to detect and discriminate a cue from background noise. This is usually 

a result of limitations within the receiver, be it behavioural, anatomical, physiological, genetic, or a combination 

of these factors. Puff adders (Bitis arietans) have previously been shown to be chemically cryptic to at least two 

known predator species – dogs (Canis lupus familiaris) and meerkats (Suricata suricatta). Their inability to detect 

these snakes may be driven by limitations within their respective olfactory and vomeronasal systems, or due to 

puff adders being chemically cryptic. To further examine the extent of the puff adder’s chemical crypsis, we used 

two additional, stand-out biosensors – the snouted cobra (Naja annulifera) and the African elephant (Loxodonta 

africana) – to assess whether one of the top puff adder predators and a mammal with the highest known number 

of intact olfactory receptor genes respectively are able to detect puff adders via airbone chemical cues. For 

elephants, scent-matching protocols were used and for cobras, Y-maze tests were conducted. Despite vast 

differences in these biosensors’ olfactory and vomeronasal systems, both cobras and elephants failed to detect 

these snakes but demonstrated no difficulty in detecting controls. The chemically cryptic status of puff adders is 

thus supported, challenging long-standing dogma that this form of chemical crypsis cannot be achieved by any 

living organism due to associated odorous, metabolic by-products. This remains the only demonstrated example 

of chemical crypsis among terrestrial vertebrates but is unlikely to be unique. Rather, c may be commonplace, 

especially among species that share similar life histories in areas where risk from olfactory-orientated predators 

is high. By considering its potential in other biological systems, we may fundamentally change our understanding 

of chemical subterfuge among predator and prey species and cast new light onto the landscape of chemical 

ecology. 

2.2. INTRODUCTION 

The puff adder (Bitis arietans) is a widespread, highly camouflaged, pan-African species of adder 

(Phelps 2010). Not only are puff adders visually cryptic, they are also chemically cryptic to at least two 

species of natural predator (Miller et al. 2015b). This ability to remain hidden from macrosmatic, 

scent-orientated predators is remarkable, but despite this, puff adders experience low annual survival 

rates. In some years, close to 50% of the adult population is removed by predators (Alexander and 

Maritz 2011) compared to an average of ~30% across all snake families (nspp = 48) and 33% within the 

Viperidae (nspp = 6; King et al. 2018). The majority of puff adder deaths can be attributed to predation 

and within the puff adder’s swathe of > 40 predator species (Miller et al. 2015a), one of the most 

impactful are the cobras (Maritz et al. 2019). As a group, cobras consume snakes on a regular basis, 

accounting for up to 43% of detectable prey species within their diet. Of the six species of Naja Maritz 

et al. (2019) evaluated, three stood out for showing a particular preference for puff adders: Naja nivea 

(cape cobra), Naja nigricinta (zebra spitting cobra), and Naja annulifera (snouted cobra); comprising 

of 33, 42 and 43% of the snake meals consumed respectively. In a three-year study of a population of 

puff adders in Dinokeng, South Africa, N. annulifera were singlehandedly responsible for at least 50% 
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of the deaths, totalling around 25% of the adult population annually (Graham Alexander, pers. obs. 

2020). Given that puff adders have been shown to be chemically cryptic to mammalian predators such 

as dogs and meerkats (Miller et al. 2015a) and that cobras appear adept at finding these snakes, it is 

possible that cobras can detect these adders chemically due to the sensitive reptilian olfactory and 

vomeronasal systems. 

As in all tetrapods, the vomeronasal system (VNS) of mammals and reptiles is discrete from 

the olfactory system (Eisthen and Polese 2007; Eisthen 2002,1997) and comprises a vomeronasal 

(VNO) or Jacobson’s organ and an accessory olfactory bulb. The VNS has been implicated in the 

detection of molecules with high molecular weight (Baxi et al. 2006) and is involved in various 

functions such as prey detection and discrimination (Halpern and Martinez-Macros 2003) and homo- 

and heterospecific scent trailing (Halpern 1992; Schwenk 1995). Although the components of the 

olfactory and vomeronasal systems are common to all the tetrapods (see Eisthen and Polese 2007 for 

a review), anatomical and physiological distinctions exist between mammalian and reptilian lineages. 

These include (but are not limited to) morphological differences in olfactory receptor cells (Eisthen 

1992), the types of receptors (Brykczynska et al. 2013), variability of G-proteins associated to receptor 

sites (Luo et al. 1994) and in particular, differences in the physical connectivity of the VNS to 

respiratory airways (Eisthen and Polese 2007). In squamates, uniquely, the VNS is excluded from the 

nasal cavity, and instead, opens directly into the oral cavity, and in snakes and some lizard species, 

chemicals collected via tongue-flick are directly deposited onto the surrounding VNO epithelium 

(Graves and Halpern 1989;Schwenk 1994) facilitating environmental surveying that can have extreme 

fitness benefits. It is therefore not surprising that snakes not only have very large VNOs (Dawley 1998), 

but that their VNOs are the most developed among all vertebrate lineages (Brykczynska et al. 2013).  

Snake behaviour is more greatly influenced by their VNS than by their olfactory system (Gabe 

and Saint Girons 1976). Indeed their highly developed VNO contains more sensory neurons than their 

olfactory epithelium (Gabe and Saint Girons 1976) which, in contrast to mammals’, is predominated 

by water-soluble chemical receptors (V2Rs) and not airborne ones (V1Rs; Brykczynska et al. 2013). The 

high prevalence of VR2s within their VNO is not surprising given the highly specialized behaviour of 

tongue flicking common to all snake and some lizard species. This behaviour facilitates the collection 

of volatile and semi-volatile molecules (Baxi et al. 2006) from the environment for direct delivery to 

VNO epithelium within the palate (Graves and Halpern 1989;Schwenk 1994). Tongue flicking across 

odour plumes allows for sequential comparison of odour intensity (known as klinotaxis), but when the 

tongue is forked (which is true for all snakes), a simultaneous two-point comparison within the same 

plume (known as tropotaxis; Schwenk 1994) can be achieved. A snake’s tropotaxic ability results in 

highly effective scent trailing (Burghardt 1970; Mason 1992), especially among active foragers such as 
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cobras (Schwenk, 1994). As such, snouted cobras are likely to be prime biosensor candidates with 

which to assess the extent of the puff adder’s chemical crypsis. 

Successful odour detection is reliant on not only effective odour collection and delivery 

mechanisms, as mentioned above, but also on the presence of the appropriate, associated receptors. 

The diversity and abundance of these receptors are genetically determined and are species-specific 

(Niimura et al. 2014). Few studies have investigated the olfactory and vomeronasal genes of snakes 

(e.g., Kishida and Hikida 2010; Dehara et al. 2012; Kishida and Hikida 2010) and only one has 

investigated a cobra species – the monocled cobra (Naja kaouthia; Kishida and Hikida 2010). In 

comparison, mammals have been widely researched (e.g., Vanderhaeghen et al. 1997; Niimura and 

Nei 2007; Rouquier and Giorgi 2007; Niimura et al. 2014), and African elephants (Loxodonta africana) 

possess the highest known number of olfactory receptor genes (~2000) of any mammal tested to date 

(Niimura et al. 2014). This is more than five times the number found in humans (~400), more than 

double the number found in dogs (~811), ~750 more than in rats (~1200; Niimura et al. 2014) and 100 

times the number found in the monocled cobra (20 OR genes). Though the relationship between the 

number of olfactory receptor genes, olfactory receptors, and the repertoire of detectable odour 

molecules is not linear (Malnic et al. 1999), the level of olfactory acuity among both African and Asian 

elephants (Elaphas maximus) demonstrated thus far (Rizvanovic et al. 2013; Bates et al. 2007; Plotnik 

et al. 2019) is suggestive of a superior olfactory ability that likely exceeds that of other species (Miller 

et al. 2015a), including that of dogs and meerkats. Indeed, African elephants outperform dogs (Gazit 

et al. 2005) on trinitrotoluene (TNT) detection tasks with regard to specificity (99.7% versus 93.7%), 

and if given the identical task of finding puff adders using olfaction, could demonstrate some level of 

odour recognition not shown by Miller et al.’s (2015a) dogs or meerkats. Such a result would indicate 

that the puff adder’s chemical crypsis is not a reflection of true scentlessness, but rather factors 

involved in the receiver’s detection capacity.    

In an effort to better understand the extent of the puff adder’s chemical crypsis, using species-

appropriate methods, both snouted cobras and African elephants were enlisted as biosensors. 

Potential detection by snouted cobras was assessed using standard Y-frame trials where several 

metrics (i.e., latency, time-to-decision, tongue-flick rate, and accuracy) were made. Proof of concept 

was demonstrated using fresh puff adder shed skins as the odour source, since these skins are easily 

detectable (Miller et al. 2015b). African elephants were asked to scent-match puff adder scent proxies 

within a line-up of controls and blanks, and their overall performance was assessed using two known 

biosensor metrics, sensitivity and specificity. Proof of concept for the elephant trials was established 
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through the use of brown house snake (Boaedon capensis) scent proxies. Data collected from both 

species were assessed against random and their respective within-trial controls.  

2.3. MATERIALS AND METHODS 

2.3.1. Animal husbandry  

Puff adders and snouted cobras were maintained in single-species, temperature-controlled rooms 

(maintained at 28 °C), as to avoid odour desensitization or acclimation. Snakes were individually 

housed in glass-fronted terraria that were lined with newspaper and fitted with a hide, water dish and 

rocks. Water was provided ad libitum. Snakes were maintained on a diet of dead, purpose-bred 

laboratory mice, which were provided on a fortnightly basis. All scent samples were taken from snakes 

that had last fed at least five days prior to odour collection as to reduce the possibility of odour 

contamination. Puff adders were lab-borne to wild mothers and at the age of one year did not differ 

in chemical crypsis from their wild counterparts (Miller et al. 2015b); only puff adders older than one 

year were used in trials. Snouted cobras were wild caught across Gauteng, South Africa and their prior 

exposure to puff adders was thus unknown. Cobras were subjected to Y-mazed trials within a month 

of capture. Food was withheld for at least five days prior to Y-maze trials to ensure that cobras would 

be interested in feeding. Adventures With Elephants fulfilled all husbandry requirements for the 

elephants as outlined in The National Norms and Standards for the Management of Elephants in South 

Africa (GN30833 of 2008) in terms of section 9 of the National Environmental Management: 

Biodiversity Act, 2004 (Act No. 10 of 2004).  

2.3.2. Snouted Cobra Trials 

Snouted cobra (n = 7) responses to puff adder and puff adder shed skin were individually tested using 

an airflow-assisted Y-maze (Fig. 2.1; adapted from Lillywhite et al. 2015) Y-frame design, originally 

based on Quadango and Banks 1970). White, acrylic sheeting formed a rounded crawlway trough 

(large enough for all experimental snakes) throughout the base of the maze to prevent snakes from 

demonstrating an unintentional side-bias, and parallel ethylene-vinyl acetate (EVA) ridges for 

improved grip were added along the sheeting using a standard glue gun. A clear acrylic sheet, cut to 

precisely fit the shape of the Y, formed a secure lid that sealed the maze. This ensured that odours 

associated with experiments were held within the maze and that cobras could not escape the maze. 

Scent samples were placed into darkened, terminal boxes (one per terminal box) and cobras were 

allowed to individually navigate the self-contained maze at leisure once the trial begun for a period of 

up to 40 minutes. All maze components were thoroughly washed using bleach (NaClO) and wiped 

clean using 70% ethanol (C2H5OH) for scent-removal purposes between trials. Cobras were placed in 

the temporarily darkened start box (covered with newspaper) and allowed to settle for 5 minutes 
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before the start box was uncovered and the perforated screen (A, Fig. 2.1) removed to allow access 

into the maze, thereby beginning the trial. Trials were recorded using a GoPro Hero 4 Black positioned 

above the maze, and conducted in the absence of observers in a secure room, maintained at 25 °C. 

No other snakes aside from those immediately involved in testing were kept within this room at any 

time. Each cobra (n = 6) was subjected to ten runs per odour trial (live puff adder and fresh puff adder 

shed skin, not older than 5 days old) and subjected to a maximum of two trials in any one day that 

were run several hours apart between 08:00 and 18:00. Puff adder shed skin is easily detectable by 

dogs (Miller et al. 2015) and thus served as a positive control. Shed skin also served as a more 

appropriate control than a live, active forager such as a brown house snake would have given the 

propensity of active foragers to move frequently within terminal boxes could have skewed our results. 

Live puff adders, on the other hand seldom moved in these control boxes. For all trials, live puff adders 

and shed skins were randomly assigned to terminal boxes (i.e., left of right) and multiple puff adders 

across both sexes served as scent donors (live –  nfemale: 6; nmale 6;  shed skin – nfemale: 2; nfemale: 4). 

Unassigned boxes were left empty. Snouted cobra responses to puff adders and their shed skins were 

assessed in separate trials, thus during any one trial, a cobra would be faced with either a live puff 

adder in one terminal box and an empty (or blank) terminal box, or an empty terminal box and a 

freshly shed puff adder skin in the other. Metrics collected via videography were: time-to-start, time-

to-decision, tongue-flick rate, and decision. A decision was considered made once the cobra’s head 

passed either of the predetermined points in the respective terminal arms (B; Fig. 2.1). If a cobra did 

not enter the maze after a period of 40 minutes, the run was considered a ‘non-start’ (NS) and the 

snake was returned to its terrarium. Tongue flicks were measured for a period where the snake was 

continuously visible until such time a decision was made. Tongue flick rate was calculated by dividing 

the number of tongue flicks recorded per second. Only data from cobras that were able to correctly 

identify controls (sheds) at rates significantly better than chance were considered during analyses.  
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Figure 2.1. Fan-assisted Y-maze design.  Arrows indicate the airflow direction, and snake side-bias is offset through a rounded acrylic crawl-way 
trough. Access to the maze, but not the airflow, was initially restricted via a perforated screen (A) which afforded the test snake a five-minute 
acclimation period, after which the screen is removed to facilitate entry into the maze. Once the snake’s head passed a decision point (B) in either 
of the terminal arms, a decision was considered made. Insert depicts how terminal boxes for live puff adder trials differed. 

 

2.3.3. African Elephant Trials 

a. Scent Collection  

Cotton scent cloths used in the elephant trials were prepared in batches, using a sequential process 

(Fig. 2.2). Briefly, cleaned, tumble-dried and unscented cotton cloths (blanks; Miller et al. 2015a) were 

stored in glass jars until such time as a new batch was required for trials. From this blank repository, 

half of the cloths were added to a plastic scent-tub, that had been cleaned using bleach (NaClO), then 

boiling water, and wiped with 90% ethanol (Fig. 2.2; 1). Cloths were left within the sealed scent-tub 

positioned on a 32 °C heat mat for 6 hours (Fig. 2.2; 2). After 6 hours, half the cloths, now controls, 

were removed from the scent-tub and stored in a clean glass jar (Fig. 2.2; 3). The scent-donor snake 

(i.e., a puff adder or a brown house snake) was then added to the scent-tub (Fig. 2.2; 4), and the 

remaining cloths were placed on top of the snake (5). The tub was again sealed for a further 6 hours 

at 32 °C (Fig. 2.2; 5), after which all the cloths, now targets, were removed and stored in a dedicated 

glass jar (7). 
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Figure 2.2. The sequential process involved in batch-preparing scent cloths. Half of the blanks (clean, unscented cotton cloths) are added to cleaned 
scent-tub positioned on a heating mat (32 °C; 1) and sealed for a period of 6 hours ( 2). Thereafter, half of these cloths, now controls, are removed 
and stored in a dedicated glass jar (3). To the remainder, a snake scent-donor is added to the tub (4), the cloths repositioned such that they are in 
direct contact with the snake (5), and the tub sealed for a further 6 hours (6). Finally, all the cloths, now targets, are stored in another dedicated 
glass jar (7). 

b. Scent Matching Protocol 

Two previously-trained African elephants (Mussina: 17 yo female; Chova: 23 yo male) owned by 

Adventures With Elephants in Bela Bela, South Africa, were used to test two snake odours (puff adder 

and brown house snake) using a scent-matching design. These elephants were selected specifically 

due to their previous scent-matching experience and all trials were performed outside at Adventures 

with Elephants, Bela-Bela, South Africa. All trials were double blind. Elephants were rewarded for 

correctly identifying and indicating target odours using two food rewards – BOSKOSTM 

(WESenterprises PTY Ltd, Thabazimbi, South Africa) and diced oranges in the necessary amounts 

required to keep the elephants motivated. To start a trial, an elephant would be instructed to position 

itself on the start mat, where it would be exposed to the target odour via a reference scent canister 

loaded with a target cloth (Fig. 2.3.). At this stage, the target odour was reinforced by allowing the 

elephant to sniff the reference canister three times (food-rewarded after each sniff; supporting 

information, video 1) and immediately instructed to commence the trial by walking the line-up and 

sniffing each of the five cannisters. A match was indicated by means of a salute (Fig. 2.3; B) and non-

matches were walked passed. Only correct indications were rewarded. At the end of each line-up, the 

elephant would position itself on the end mat (Fig. 2.3; C) where it would be rewarded for doing so. 

The process would be repeated once the entire set of canisters were replaced with a clean set; 

positions for target, control, and blank canisters were randomised between setups. The stainless steel 

cannisters were thoroughly washed with bleach (NaClO), rinsed with water, sprayed with 90% ethanol 

(C2H5OH) and allowed to air dry between trials and all handling of canisters were performed using 

nitrile gloves. Fifty trials each of two target scents (puff adder and brown house snake) and the 

appropriate controls were conducted. Throughout trials, zero-target (where no targets were present, 

i.e., control, blank, blank, control, blank), as well as double-target line-ups (i.e., blank, control, target, 
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target, blank) were included to reduce predictability and reinforce ‘honest’ indicating. For each target 

snake species, several individuals representing both sexes (npa = 10; nbhs = 8) served as scent donors. 

During any one line-up, only species-specific target and control cloths were used.  

 

Figure 2.3. Scent canister components (left) and an example of successive stages of the scent-matching line-up (right). The scent-matching 
elephant was presented with the reference odour at the start mat (A) which was reinforced with the reward of pellets after each sniff. 
After three sniffs, the elephant walked down the line-up, sniffing each canister consecutively (right). A match was indicated via a ‘salute’ 
posture (B), and a non-match was moved passed. If the salute was correct, the elephant was rewarded with oranges at the indicated 
canister after which he/she continued down the line-up. The run was concluded when the elephant made contact with the end mat (C) 
where it was rewarded with oranges. 
 

c. Elephant Detection Accuracy 

Elephant accuracy was assessed using two standard detector metrics, sensitivity (Eq. 1) and specificity 

(Eq. 2; Helton 2009), which together are useful in differentiating between good and bad biosensors 

and simultaneously accommodates variations in the number of targets (i.e., 0 – 2) present within a 

given line-up. A biosensor that indicates target accurately and repeatedly may also indicate non-

targets at high rates, making it a biosensor with high sensitivity but low specificity. A biosensor may 

also however only indicate targets but at a low frequency, making it a highly specific biosensor with 

low sensitivity. Good biosensors are therefore ones that have both high sensitivity and specificity 

scores, reflecting a detector that reliably indicates target odours when they are present and no other 

(Helton 2009; sensu Miller 2015b). 
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Sensitivity =  
true positives 

(1) 
true positives + false negatives 

   

Specificity =  
true negatives 

(2) 
all false alerts + true negatives 

 
 

2.3.4. Statistical Analyses 

a. Snouted Cobra Trials 

Cobra biosensor performance, based on their ability to detect puff adder shed skin (i.e., the positive 

control) was assessed using c2 (goodness of fit). This allowed us to disqualify any cobra that did not 

demonstrate a clear ability to detect the positive control. Non-start events were considered 

informative, since cobras that failed to start live puff adder mazes would participate in shed skin mazes 

immediately after. Thus, time-to-event analyses (i.e., Kaplan-Meier) were conducted where non-starts 

were coded as an incomplete response. Tongue flick rates between trials (live puff adder vs shed skin) 

were assessed using repeated-measure ANOVAs, coded for individual, and significant differences 

between trials were assessed using Tukey HSD post-hoc tests. All statistical analyses were performed 

using STATISTICA v. 8 (STATISTICA Data Analysis Software System, http://www.statsoft.com, 2001). 

b. African Elephant Trials 

Elephant indication rates for targets and controls were assessed against chance using c2 and 

differences in biosensor performance metrics were assessed using independent t-tests. All statistical 

analyses were performed using STATISTICA v. 8 (STATISTICA Data Analysis Software System, 

http://www.statsoft.com, 2001). 

 

2.4. RESULTS 

2.4.1. Snouted Cobras Trials  

One cobra failed to demonstrate an ability to detect the positive control (shed skin was correctly 

selected only 55.6% of the time). This individual also showed a strong side bias, hence the name 
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Zoolander, and was thus excluded from the trials. The remaining five cobras were able to detect puff 

adder shed skin and chose the side of the maze with the skin at rates greater than chance (accuracy: 

77.6% ± 8.3; c2 = 105.39, df = 5, p < 0.001; Fig. 2.4) but none were able to detect live puff adders 

(accuracy: 47.0% ± 9.4; c2 = 1.81, df = 3, p = 0.61; Fig. 2.4). On average, cobras took longer to enter 

the maze, if at all, when live puff adders were present than they did when presented with puff adder 

shed skin (510 seconds ± 538 vs 460 seconds ± 407 respectively) but these differences were not 

significant. When cobras did enter the maze, they made decisions relatively quickly (puff adder: 211 

seconds ± 323; shed: 296 seconds ± 402). Latency and time to decision measures differed significantly 

between trials only for individuals that were frequent non-starters (Fig. 2.5 and 2.6, Table 1). Tongue-

flick rates did not differ between trials (shed skin: 1.51 ± 0.36 flicks.sec-1; live puff adder: 1.50 ± 0.31 

flicks.sec-1; Fig. 2.7).  

 

Figure 2.4.  The percentage of correct choices made by individual snouted cobras (Naja annulifera). Black bars indicate live 
puff adder (Bitis arietans) trials and white, puff adder shed skin trials (positive control). Asterisks indicate trails that 
positively differ from chance (dashed red line) and triangles those trials that had to be excluded from c2 analyses due to 
high numbers of non-start events (nBEAST = 7 ; nCaramel = 5). Zoolander‘s inability to reliably identify a positive control (55.6% 
accuracy) and his strong side bias resulted in the exclusion of his data from further analyses. 
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Figure 2.5. Kaplan-Meier curves comparing the time taken for snouted cobras (Naja annulifera) to start Y-mazes (i.e., Latency) in live puff 
adder (Bitis arietans; solid line) and puff adder shed skin (dashed line). Complete measures (¨) indicate trials where cobras ran the maze. 
Censored measures (+) indicate trials where non-starts occurred (i.e., BEAST only ran 30% of her live puff adder trials). Inverse cumulative 
proportions indicates the percentage of trials that at that point in time, the event had not yet occurred. For example, at five minutes, Fred 
has not yet entered the maze during puff adder shed skin trials 40% of the time, but had 100% of the time by the 18th minute. 
 

Table 2.4. Average Y-maze time measures for latency and decision by snouted cobras (Naja annulifera) when exposed live puff adders 
(Bitis arietans) and puff adder shed skin trials, assessed using Time-to-event analyses. Asterisks indicate significance. 

Snouted cobra 

(Naja annulifera) 

Trial 

(total; non-

starts) 

Latency Decision 

(seconds ± Std dev.) 
Gehan’s Wilcoxon 

(w, p) 
(seconds ± Std dev.) 

Gehan’s Wilcoxon 

(w, p) 

Mellow 

♀ 

Adult 

Shed skin 

(10; 0) 
550 ± 392  

-8.00, 0.79 

165 ± 105 

26.00, 0.34 
Live Puff 

adder (10; 0) 
485 ± 149 198 ± 213 

Fred  

♂ 

Sub-adult 

Shed skin 

(10; 0) 
476 ±  409 

-22.00, 0.43 

362 ± 307 

30.00, 0.27 
Live Puff 

adder (10; 0) 
117 ± 94 269 ± 533 

Noodle  
Shed skin 

(11; 1) 
296 ± 268 -3.00, 0.95 157 ± 204 -19.00, 0.53 
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Figure 2.6. Kaplan-Meier curves comparing the time taken for snouted cobras (Naja annulifera) to make a decision in live puff adder (Bitis 
arietans; solid line) and puff adder shed skin (dashed line) Y-maze trials. Complete measures (¨) indicate trials where cobras ran the maze. 
Censored measures (+) indicate trials where non-starts occurred (i.e., BEAST made a decision in only 90% of her puff adder shed skin 
trials). Inverse cumulative proportions indicates the percentage of trials that at that point in time, the event had not yet occurred. For 
example, Fred made 90% of his decisions in less than 5 minutes, but took more than 30 minutes to make one decision in his live puff adder 
trials. 

♀ 

Sub-adult 

Live Puff 

adder (11; 0) 
271 ± 205  229 ± 237 

Caramel  

♀ 

Adult 

Shed skin 

(9;0) 
692 ± 597  

59, 0.01* 

867 ± 620 

-36.00, 0.33 Live Puff 

adder  

(9; 2) 

1412 ± 601   321 ± 394 

BEAST 

♀ 

Adult 

Shed skin (9; 

1) 
475 ± 564 

57.00, 0.01* 

279 ± 334 

-70.00, 0.005* Live Puff 

adder  

(9; 6) 

1035 ± 279  317 ± 478 
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Figure 2.7. Tongue flick rate (flicks.sec.-1) for snouted cobras (Naja annulifera) exposed to live puff adder (Bitis arietans; •) and puff adder 
shed skin (°) during Y-maze trials. Error bars represent standard error. Tongue flick rates did not differ between trials for any cobra, shown 
via Tukey HSD posthoc tests. 
 

2.4.1. African Elephant Trials 

Elephants were unable to discriminate puff adder targets from their respective controls but could 

easily do so with respect to brown house snake targets and their associated controls. Although the 

elephants indicated all 50 puff adder targets, their high rate of indications on the puff adder controls 

(43 of the 46) demonstrates that to the elephants the targets did not differ from controls in odour, 

but that target and control cloths were chemically distinguishable from blank cloths since only four of 

the 154 blanks were indicated (Fig. 2.4). In comparison, brown house snake targets were distinctive 

from both their controls and blanks since all 50 targets were indicated, but only one control (ntotal = 

50) and one blank (ntotal = 150). The rates at which both puff adder targets and puff adder controls 

were indicated were significantly greater than those of chance (targets: c2 = 5415, df = 54, p < 0.001; 

controls: c2 = 4666.67, df = 54, p < 0.001), meaning that elephants were actively choosing to indicate 

these (i.e., elephants could not distinguish between control and target). Indications on brown house 

snake targets were also significantly greater than those expected by chance (c2 = 14260, df = 45, p < 

0.001) but indications of brown house snake controls were significantly lower than expected by chance 

(c2 = 958.03, df = 45, p < 0.001), demonstrating active avoidance (i.e., elephants could distinguish 

between control and target). 
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Chova’s and Mussina’s reliability in correctly indicating all target cloths results in a 100% 

sensitivity across both snake species, but their specificity (i.e., their tendency to indicate only targets) 

in trials differed significantly between snake species (brown house snake: 99.2%; puff adder: 77.1%; 

t99 = -11.82, p < 0.001), but not between themselves (brown house snake: Chova: 98.4%; Mussina: 

100%; t44 = 1.32, p = 0.193; puff adder: Chova: 76.9%; Mussina: 77.3%; t53 = 0.105, p = 0917; Fig. 2.4: 

right). Thus, all comparisons across snake species were done using their pooled data. The overall drop 

in specificity from 99.2% for brown house snake to 76.0% for puff adder reflects the elephants’ 

continued indications on puff adder control cloths (occurring at 18.4% frequency within the scent cloth 

population) despite these indications going unrewarded. If, however specificity and sensitivity are 

recalculated within the framework of puff adders being chemically cryptic, thereby considering 

indications on controls as honest, specificity during trials increases to 96.0% and sensitivity decreases 

from 100 to 96.9%, since 6.5% of controls were missed. These adjusted performance metrics are no 

longer different from those recorded during brown house snake trials (sensitivity: t99 = 1.84, p = 0.07; 

specificity: t99 = -1.82; p = 0.07).  

 

 

Figure 2.8. Percent of encountered scent cloths (target, control, and blank) indicated by scent-matching African elephants (Loxodonta 
africana) during puff adder (Bitis arietans; left) and brown house snake (Boaedon capensis; middle) trials. Elephant biosensor performance 
for each snake species included (right).  

 

2.5. DISCUSSION 

Both snouted cobras and African elephants failed to chemically discriminate puff adders and their 

respective controls (i.e., blanks for cobras and control cloths for elephants), but were easily able to 

chemically discriminate puff adder shed skin (i.e., the control odour used in the cobra trials) and brown 

house snakes (i.e., the control snake used in the elephant trials). These results demonstrate that if 
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there are odours associated with the puff adder, they are difficult to detect by even macrosmatic 

species such as dogs, meerkats (Miller et al. 2015a), African elephants, and snouted cobras. These 

findings support the hypothesis that puff adders are chemically cryptic, challenging previously held 

dogma that no metabolizing organism can achieve chemical crypsis due to associated odorous 

metabolic byproducts (Conover 2007). 

Snouted cobras are generalist active foragers that rely primarily on chemoreception to find 

food (Cooper 1994). Responsiveness to prey cues, among generalists in particular, can be shaped by 

previous experience (Fuchs and Burghardt 1971; Arnold 1978;) and in snouted cobras, diet is 

additionally affected by body size but not by sex (Shine et al., 2007). Despite their unknown prey-

exposure history, our wild-caught cobras, ranging in size from subadults to large adults, responded to 

puff adder shed skin at rates greater than chance, but continually failed to detect live puff adders. 

Neither individual nor treatment had any effect on toungue flick rates, which were also not 

significantly different from those measured in actively foraging, free-roaming Cape cobras. This 

strongly suggests that, irrespective of treatment, our cobras were actively foraging during all mazes 

they started. Latency and decision times were only significantly different across treatments for 

individuals who were frequent non-starters and eighty percent of non-start events were recorded in 

live puff adder trials. In the absence of prey detection via chemical cue (as would be the case for the 

cobras when presented with a chemically cryptic puff adder), other snakes showed a lack of 

motivation to traverse Y-mazes (Water, 1993), and thus we consider these non-starter events to be 

highly informative however, increasing sample size of Y-maze tests would improve our understanding 

of these behavioural responses. 

Interestingly, it appears that snouted cobras are not the only cobra species to fail at chemically 

detecting puff adders. Videography of a foraging Mozambique spitting cobra (Naja mossambica), 

another known puff adder predator (Shine et al. 2007), reveals it not responding to the presence of a 

puff adder despite directly tongue-flicking the site where the puff adder had been only moments 

before, and despite the adder being only centimetres away during the entire interaction (supporting 

information, video 2). Even more interestingly, videography of an actively foraging Herald snake 

(Crotaphopeltis hotamboeia) shows the snake approaching a puff adder in ambush (supporting 

information, video 3). Puff adders are ophiophagus (Branch 1998), but only upon what appears to be 

direct lingual contact with the adder’s body, does the Herald flee rapidly. Whether this contact may 

have elicited a response due to chemical detection of non-volatiles associated directly with the adder’s 

body or through texture alone, is unknown, but may shed some light as to why tongue flick rates 

remain unchanged across our treatments.  
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Patterns of tongue flick rates among snakes vary greatly. Increases have been reported in 

response to several factors such as prey chemical concentration (Kubie and Halpern 1979), prey 

preference (Downes 1999; Aubret et al. 2006), proximity and prior prey exposure (Burger et al. 1991), 

including tactile interactions (Cooper et al. 1989), ontogeny (Saviola et al. 2012), and in response to 

predator cues (Weldon, 1982). But measurements of this metric have also yielded no differences 

(Brown and MacLean 1983; Kubie and Halpern 1979), even in species where increases have been 

detected using the same prey items (Kubie and Halpern 1979). Relative to tongue flick measures of 

other snake species, snouted cobras’ are high (e.g., 1.5 flicks.sec-1 versus Thamnophis elegans - 0.7 

flicks.sec-1, Weldon 1982; Pituophis melanoleucus - 1.2 flicks.sec-1, Burger 1988; 0.5 Crotalus spp., 

Chiszar and Radcliffe 1976). The maintenance of high toungue flick rates during foraging activities, 

even in the absence of prey odour, could be a behaviour shaped specifically by the stimulus ambiguity 

(Leavell and Bernal 2019) associated with cryptic prey. Since high toungue flick rates would increase 

the odds of direct-lingual contact with adders (and thus detection), the associated energy expenditure 

of maintaining high toungue flick rates would most likely be greatly offset by the opportunistic find of 

such a sizeable meal (i.e., a puff adder). Interestingly, the puff adder’s tongue flick rates do not differ 

from those of actively foraging, free-roaming Cape cobras (Naja nivea; 1.54 ± 0.58; ANOVA: F2,12 = 

0.02, p = 0.98, Thilo Beck, unpublished data), another impactful puff adder predator (Maritz et al. 

2019). This comparison suggests that when the snouted cobras did indeed enter the maze, they were 

actively foraging. Indeed, the application of Random Walk models (see Codling et al. 2008 for a review) 

based on telemetry data for both puff adders and snouted cobras could provide insight into whether 

this foraging method translates into observed predation rates. 

Exposure to ophiophagus snake cues can elicit behaviour change, even in naïve snakes 

(Weldon 1982). Such behaviours may include head-hiding (Carpenter and Gillingham 1973), striking 

(Klauber 1972), increased toungue flick rates (Weldon 1982), body bridging (Weldon and Burghardt 

1979), freezing, and rapid escape behaviour (Marchisin 1980; Weldon 1982), such as that seen in the 

Herald snake video (supporting information, video 3). Our lab-born, predator-naïve puff adders 

generally remained motionless during trials, but would quickly transition from this state to one of 

escape if a cobra repeatedly investigated the puff adder terminal box during the same trial, and in one 

notable instance, when a cobra defecated near the adder within the maze (supporting information, 

video 4). Whether this is an innate reaction to an ophiophagus snake, or simply a reaction to an 

unfamiliar odour (Chiszar et al. 1978) is unknown, but does mirror wild puff adder behaviour of fleeing 

odorous situations that carry potential risk (Miller et al. 2015a). Such scenarios would include when 

defecation has occurred, parturition sites, and due to the high detectability of shed skin by predators 

(e.g., dogs and snouted cobras), sites of ecdysis.  
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Puff adders are likely to be at increased risk when their chemical crypsis is compromised. 

Warner (2010) reports two postpartum puff adder predation events by otherwise well-fed Gaboon 

adders (Bitis gabonica), one within hours of parturition and the other, two weeks postpartum. One of 

these puff adders had until this predation event peacefully cohabited with the Gaboon in question in 

an outdoor, semi-natural enclosure for more than a year. In further support of Warner’s findings, three 

out of only four recorded predations events on telemetered female puff adders tracked in Dinokeng, 

South Africa, occurred within two weeks postpartum (Xavier Glaudas, pers comms, 2020). Though 

Warner (2010) postulates that there may be pheromone involvement, contamination with odorous 

birthing fluids (see Butler et al. 1995) may compromise mother puff adders’ chemical crypsis for 

periods that extends beyond the actual birthing event. This would represent additional breeding costs 

for the puff adder (of which there are many; see (Glaudas et al. 2020a,b), that have not previously 

been considered. Additionally, evidence of increased aggression among puff adders in captivity during 

confinement with shed skin and/or faeces (van Rensburg, unpublished Honours thesis) also highlights 

that remaining in close proximity to these odour sources is potentially stress-inducing and should be 

considered during the husbandry of chemically cryptic species. This observation contrasts previous 

findings whereby members of various snake families (i.e., colubrids, viperids, pythonids, elapids, and 

boids) exhibit increased defecation immediately post cage-cleaning, and is viewed as an attempt to 

promptly re-establish familiar odours (Chizsar et al. 1980; Stow and Shine 1993). Careful consideration 

of behavioural repertoires such as these for snake species under captive conditions may potentially 

serve to identify other chemically cryptic species and the value of such observations should not be 

underestimated.   

African elephants are phenomenal scenters (Rizvanovic et al. 2013; Plotnik et al. 2019; Nevo 

et al. 2020) and problem solvers (Bates et al. 2007), but they were unable to locate puff adders by 

olfaction. Although there is clearly no predator-prey relationship between African elephants and 

either of the snake species tested – elephants are herbivores and are too large to be consumed by any 

snake – but their accurate (99.2% specificity) and reliable (100% sensitivity) detection of brown house 

snakes demonstrate that this relationship is not a prerequisite for detection. Additionally, during trials, 

elephants mistook blanks for targets fewer than a handful of times across treatments, despite 

collectively encountering them more than 300 times. This low indication frequency on blanks overall 

for both puff adder and brown house snake treatments, together with their high specificity and 

sensitivity scores for brown house snake odour demonstrate that the elephants clearly understood 

the task at hand. We therefore consider the application of African elephants as biosensors within this 

role appropriate. 
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During training it became evident that when confronted with the problem of finding puff 

adder “scent”, Chova in particular would attempt to problem solve by “cheating”. This was achieved 

by Chova marking target canisters by rubbing his trunk across their tops several times (supporting 

information, video 5). Mussina would quickly lose interest in performing puff adder trials since reward 

ratios would drop from 100% to ~50% when targets changed from brown house snakes to puff adders 

– indications on controls were never rewarded despite these accounting for ~50% of indications during 

puff adder trials. Cheating during training was eventually prevented through access-restriction to 

cannisters post-reward, but during the testing phase, cannisters were entirely replaced between trials 

making cheating an impossibility. Cheating attempts were never detected during brown house snake 

training or testing phases. Mussina’s interest in working also did not wane during brown house snake 

trials, and she regained and maintained her interest during puff adder trials only once we increased 

her reward pay out by an order of magnitude. Given that both the cheating attempts and disinterest 

occurred during puff adder trials only, in addition to growing support for the puff adder’s chemical 

crypsis, the elephants’ adjusted sensitivity (96.9%) and specificity scores (96.0%) for puff adder trials 

most likely reflect the elephants’ true performance parameters.  

Encounters between African elephants and puff adders are inevitable given their sympatry. 

Handlers of the habituated herd that includes the two elephants used in this work report an encounter 

between one of their females and a puff adder whereby a scuffle ensued, supposedly resulting in the 

elephant’s leg being marginally swollen and irritated the following day (Joseph Kamupambe and David 

Mupupu, pers. comms 2018). Although several witnesses have confirmed these events, envenomation 

was not directly observed. Whether puff adder fangs are able to puncture elephant skin is unknown 

but, in comparison to fangs of other species, are highly effective at penetration (Crofts et al. 2019). 

Records of snakebite in Asian elephants (Elephas maximus) do exist (e.g., Malayan pit viper - 

Calloselasma rhodostoma; Boonsart et al. 2016) and several snakebite fatalities (by unknown spp.) 

have also been reported (Oo 2012). In African elephants, snakebite has been a suspected cause of 

death in at least one instance (Geraï et al. 2004) and snake-murder by African elephants has also been 

witnessed (Psammophis spp., Francis Kamupambe pers. comms 2018). It is thus not far-fetched to 

assume that elephants may view snakes as a threat, perhaps justifiably so, and that an ability to detect 

snakes, despite being neither prey nor predator, may still be beneficial.  

The puff adder’s chemical crypsis has been thoroughly tested within an ecological framework 

and is upheld. Although the mechanism that results in chemically crypsis remains elusive, it appears 

the puff adder’s chemical crypsis is independent of receiver, suggesting an absence of airborne 

chemical cue, rather than a failing of detection. Further investigation by means of mechanical 



 29 

assessment are required and approaches that assess associated microbiota (the primary source of 

body odour: Archie and Theis 2011), metabolic rates and associated volatile production may provide 

insight into the underlying mechanism. Investigations into the extent of the puff adder’s chemical 

crypsis from the perspective of their prey would also be of value. In predator-prey arms races, 

selection pressure is more greatly exerted by the action of a species’ predators than it is by their prey 

(Vermeij 1994). Thus, it may be possible that although the puff adder’s chemical crypsis is more likely 

to have been driven by the effects of its predators than of its prey, knock-on selection pressures 

exerted by the puff on its prey may however have driven the evolution of the chemical receptors 

necessary for puff adder-detection within these prey. Puff adders currently remain the sole example 

of a chemically cryptic, terrestrial vertebrate, but anecdotal observations suggest that at least B. 

gabonica shares similar chemical crypsis (see Miller et al. 2015a for commentary). Until such time that 

the potential for chemical crypsis within ecological settings is more widely considered and 

appropriately and rigorously tested, our overall view of predator-prey dynamics stands to be greatly 

disadvantaged. 
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CHAPTER 3: ASSOCIATED DORSAL AND TRACHEAL MICROBIAL ASSEMBLAGES 

OF THE PUFF ADDER (BITIS ARIETANS) 
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3.1. ABSTRACT 
Associated microbiota can drive odour signatures in species. In particular, microbiota found within the trachea 

and on the integument of an organism are considered the dominant odour contributors. But what about in a 

species that is odourless? The puff adder (Bitis arietans) is a chemically cryptic, ambushing snake species with a 

pan-African distribution. Its success is no doubt in part shaped by its remarkable visual and chemically 

camouflage but given that currently no other example of a truly chemically cryptic, terrestrial vertebrate exists, 

little is known about this phenomenon. It has been suggested that the puff adder’s chemical crypsis may be 

driven by an absence of associated microbiota. Given the recognised role of microbiota in animal odour and the 

propensity for antimicrobial mechanisms to exist in various forms within the natural world, we assessed the 

microbiota of the puff adder using culture-dependent techniques. Both the tracheal and dorsal environment 

were assessed, and microbial species were identified using Sanger sequences and compared against those 

sampled from the equivalent anatomical sites of a sympatric snake species known to be odourous, the brown 

house snake (Boaedon capensis). Puff adders were shown to have higher species richness than their odourous 

counterpart, clearly demonstrating that their chemically crypsis is not driven by an absence of microbiota. Rather 

it appears through the presence of at least two known odour-reducing species, Bacillus subtilis and 

Acinetobacter radioresistens and several other species of interest, Cladosporium spp. and Enterococcus faecalis, 

that their associated microbial assemblage may exist in catabolic synergy with one another in a manner that 

could directly assist in odour reduction. 

3.2. INTRODUCTION 
Body odour is largely determined by  the microbial communities associated with an organism’s 

integument and respiratory tract (Archie and Theis 2011). These communities can be host-determined 

(McKenzie et al. 2012; Walke et al. 2014) meaning that even species that share the same immediate 

environment can support vastly different microbial communities and produce different odours (Walke 

et al. 2014). Reptiles in general are considered to host a wide variety of bacterial and fungal species 

(e.g., Ferreira Junior et al. 2009; Colston 2017; Kohl et al. 2017; Pereira et al. 2017), including 

etiological agents such as Salmonella and Escherichia coli (Zancolli et al. 2015; Pereira et al. 2017) and 

indeed, many reptile species are known to be odorous (Miller et al. 2015). However one extraordinary 

example exists of an ambushing snake species that is chemically cryptic. This snake, the puff adder 

(Bitis arietans), is undetectable via olfactory cue by at least two predators (Miller et al. 2015) but the 

mechanism driving this crypsis is currently unknown. One leading theory posits that the adder may be 

down-regulating associated microbiota as a means of controlling body odour (Miller et al. 2015). Since 

antimicrobial mechanisms among species are widely documented, the potential for one to serve as a 

driver for the adder’s chemical crypsis is plausible and worthy of investigation. 

Natural antimicrobial activities include both innate and acquired mechanisms and these are 

fundamentally different from one another. Innate mechanisms are genetically determined and 
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therefore self-produced, while acquired mechanisms rely on a partnership with another antimicrobial-

producing organism, typically itself a microbe. The most widely documented innate mechanism 

utilises antimicrobial peptides (AMPs) that are produced by the host organism and provide immunity 

of varying degree against bacteria, fungi, enveloped viruses and protozoa (Nicolas and Mor 2015). 

Some even act as anticarcinoma agents (Simmaco et al. 1998). AMPs are prolific in nature (Boparai 

and Sharma 2019) serving as integral components of an organism’s immune system (Huan et al. 2020). 

Not only can they provide internal protection via the gut (Bevins and Salzman 2011) and saliva (Grant 

et al. 2019), as well as being found within venoms (Garcia et al. 2013), they can also act externally. 

AMPs found within the mucoid skin secretions of several species of amphibian (Simmaco et al. 1998), 

fish (Masso-Silva and Diamond 2014) and molluscs (Cheng-Hua et al. 2009) create an antimicrobial 

barrier amidst high risk, aquatic environments. Other innate, non-AMP approaches also exist and may 

rely on purely mechanical actions. For example, bactericidal nanopillars on invertebrate wing surfaces 

(Jenkins et al. 2020) and gecko skin (Li et al. 2016) have been shown to fatally penetrate bacteria, 

serving as a purely self-sufficient, mechanical antimicrobial solution. In contrast, the antimicrobial 

activity of one species can be conferred to another in a mutualistic relationship, resulting in acquired 

antimicrobial protection. This type of mutualism is not without precedent in birds (Soler et al. 2014; 

Ruiz-Rodriguez et al. 2009; Martín-Vivaldi et al. 2010; Martín-Vivaldi et al. 2014), mammals 

(Higginbotham et al. 2014), amphibians (Kearns et al. 2017), and reptiles such as the timber 

rattlesnake (Crotolus horridus; Hill et al. 2018) – a new world ecomorph of the puff adder in the sense 

that this highly venomous, north American snake is not only an ambush forager, but also visually 

cryptic. It is therefore not far-fetched that a similar situation may exist in the puff adder. 

Studies on cutaneous microbiota of healthy snakes are rare but are slowly increasing. This is 

in part due to bioprospecting for alternatives to antibiotics (Alves and Albuquerque 2013) and in the 

growing concern for snake fungal disease (caused by the fungus Ophidiomyces ophidiicola) among 

wild populations (e.g., Guthrie et al. 2016). Most microbial studies on snakes have to date been driven 

by disease diagnostics on compromised individuals or are confined to the microbiota of their mouths 

and cloacae due to concerns associated with secondary infection related to snakebite (see 

Abrahamian and Goldstein 2011 for a review; Dehghani et al. 2016;  Krishnankutty et al. 2018; Résière 

et al. 2018) and for improving husbandry practices (Hoppmann 2007) respectively. Southern African 

snakes however remain underrepresented and only one study has assessed the bacteria of puff adder 

mouths (e.g., Blaylock 2001), in which fewer than ten bacterial species were identified. The microbial 

assemblages associated with their scales and trachea however were, up until now, completely 

unknown. Although the bacteria from the mouth may provide some insight into to the potential 

microbial species within the adder’s trachea due to anatomical proximity, it may not necessarily be 
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representative and differences in microbial assemblages have been detected over small spatial scales 

within the same organism (Smith et al.  2021). As such, to gauge whether the adder’s chemical crypsis 

is a function of microbiota-downregulation we assessed the culturable microbiota of the dorsal 

integument and trachea of 20 puff adders using a swab and culture technique. Cultured microbiota 

were identified either through chromatic change of selected plating media or through DNA analyses. 

We also assessed the tracheal and dorsal microbiota of eight brown house snakes (Boaedon capensis) 

to serve as a comparison. This snake species is sympatric with puff adders and is known to be odorous 

(Miller et al. 2015). 

3.3. MATERIALS & METHODS 
3.3.1. Sample Collection 

A laboratory population of twenty adult puff adders and eight adult brown house snakes were used 

for sampling. Nineteen of the puff adders were lab-borne to wild mothers and from the Dinokeng 

region of South Africa and one was a wild-caught, adult female from the same area. Lab-borne adders 

were exposed postpartum to their mothers for at least one day prior to their mothers’ release and at 

one year of age were shown to be equivalent to their wild counterparts with regards to their chemical 

crypsis (Miller et al. 2015). All eight of the brown house snakes were wild-caught in KwaZulu-Natal, 

South Africa. Snakes were kept in species-specific rooms maintained at 28 °C and were individually 

housed in glass-fronted terraria that were lined with newspaper and fitted with a hide, water dish and 

rocks. Water was provided ad libitum. Snakes were maintained on a diet of dead, purpose-bred 

laboratory mice, which were provided on a fortnightly basis. Microbiota were collected via sterile å-

Transwabs (Medical Wire, UK) rubbed either across the snakes’ dorsal scales or within their trachea. 

Prior to swabbing, snakes were tubed and anaesthetized via exposure to isoflourethane-soaked cotton 

balls (Fig. 3.1; left.). To promote breathing, snakes were kept warm on heated beanbags and 

considered anaesthetized once muscle tone was lost and self-righting was no longer possible. 

Anaesthetized snakes were then removed from the glass tube, their mouths propped open using 

wooden depressors and their glottises exposed (Fig. 3.1, centre) which were then swabbed using 

sterile, Mini å-Transwabs (Medical Wire, UK), pre-dipped in distilled water. Swabs were immediately 

sealed in their provided liquid Amies medium that supports both aerobes and anaerobes, and labelled 

for later culturing. Due to two of the brown house snakes’ trachea being too small, only six of the eight 

house snakes tracheas were swabbed. Dorsal samples were collected using two types of sterile å-

Transwabs, one containing a charcoal gel Amies medium, for the promotion of fastidious microbiota, 

and one without. Swabs were dipped in distilled water and then rubbed vigorously along the snakes’ 

dorsal scales (Fig. 3.1; right) and immediately sealed and labelled for later culturing. Post-swabbing, 
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snakes were returned to their home terraria where they typically recovered from the anaesthesia 

within twenty-minutes. 

 
Figure 3.1. A tubed puff adder (Bitis arietans) being anaesthetised using isoflourethane and kept warm on an heated beanbag to promote breathing 
and the onset of anaesthesia (left). Swabbing of an anaesthetized puff adder’s glottis (centre) and dorsal scales (right) using sterile å-Transwabs 
(Medical Wire, UK) pre-dipped in distilled water. 

 

3.3.2. Sample Culturing 
Five types of culturing media were used: Rapid’E-coli, Rapid’Salmonella (Bio-Rad Laboratories, CA, 

USA), Luria-Bertani, nutrient agar and potato dextrose. Prior to plating, samples were first incubated 

either in Luria-Bertani (LB) broth or in peptone water. For LB-incubated samples, swabs were 

individually transferred to sterile falcon tubes containing 15 ml of LB broth, vigorously shaken and 

then incubated at 37 °C on a shaker for 48 hours. Thereafter, the inoculated LB broth was streaked 

onto three of the media types, namely Rapid’E-coli, Rapid’Salmonella and LB agar plates using 

standard streaking procedures. Plates were incubated at 37 °C for 21 (Rapid’E-coli), 24 

(Rapid’Salmonella), and 48 hours (LB agar). Control plates of all three media were also made and 

incubated accordingly to ensure that all plating media and techniques were aseptic. For Rapid media, 

colonies were identified through chromatic changes in the colonies themselves (Fig. 3.2), but for those 

grown on LB agar, PCR and genetic analyses were performed. 

 
Figure 3.2. Examples of whole-colony chromatic change as a result of the selective chromogenic medium within the Rapid’E-coli and 
Rapid’Salmonella agar plates (Bio-Rad Laboratories, CA, USA). 

 

For peptone water-incubated samples, dilutions of all swab samples were created using 

peptone water. For tracheal swabs, where the associated Amies medium was liquid, a 1:100 Amies-

peptone dilution was made (total volume: 1 ml). For the dorsal samples where gel Amies were used, 

samples were first vigorously exposed to 2 ml of peptone water and thereafter, 100 µl inoculums were 

added to 900 µl of peptone water (total volume 1 ml). All dilutions were further incubated on a shaker 
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for 24 hours at 37 °C. After incubation, 100 µl of the each inoculated peptone water sample was used 

to make individual spread plates using sterilized, glass beads. All handling of samples and their 

subsequent plating was performed within a laminar flow hood under aseptic conditions. The plating 

medium for bacterial cultures was nutrient agar (NA) and for fungal samples, chloramphenicol-

containing potato dextrose agar (PDA). Chloramphenicol is a bactericide and its inclusion in growth 

media facilitates fungal growth that may otherwise be downregulated by bacterial colonies. PDA and 

NA plates were incubated at 25 °C and 37 °C respectively for 48 hours and then inspected. Plates that 

did not show signs of growth were incubated for a further 24 hours. If no growth occurred after 72 

hours, plates were considered sterile. Control plates of all media were made and incubated 

accordingly to ensure that all media and techniques were aseptic. All plates were photographed and 

colonies were categorized using a simple morphological key prior to any genetic sequencing to serve 

as a rudimentary failsafe in the event PCR failure. Rapid’ plate colonies were identified via chromatic 

change. 

3.3.3.   PCR Amplification and DNA Analyses 
Amplification was carried out in a 25 μL reaction volume containing 12.5 μL of KAPA2G Robust 

HotStart ReadyMix (Kapa Biosystem, Boston, Massachusetts, USA), 1 μL magnesium chloride (MgCl2) 

and 1.25 μL of each primer set. For bacterial samples, two universal primers, 8F (5¢ – 

AGAGTTTGATCCTGGCTCAG – 3¢; Turner et al. 1999) and 1492R (5¢ – GGTTACCTTGTTACGACTT – 3¢; 

Lane et al. 1991) were used to amplify the 16s rRNA gene. For fungal samples, two universal fungal 

primers, NL4  (5¢ – GGTCCGTGTTTCAAGACGG – 3¢) and NL1 (5¢ – GCATATCAATAAGCGGAGGAAAAG – 

3¢), were used to amplify the D1/D2 region of 26s rDNA (White et al. 1990). PCRs were performed at 

the recommended thermal cycling conditions (Table 3.1) and product amplification was verified by 

electrophoresis using a 1% standard agarose gel, run at 100 volts for ~90 minutes. All unpurified PCR 

products that showed clear bands were then sequenced by Inqaba Biotechnical Industries (Pty) Ltd 

(Hatfield, South Africa).  
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Table 3.1. Thermal cycling conditions used for PCR. 

Step Temperature (°C) Duration 

1 95 3 minutes 

2 95 15 seconds 

3 55 15 seconds 

4 72 1 minute 

5 Repeat Steps 2 – 4 

(40 times) 

 

6 72 3 minutes 

7 12 ¥ (until samples removed) 

 

Basic Local Alignment Search Tool (BLAST) software (Altschul et al. 1990) was used to identify trimmed 
sequences using NCBI GenBank’s database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) for bacterial 
species and UNITE (https://unite.ut.ee) for fungal species. Taxonomic thresholds were as follows: 
species – 98.7%; genus - > 94.5%; family > 86.5%; order – 82% (Yarza et al. 2014).  

3.3.4. Statistical Analyses 
Presence-absence species-level data were Jaccard-transformed and Bray-Curtis similarity matrixes for 

dorsal and tracheal assemblages between and within species were constructed using PRIMER7+ 

(Quest Research Limited, Auckland, New Zealand). Thereafter similarities were analysed using a 

reduced-model, two-factor permutational multivariate analysis of variance (PERMANOVA; 999 

permutations) whereby snake species and anatomical region served as the two factors. Significant 

differences were further investigated using pairwise PERMANOVA comparisons. For overall 

comparisons, presence/absence data across anatomical regions were summed within snake species, 

such that a microbial species that was found in both dorsal and tracheal samples would be scored as 

two, but for those that were found in only one of these locations would be scored as one. P values < 

0.05 were considered significant.  

3.4. RESULTS 
3.4.1. Bacteria 

Puff adders were found to have the highest bacterial richness across all three taxonomic resolutions 

with a total of 20 species, 14 genera and ten families having been identified. In comparison, only 

sixteen species, 9 genera and 9 families were identified from the brown house snakes (Fig. 3.3). Twelve 

species were exclusively found on the adders, eight on the brown house snakes and eight were 

common to both snake species, resulting in overall similarity of 38.3% between the snakes (Table 3.2). 

No significant differences in the bacterial assemblages between the snake species were detected 

when both factors (i.e., snake species and anatomical region) were considered (pseudo-F = 1.158; p > 

0.05). However, the standalone effect of anatomical region was highly significant (pseudo-F = 2.011; 
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p < 0.01). Tracheal samples across snake species demonstrated the highest similarity (58.8%) of all 

within and between species comparisons, followed by the 37.0% similarity for dorsal and tracheal 

bacterial assemblages within the puff adder. Only one pairwise comparison was shown to be 

significant, which was not surprising since there was no species overlap between the dorsal and 

tracheal assemblages of the brown house snake (t = 1.333, p < 0.05). All similarities were all supported 

statistically with no significant differences being found in pairwise comparisons (tracheal: t = 1.211, p 

> 0.05; dorsal: t = 0.866, p > 0.05; within-puff adder: t = 1.110, p > 0.05).  

3.4.2. Fungi 
In many of the fungal samples, targeted amplicons could not facilitate differentiation of closely related 

species despite their high scores (i.e., 100% pairwise match with 100% query cover). In these instances, 

we present genus-level results only. In total, 11 families, 12 genera and 13 species of fungi were 

genetically identified from our snake samples, of which all except two species were found on the 

adders (Fig. 3.4). In comparison, only four families, four genera and three species were found on the 

brown house snakes, resulting in a low overall similarity of 12.5% across the snake species (Table 3.2). 

In general, fungal species appear to be much more closely associated with the individual snake species 

when compared to the bacterial assemblages. Due to low taxonomic resolution, statistical 

assessments on the standalone fungal assemblages could not be performed, and these data are thus 

only statistically considered in the overall microbial assemblage assessments. 

3.4.3. Bacteria and Fungi Combined 
Bacterial and fungal assemblages do not exist in isolation, and similarities in overall microbial 

assemblages (i.e., both bacterial and fungal) across the snake species are thus likely to provide the 

greatest insight. This allowed us the opportunity to statistically consider the influence of the snakes’ 

fungal assemblages on their overall microbial signature since the poor taxonomic resolution of our 

fungal data prevented standalone statistical assessments. Overall, microbial assemblages were 

significantly different between species when both factors were simultaneously considered (i.e., 

anatomical region and snake species; pseudo-F = 1.731, p < 0.05), resulting in an overall similarity of 

30% across the snake species, but not when either snake species (pseudo-F = 0.914, p > 0.05) or 

anatomical regions (pseudo-F = 1.569, p > 0.05) were assessed individually. Tracheal assemblages 

however were not significantly different across snake species (t = 1.00; p > 0.05), demonstrating the 

highest similarity (41.7%; Table 3.2). Again, the next highest similarity (30.8%, Table 3.2) was found 

between the tracheal and dorsal assemblages of puff adder (t = 1.239, p > 0.05) and the least for the 

dorsal and tracheal assemblages of the brown house snake (t = 1.312, p < 0.01) with zero overlap in 
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microbial species (Table 3.2). Across-species dorsal assemblages were only marginally similar (26% 

similarity; t = 1.275; p = 0.06). 
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Figure 3.3. Bacterial species genetically identified from tracheal (pink) and dorsal (blue) samples taken from puff adders (Bitis arietans; n = 20) and 
brown house snakes (Boaedon capensis; n = 11). Colonies that were identified to genus-level only are denoted as ‘spp.’. Dot position indicates which 
species of snake the bacterial species/genus/family was found on (i.e., puff adder = left, brown house snake = right) and the number of dots indicates 
the number of individual snakes on which the associated bacterial species/genus/family was positively identified. Superscript numbering indicates 
the associated bacterial families and Venn diagrams indicate where commonalities across all three levels of taxonomic resolution occur. Chromatic 
bars indicate taxonomic richness for species, genera and family levels for both snake species. 



 47 

 

 

Figure 3.4. Fungal species genetically identified from tracheal (pink) and dorsal (blue) samples taken from puff adders (Bitis arietans; n = 20) and 
brown house snakes (Boaedon capensis; n = 11). Colonies that were identified to genus-level only are denoted as ‘spp.’ and samples with family-level 
agreement are listed as such. Dot position indicates which species of snake the fungal species/genus/family was found on (i.e., puff adder = left, 
brown house snake = right) and the number of dots indicates the number of individual snakes on which the associated fungal species/genus/family 
was positively identified. Superscript numbering indicates the associated fungal families and Venn diagrams indicate where commonalities across all 
three levels of taxonomic resolution occur. Chromatic bars indicate taxonomic richness for species, genera and family levels confirmed via DNA 
sequencing for both snake species. 
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Table 3.5. Bray-Curtis similarity percentages based on presence/absence data for bacterial and fungal species assemblages genetically 
identified from tracheal and dorsal environments of puff adders (Bitis arietans) and brown house snakes (Boaedon capensis). Instances 
where the microbial species were present in both anatomical regions within a snake species, the microbial species would be scored as two 
whereas a score of one would indicate that the species was found in only one region. 

 
 

Puff Adder Brown House Snake 

 Tracheal Dorsal Tracheal 

Bacteria 

Puff Adder 
Tracheal    

Dorsal 37.0   

Brown House 
Snake 

Tracheal 58.8 9.1  

Dorsal 16.7 27.6 0 

Overall  38.3 

Fungi 

Puff Adder 
Tracheal    

Dorsal 15.4   

Brown House 
Snake 

Tracheal 0 0  

Dorsal 28.6 0 0 

Overall 12.5%  

Both 

 

Puff Adder 
Tracheal    
Dorsal 30.8   

Brown House 
Snake 

Tracheal 41.7 7.4  

Dorsal 23.5 21.6 0 

Overall 30% 

  

3.4.4. Potential Microbial Interactions 
Although interactions among the detected microbiota species were not specifically assessed, none of 

the cultured fungal species were able to grow in the absence of chloramphenicol. Although this could 

be specific to the culture environment, it could also suggest that some of the microbial species present 

on the snakes may naturally inhibit the growth of other microbes. Indeed, many of the microbial 

species present are known to possess antimicrobial properties (Table 4.3). 

 
Table 3.6. An assessment of known anti-microbial activity associated with the culture-dependent microbial species identified from the 
trachea and dorsal scales of the puff adder (Bitis arietans) and brown house snake (Boaedon capensis). 

Bacterial Species 
(gram-negative: -; gram-positive: +) Associated Snake Species Antimicrobial Potential 

(confirmed: +; unknown: ?) Reference 

Escherichia coli (-) both + (Gale and Sandoval 1956) 

Lysinibacillus fusiformis (+) puff adder + (Passera et al. 2021) 

Providencia vermicola (-) puff adder ? - 

Proteus mirabilis (-) both + (Kart et al. 2020) 

Salmonella typhimurium both ? - 

Staphylococcus epidermis (+) puff adder + (Cogen et al. 2010) 

Staphylococcus sciuri (+) both + (Nazipi et al. 2021) 

Staphylococcus typhimurium (+) both +  (Kim & Mylonakis 2011) 
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Staphylococcus arlettae (+) both 
? 

but + for some members 
of the genus 

(Amaresan et al. 2020; 
Cogen et al. 2010; Kim & 

Mylonakis 2011; Nazipi et 
al. 2021) 

Acinetobacter spp. (-) brown house snake + 
(Liu et al. 2007; 

Mujumdar et al. 2014) 

Acinetobacter radioresistens (-) both 
? 

but + for some members 
of the genus 

(Liu et al. 2007; 
Mujumdar, Bashetti, and 

Chopade 2014) 

Bacillus spp. (+) puff adder + (Sumi et al. 2015) 

Enterococcus faecalis (+) puff adder + (Gergolet Diaz et al. 2021) 

Enterococcus casseliflavus (+) puff adder + (Gergolet Diaz et al. 2021) 

Enterococcus gallinarum (+) puff adder + (Niederle et al. 2019) 

Corynebacterium glycinophilum (+) puff adder ? - 

Herbaspirillum aquaticum puff adder ? - 

Lysinibacillus mangiferihumi† (+) puff adder 
+ for Lysinibacillus 

sphaericus 
(Sakthivel et al. 2018; 

Shabanamol et al. 2021) 

Lysinibacillus spp. (+) both 
+ for some members of 

the genus (Ahmad et al. 2014) 

Oceanobacillus sojae (+) puff adder + (de Senna and Lathrop 
2017) 

Paenibacillus lautus (+) puff adder 
? 

but + for some members 
of the genus 

(Aktuganov et al. 2008; 
Naing et al. 2014) 

Pseudomonas nitritireducens (-) puff adder 
? 

but + for some members 
of the genus 

(Amaresan et al. 2020) 

Staphylococcus stepanovicii (+) puff adder 
? 

but + for some members 
of the genus 

(Amaresan et al. 2020; 
Cogen et al. 2010; Kim & 

Mylonakis 2011; Nazipi et 
al. 2021) 

Curtobacterium oceanosedimentum 
(+) brown house snake + (Das et al. 2017) 

Glutamicibacter mishrai (+) brown house snake ? - 

Pseudomonas benzenivorans brown house snake 
? 

but + for some members 
of the genus 

(Amaresan et al. 2020) 

Pseudomonas guariconensis brown house snake 
? 

but + for some members 
of the genus 

(Amaresan et al., 2020) 

Streptococcus mitis (+) brown house snake + (Walsh and Howe 2004) 

Bacillus altitudinis (+) brown house snake 
? 

but + for some of the 
genus 

(Sumi et al. 2015) 

Bacillus pacificus (+) brown house snake 
? 

but + for some of the 
genus 

(Sumi et al. 2015) 

Bacillus zhangzhouensis (+) brown house snake 
? 

but + for some of the 
genus 

(Sumi et al. 2015) 
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Table 3.3. Continued… 

Fungal Species Associated Snake Species 
Antimicrobial Potential 

(confirmed: +; unknown: ?) 
Reference 

Cladosporium spp. both + for several members of 
the genus 

(Ding et al. 2008; Wang et 
al. 2013; Sugijanto and 

Dorra 2016) 

Tremateia chromolaenae both ? - 

Naganishia albida puff adder ? - 

Epicoccum ovisporum puff adder 
? 

but + for at least one 
member of the genus 

(Qader et al. 2021) 

Alternaria alstroemeria puff adder ? - 

Alternaria doliconidium puff adder ? - 

Penicillium spp. puff adder + (Larsen & Knøchel 1997) 

Asperigillus proliferans brown house snake 
? 

but + for at least one 
member of the genus 

(Darling et al. 1963) 

Aureobasidium melanogenum puff adder + (Bischoff et al. 2015) 

Aureobasidium pullulans puff adder + (Yalage Don et al. 2021) 

Psathyrella spp. puff adder + (Suay et al. 2000) 

†Lysinibacillus mangiferihumi is a heterotypic synonym for Lysinibacillus sphaericus     (Dunlap 2019). 

 

3.5. DISCUSSION 
Puff adder was found to have higher microbial richness than that of the chemically conspicuous brown 

house snake, which suggests that their chemically crypsis is not the result of microbial suppression. 

Overall microbial assemblages associated to each snake species were significantly different when 

anatomical region was considered. Several species of microbiota were specific to the puff adder, with 

the bacterial majority of these being located on the dorsal integument and the fungal majority being 

common to both anatomical regions. Despite these differences, the highest similarity in species 

assemblages was between the tracheal assemblages (58.8%) while the dorsal assemblages were only 

marginally different between species (21.6%; p = 0.06). Few previous studies have assessed the puff 

adder’s microbiota, with only seven bacterial species having been isolated from the buccal cavities of 

puff adders (Blaylock 2001). Of these, two were common to our samples (Proteus mirabilis and E-coli), 

a further four were represented at the genus-level (Salmonella, Pseudomonas, Proteus and 

Staphylococcus) and one was entirely absent (Citrobacter freundii). No apparent prior studies have 

assessed the fungal assemblage of puff adders. A compliment of 18 additional bacterial species and 
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11 fungal species were isolated from the adders in our study. Not only does the adder support a high 

number of microbial species relative to the brown house snake (21 versus 19 species), several 

microbial species prominently found on the adder and seldomly associated with the brown house 

snake, if at all, are implicated in the breakdown of odorous molecules. Thus, contrary to previous 

thinking, the adder’s microbial assemblage may play an active role in the snake’s chemical crypsis.  

Sixty-five percent of the identified bacterial species were gram-positive. This is in line with the 

propensity of bacterial assemblages in healthy snakes being more heavily constituted by gram-positive 

bacterial species (Hilf et al. 1990; Soveri et al. 1986). However, several gram-negative species were 

also detected, some of which are medical important (i.e., Salmonella and E-coli). One, Acinetobacter 

radioresistens, is especially noteworthy. Although this species was also found on a single brown house 

snake sample, it was the most commonly cultured bacterial species from the puff adders, prevalent 

mostly on their dorsal scales. This bacterium is resistant to radiation (Nishimura et al. 1988), extreme 

desiccation (Jawad et al. 1998) and most importantly, is able to breakdown aromatic compounds via 

rapid phenol catabolism (Mazzoli et al. 2007). Acinetobacter radioresistens can therefore survive on 

phenols, which are common in the natural world (Rappoport 2003), as its sole carbon source (Pessione 

et al. 1999). Phenols are odorous and a by-product of tyrosine metabolism for which lactic acid 

bacteria (LAB) are known (Garner et al. 2007). Tyrosine is a major component of the outer ß-keratin 

(Parry 2021) layer of Bitis scales (Ripamonti et al. 2009) and therefore the presence of a tyrosine-

metabolising LAB species within the puff adder’s microbial assemblage could easily support and 

maintain the presence of A. radioresistens through phenol production. Indeed, a known LAB species, 

Enterococcus faecalis, is present within the adder’s dorsal and tracheal microbial assemblages. 

Typically, this bacterium is ubiquitous within the gastro-intestinal-tracts of animals and humans (Klein 

2003), but importantly has also been found in close association to keratinoid environments (Ruiz-

Rodriguez et al. 2009). Although LAB species are known for their tyrosine metabolism (and hence 

phenol production), E. faecalis also actively decreases the potency of keratinases from keratinolytic 

microbiota and thus can be considered highly beneficial to animals with keratinoid integuments, such 

as birds and reptiles, since compromised feathers and scales could result in a swathe of adverse and 

potentially fatal effects. 

The puff adder appears to host a consortium of microbiota that are involved with odour 

breakdown. Specifically, it appears that several of the associated microbial species are implicated in 

the breakdown of ß-keratin into its non-odorous constituents. Two species of keratin-degrading 

microbiota were identified on the puff adder, Bacillus subtilis (Li 2019) and Cladosporium (Călin et al. 

2017). Bacillus subtilis, the third most commonly cultured bacterial species from the puff adder, is a 
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highly effective keratinolytic bacterium, now used in industrial waste management (Q Li 2019), and a 

noteworthy phenol-cataboliser (Balasubramaniyan and Swaminathan 2000) whose spores are 

ubiquitous in soil (Bastos et al. 2020). Bacillus subtilis has been found to dramatically reduce odour in 

animal faeces (Bastos et al. 2020), as well as enzymatically reducing ammonia production during 

odorous fermentation processes (Abriba et al. 2012). Cladosporium, the predominant fungal species 

in both snake species, is abundant in both indoor and outdoor air (Bensch et al. 2018) and previously 

detected in buccal cavities and cloacae of snakes (Lukač et al. 2017). Since none of the control plates 

harboured any microbial growth throughout our culturing period, we are confident that the 

Cladosporium cultures are of snake-origin and not a reflectance of its aerosol nature. It is not surprising 

that both these keratinolytic species are common in the keratin-rich environment of puff adder scales, 

but it is certainly interesting that within the same microbial assemblage there exists companion 

microbial species known to reduce the efficacy of keratinases and ones that are able to metabolise 

multistage, downstream by-products associated with keratin-degradation known to be odorous (Fig. 

3.5). Indeed, it appears the interplay among species within the puff adder’s microbial assemblage is 

intricate and complex, but the presence of known odour-reducing species suggests that the puff 

adder’s chemical crypsis may in some way be aided by their associated microbiota, in contrast to 

previously suggested ideas. 

 

Figure 3.5. Potential involvement of puff adder-associated (Bitis arietans) microbial species in ß-keratin degradation into its less odorous 
constituents. 
 

The puff adder’s dorsal scales also possess micro-ornamentation that, unlike the needle-like, 

bactericidal nanostructures of some gecko skin and insect wings (Jenkins et al. 2020), are blunt and 

broadly edged (Fig. 3.6, left; Singh 2018). Similar structures are also found in a closely related species, 

the West African Gaboon adder (Bitis rhinoceros), a species also thought to be chemically cryptic 

(Miller et al. 2015). This micro-ornamentation contributes to visual camouflage through increasing the 

light absorption of black scales (Spinner et al. 2013; Singh 2018). While it appears that the primary 

function of these structures is to augment visual crypsis, it is possible that additional benefits are 
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simultaneously conferred. For example, the micro-ornamentation found on the adder’s dorsal scales 

may also provide structural refugia for associated microbiota since the size range of both bacterial (0.5 

– 2 µm; Driks, 1999; Ugwuodo & Nwagu 2020) and fungal spores (2 – 50 µm; di Filippo et al., 2013; 

Patel et al., 2018) and bacteria themselves (0.2 – 10 µm; Frosbisher et al. 1974) is small enough to fit 

in between the nano structures of the scales. Indeed, potential microbiota spores and trapped organic 

matter have been documented via scanning electron micrograph of B. rhinoceros shed skin (Fig. 3.6), 

indicating that the idea for a similar situation occurring in the puff adder is not far-fetched. 

 
Figure 3.6. Scanning electron micrographs showing the micro-ornamentation of the dorsal scales of Bitis arietans (left) and Bitis rhinoceros 
(centre, right; Spinner et al. 2013). Potential fungal and bacterial spores (A-E), unidentified organic matter (F) and a lepidopteran wing 
scale (G). 

The similarity in tracheal assemblages between the two snake species investigated may be 

reflective of diet. Previously, it has been suggested that the microbiota of prey and their faeces 

(Goldstein et al. 1979) may directly affect the buccal microbial assemblage of reptiles (Abrahamian & 

Goldstein, 2011; Fry et al. 2009). Our snakes were maintained under laboratory conditions during this 

study and fed purpose-bred, dead, laboratory rodents originating from the same source. It is therefore 

possible that tracheal assemblages may have been repeatedly inoculated (via the buccal cavity) with 

microbiota associated with this food source and that species suited to the moist conditions of the 

tracheal environment simply persisted. Several studies have however shown no relationship between 

the microflora of the snake buccal cavities and their diet (Blaylock 2001; Zancolli et al. 2015), arguing 

instead that antimicrobial properties of reptile saliva and venom is likely to restrict such microbial 

invasion of the buccal cavity (Avila et al. 2009). Hill et al. (2018) however found no differences in 

microbial assemblages between two sympatric species of snakes (Crotalus horridus and Coluber 

constrictor) that, such as in our study, represented one ambush- and one active-foraging species. 

Although we attempted to control for diet-influences through swabbing two weeks post the snakes’ 

last feed, the influence of diet on our data however remains unknown. Two additional, potentially 

compounding factors should also be considered regarding the high tracheal similarity. First, the low 

sample size of brown house snake tracheal swabs (some tracheae were simply too small to swab) may 

have limited our ability to adequately represent the microflora of this species, and second, culture-
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dependent bias in our samples may have reduced our ability to detect innate differences. Another 

important factor to consider is that the tracheal environment between the two snake species is likely 

to be less anatomically and physiologically different than that of the dorsal integument. While the puff 

adder dorsal scales are rough and strongly keeled, brown house snake scales are smooth and without 

keeling. The smoothness of the brown house snake scales is likely to make adherence by microbiota 

more difficult which could directly impact their associated microbial assemblages. Though increasing 

the sample size of brown house snakes to match puff adder numbers would certainly reveal whether 

species richness differences between these snake species is genuine or an artifact of this difference. 

Culture-dependent techniques can be limiting (Al-Awadhi et al. 2013). Culture success 

depends on a host of variables such adequate nutrient availability, suitable temperature ranges and 

an environment where species are not outcompeted by others within the same sample, either through 

resource limitations or via active antimicrobial activities, for which almost all the detected microbial 

species are known (see Table 3.3). Culture-independent techniques, such as metagenomics and high-

throughput sequencing, are therefore rapidly growing in popularity but the associated costs can be 

prohibitive. Culture-dependent techniques are however not entirely without value and similarities 

between culture-dependent and -independent assemblage data can still exist (see Smith et al. 2021). 

Assessments of associated microbiota using culture-independent techniques however would certainly 

strengthen our understanding of the microbial assemblages associated with the puff adder and is 

worthy of future investigation. Despite our approach being potentially restricted by culture-

dependent techniques, we clearly demonstrate that the puff adder’s chemical crypsis is not in any way 

driven by an absence of associated microbiota, but rather that their associated microbial assemblage 

is vast and complex. Certainly, the presence of numerous odour-reducing microbiota within the 

adder’s microbial assemblage has highlighted the potential that the puff adder’s extraordinary 

chemical crypsis may, at least in part, be driven by a previously unrecognised mutualism between 

snake and microbe.  
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 66 

4.1. ABSTRACT 
The assumption that all species produce odorous metabolic by-products has resulted in the dogmatic opinion 

that no species can be truly chemically cryptic. As such, one leading theory posited that the chemically cryptic 

puff adder (Bitis arietans) may have such a low standard metabolic rate that the associated odorous by-product 

are maintained below a detectability threshold. Alternatively, the puff adder may be producing metabolic by-

products that are simply undetectable within an ecological framework; receiver species may simply not possess 

the necessary olfactory receptor cells that would facilitate detection. To evaluate these two theories, I measured 

the standard metabolic rate of the puff adder using closed-system respirometry and assessed the puff adder’s 

volatilome using solid-phase microextraction and gas-chromatography mass-spectrometry. The puff adder does 

not have a low standard metabolic rate compared to other snake species. Indeed, its metabolic rate is higher 

than that of several, chemically conspicuous species.  Additionally, I found that the puff adder’s volatilome is 

predominantly comprised of alkanes known to odourless, as well as a known odour-absorbing, volatility-

reducing carboxylic acid on the surfaces its dorsal scales. Many of the associated odorous alkanes are also 

recognised as secondary metabolites (i.e., produced by microbiota), suggesting that the puff adder’s microbial 

assemblage may be directly involved in shaping this ambusher’s volatilome. As such, the puff adder’s chemical 

crypsis may be driven by several mechanisms working in concert to produce odourless metabolic by-products, 

and by waxy compounds on the dorsal scales that trap otherwise odorous volatiles. 

4.2. INTRODUCTION 
Metabolic by-products are typically odorous (Conover 2007) and in ectotherms, metabolite 

production can be greatly affected by several factors. First, given the thermal effects on enzymatic 

function and their role in biochemical reactions (Hochachka and Somero 1984), temperature therefore 

greatly influences metabolic rates (Hawkins 1995; Gillooly et al. 2001; White et al. 2006). In addition, 

metabolic rates have been shown to be closely aligned to life history strategies (Beaupre and 

Montgomery 2007). For example, active foragers require extended periods of sustained energy with 

which to search for and pursue prey. As a result, active foragers typically have high metabolic rates 

(Dupoué, et al 2017), coupled with high levels of haematocrit for improved oxygen delivery (Lourdais 

et al. 2014), resulting in overall high levels of endurance capacity (Clemente et al. 2009). In contrast, 

ambush foragers require short-burst energy for prey-strike and are thus considered low energy 

specialists (Bedford and Christian 1998) with low metabolic rates and low levels of haematocrit 

(Brischoux et al. 2011). Indeed, the lowest haematocrit levels among snakes on average belong to two 

of the most extreme ambushing clades, viperids (e.g., the puff adder) and boids (Brischoux et al. 2011), 

suggesting that, for snakes, viperid and boid metabolic rates may too be among the lowest. 

The biggest factor affecting metabolic rates however is mass. Allometry alone accounts for > 

90% of the variation among species (White 2011) since larger animals simply have higher energy 

requirements than do smaller ones. Additionally, thermal physiology further compounds this mass 
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effect since endothermy is simply more energetically costly than is ectothermy. For example, a 

mammal’s field metabolic rate may be 12 times higher than that of an equally sized reptilian 

counterpart, which in turn, may have a field metabolic rate 20 times lower than that its equally-sized 

avian counterpart (Nagy 2005). The metabolic difference between thermal physiologies persists even 

when body temperature is consistent (~15 % differential between equally sized mammals and reptiles; 

Kingsbury 1995). Thus, the associated energy requirements of an extreme ambush-foraging reptile, 

such as the puff adder, could be so low that it simultaneously confers a highly beneficial exaptation – 

chemical crypsis. With a suitably low metabolic rate, by-product production could potentially be 

maintained below a biologically detectable threshold. Certainly, viperid haematocrit levels (Brischoux 

et al. 2011) are suggestive of very low metabolic rates among this snake family and as such, the puff 

adder may meet this potential threshold condition.  

Odorous metabolic by-products beyond those generated by the species itself also need to be 

considered when it comes to a species’ odour profile. For example, by-products associated with a 

species’ microbiome may be of significance. As molecular techniques improve, the role of microbiota 

in animal chemical signalling is slowly being revealed (Ezenwa and Williams 2014). This phenomenon 

is most widely known in mammals and insects due to research focus but is not without precedent in 

reptiles. For example, Theis et al. (2013) show that shifts in associated microbial assemblages covary 

with sex and reproductive state in the spotted hyena (Crocuta crocuta), resulting in differences in 

associated odour profiles used in chemical signalling. Additionally, bacteria within the anal pocket of 

Indian mongoose (Herpestes auropunctatus) contribute volatile metabolites that determine individual 

chemical signatures (Gorman et al. 1974; Gorman 1976). For insects, metabolites of gut bacteria are 

the main constituent of the aggregation pheromone in desert locusts (Schistocerca gregaria; Dillon et 

al. 2000). For reptiles, femoral secretions involved in social communication in the Algerian sand racer 

(Psammodromus algirus), a lacertid, may in part be comprised of microbial metabolites (Martín and 

López 2006). Though much of this research has not shown causality between microbial metabolites 

and their specific role in animal chemical signalling, one has. Li et al. (2013) demonstrated in laboratory 

mice (Mus musculus) that by limiting the precursor to the highly volatile bacterial metabolite 

trimethylamine (TMA) commonly found in mice urine, or indeed by removing the bacteria responsible 

for its production via antibiotic treatment, mice produced TMA-depleted urine that was much less 

attractive to conspecifics. As discussed previously (see Chapter 3), the puff adder is host to a wide 

range of microbial species, including known odour-producing and known odour-reducing species. It 

would therefore be naïve to disregard the potential contribution of associated microbial metabolites 

within its chemical signature. 
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The puff adder is chemically cryptic within an ecological framework (Miller et al. 2015). Dogs, 

meerkats, elephants and snouted cobras are all unable to locate the puff adder using airborne 

chemical cues (Miller et al. 2015; chapter 2). However, within the constraints of ecology, for an 

organism to be chemically detectable, several conditions need to be met. First, compounds associated 

with the species must be volatile. For a compound to be volatile, it must typically have a molecular 

weight < 300 and a vapour pressure above 0.01 mmHg at ambient temperatures (Rawson 2000). 

Second, the receiver must possess the ability to detect the odours by means of their olfactory receptor 

cells, which is governed via the number of olfactory receptor genes the receiver has (of which African 

elephants have the highest number of any mammal tested to date; Niimura et al. 2014). Third, 

detected compounds must have biological relevance so as to establish and maintain cue-recognition 

by the detector species. Dogs, meerkats and snouted cobras are all natural predators of the puff adder 

(Miller et al. 2015, chapter 2) and should therefore naturally associate any puff adder specific-odours 

with a potential feeding opportunity. Or, in the case of the elephants, a trained positive association 

can be established through conditioning if any elephant-detectable volatiles are present. While we 

can be sure that conditions two and three were not met for any of our selected biosensors, condition 

one cannot be ruled out without specifically assessing the puff adder’s associated volatiles outside of 

an ecological framework using mechanical techniques such as solid-phase microextraction (SPME) and 

gas chromatography-mass spectrometry (GC-MS).  

To assess whether puff adders produce any volatile compounds, biologically-detectable or 

not, I conducted headspace analyses of puff adders using SPME and GC-MS techniques. Headspace 

analyses were also performed for a sympatric, chemically conspicuous species, the brown house snake 

(Boaedon capensis) to serve as a control. I assessed compounds directly associated with the puff 

adder’s dorsal scales via directly swabbing theses surfaces with sterile swabs dipped in distilled water. 

Swab-collected compounds were assessed using GC-MS and compared to those collected via SPME. 

Additionally, I assessed whether the puff adder’s volatile production was reduced as a result of low 

standard metabolic rates (as suggested by their cladistically low haematocrit levels; Brischoux et al. 

2011). This was achieved by measuring the adder’s oxygen consumption over a range of temperatures 

using closed-system respirometry.  

4.3. MATERIALS AND METHODS  
4.3.1. Animal Husbandry 

A laboratory population of 10 adult puff adders and eight brown house snakes (Boaedon capensis; 

used in GC-MS trials) were used for sampling. Nine of the puff adders were lab-borne to wild mothers 

from the Dinokeng region of South Africa and one was a wild-caught, adult female from the same area. 

Between trials, snakes were individually housed within terraria that were lined with newspaper and 
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equipped with rocks and hide-out. Water was provided ad libitum. Terraria were maintained in 

species-specific, temperature controlled rooms and snakes were fed fortnightly on purpose-bred, 

dead mice. Snakes were however starved for two-weeks prior to any experimental protocols. 

4.3.2. Standard Metabolic Rates  
Lock & LockTM containers were fitted with ArgyleTM Universal Green Bubble Tubing and three-

way Luer locks. Thereafter, the internal volume of each container (tubing included) was measured 

using the respective water volumes. A suitable animal density measure was calculated using mean 

mass and volume measures made on dead puff adder specimens (n = 5). Snake volume was calculated 

using water displacement techniques and the subsequent puff adder-specific density value (0.74 gcm-

3) was found to be lower than the recommended standard (0.98 gcm-3; Reginald et al. 2014). As such 

all our calculations involving density, 0.74 gcm-3 was used. Standard metabolic rates were measured 

using closed-system respirometry (Fig 4.2). Snakes (n = 10) were placed individually inside the adapted 

Lock & Lock containers and temperature-acclimated for a period of one hour inside a dark incubator 

(Fig. 4.1). During acclimation, lure locks remained open. After the acclimation period, the container 

air was circulated by repeatedly drawing 100 ml into an empty syringe and pumping this volume back 

into the container several times (i.e., in a pump action). Immediately after, a 30 ml baseline sample of 

each container air was drawn, after which all lure locks were closed. Snakes were left for a known 

period inside the incubator until such time the sampling process (including air circulation) was 

repeated once again for the final sample. Measures of oxygen consumption was made using a Sable 

Systems FC-1B O2 Analyzer and all data were recorded, transformed, and analysed using Expedata 

v.1.9.13 (Sable Systems International, USA). Measures of oxygen consumption were made at 7, 10, 20, 

25 and 30 °C. 
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Figure 4.1 Temperature-acclimated puff adders (Bitis arietans) contained within airtight Lock & Lock containers (i.e., closed system) within 
an incubator. Samples (30 ml each) were drawn via three-way Luer locks (white) at the beginning and end of temperature treatments of 
known duration to assess standard metabolic rates (SMR) via changes in oxygen concentration. 
 

 
 

 
Figure 4.2. Oxygen consumption measures were made using closed-system respirometry: environmental air is pumped through an air line 
at 100 ml/min (controlled via an Alicat Scientific Flow Meter; A); scrubbed of water via a Drierite scrubber (B) and of carbon dioxide (CO2) 
via a soda lime-filled scrubber (C). Samples are injected one at a time via luer lock (1-5) into the H20- and CO2-free air line, and scrubbed 
again for CO2  (D) before having the flow-rate corrected once more by another Alicat Scientific Flow Meter (E). Thereafter injected samples 
are carried via the air line into a Sable Systems Oxygen Respirometer (F) to measure oxygen concentration. Thereafter data are processed 
via an accompanying computer (G). 
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4.3.3. Solid-Phase Microextraction (SPME) Gas Chromatography-Mass Spectrometry  
(GC-MS) 

Puff adders (n = 8) and brown house snakes (n = 6) were individually placed in purpose-built glass 

desiccators through which filtered air was pumped at 0.5 l.hr-1 (Fig. 4.3). Temperature of the 

desiccators were controlled using a water bath (Fig. 4.3, bottom right), whereby warm temperatures 

were achieved via the use of two, 200 W Dophyn fish tank heaters and cold temperatures via the use 

of icepacks. Snake volatiles were assessed by placing cool snakes into sterile desiccators and allowed 

to warm to 36 °C over a period of 100 minutes, during which the tri-phase 

(divinylbenzene/carboxen/polydimethylsiloxane) grey fibre positioned inside the airflow outlet (Fig. 

4.3, B) was continuously exposed. This continuous exposure allowed the capture of any associated 

volatiles released during both the warming and thermal set-point periods. Solid-phase 

microextraction (SPME) of the fibre’s contents were performed on a LECO Pegasus BT (SPME) at LECO 

Africa (Johannesburg, South Africa) using the following methods: 

• GC method: Agilent 7890A; RXI-5MS column, 35°C – 300°C @ 10°C/min 

• MS method: 10 s/s, source: 250°C, transfer line: 280°C, solvent delay: 30s 

• Data Processing method: S/N 10,  National Institute of Standards and Technology 

(NIST) 2015 library.  
 

Fibre conditioning and appropriate background samples were performed prior to any experimental 

sampling to eliminate noise. In addition to headspace analyses, sterile å-Transwabs (Medical Wire, 

UK), dipped in either distilled water or hexane (C6H14), were rubbed vigorously over the dorsal scales 

of individual puff adders and immediately transferred to sterile glass containers for later analyses via 

GC-MS using the above GC-MS methods. Only peaks there identified by the NIST library were analysed 

and given that we are interested in species-specific and not individual odour profiles, compounds 

common to all individuals of a species are reported. 
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Figure 4.3. Left: A brown house snake (Boaedon capensis) temporarily contained within a purpose-built desiccator through which filtered 
air is being pumped at 0.5 l.hr-1 (A). Volatile collection is achieved through an exposed tri-phase, grey, solid-phase microextraction fibre (B) 
positioned within the outlet pipe. Top right: A close up of a puff adder (Bitis arietans) temporarily contained within a species-specific, 
purpose-built desiccator. Bottom right: desiccator set-ups were placed within water baths for assessment of volatile production across a 
thermal range. Warm water temperatures were controlled via the use of two 200W Dophin fish tank heaters (C). 

4.4. RESULTS  
4.4.1. Standard Metabolic Rates 

Temperature significantly affected puff adder SMR (R2 = 0.77; n = 33; p < 0.01; Fig. 4.4). For intraspecific 

comparisons of SMR, data were mass-adjusted since SMRs are significantly affected by body mass 

(White et al 2006; Table 4.1). Overall, the puff adder was found to have a higher SMR than 14 other 

snake species, similar to the SMRs of two colubrids, the Brazilian false coral snake (Oxyrhopus 

trigeminus) and the Serra snake (Tropidodryas serra), and lower than those of 30 other species. For 

comparing the potential scope of odour-production however, absolute SMR values (i.e., not weight-

adjusted values) provide better insight since the total potential volume of odour is more important 

than that of odour volume relative to the snake’s body size. Thus, when considering absolute values, 

the puff adder has a higher SMR than that of 18 other snake species, including several species known 

to be odorous such as our frequently selected control species, the brown house snake (B. capensis), 

and several python species (e.g., Python bivittatus progschai, P. molurus).  
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Figure 4.4. Standard resting metabolic oxygen consumption (ml g-1 hr -1) for puff adders (Bitis arietans) measured over a temperature 
gradient. Black squares indicate mean measures; grey triangles represent individual data. Trend line represents a power regression fitted 
for individual data with the equation y = 0.0002x1.7823; R2 = 0.77; n = 33; p < 0.01. 

 

 

Table 4.1. Previously reported temperature-dependent oxygen consumption (ml.g-1 hr-1) for various snake species and mass-adjusted 
(ml.g-1 hr-1/g) comparisons against our recorded puff adder (Bitis arietans) data. Values highlighted in blue, yellow, and red indicates 
SMRs lower, around the same and higher than those of the puff adder. Values with no highlight indicate values for temperatures 
outside of our tested range. 

Species (reported as) Mass (g) 

Body 

Temp. 

(°C) 

O2 

consumption 

(ml g-1 hr -1) 

Mass-

adjusted O2 

consumption 

(ml g-1 hr -1) 

References 

Bitis arietans 624  

7 0.005 0.801E-4 

This study 

10 0.011 0.160 E-4 

20 0.035 0.481 E-4 

25 0.065 0.962 E-4 

30 0.074 1.112 E-4 

Boa constrictor amarali 

3270 20 0.018 0.056 E-4 
Galvao et 

al. 1965 

4000 – 13000 

21 0.009 0.010 E-4 
Benedict 

1932 
28 0.019 0.022 E-4 

32 0.030 0.036 E-4 

Boaedon capensis 

(Lamphroiphis fulihinosis) 
16.7 ± 0.3 25 0.041 24.371 E-4 

Roe et al. 

2004 

Cerastes cerastes 

(Cerastes cerastes 

gasperettti) 

121 20 0.024 1.983 E-4 Al-Sadoon 

1991 

  30 0.071 5.868 E-4 

0.01
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Chironius quadricarinatus 61 20 0.034 5.607 E-4 
Galvao et 

al. 1965 

Crotalus atrox 2000 – 5000 

17 0.008 0.022 E-4 

Benedict 

1932 

22 0.016 0.045 E-4 

29 0.031 0.089 E-4 

36 0.061 0.174 E-4 

43 0.109 0.311 E-4 

Crotalus viridis 301 35 0.080 2.658 E-4 
Ruben 

1976 

Vipera berus 63 25 0.090 14.286 E-4 

Johansen 

and 

Lykkeboe 

1979 

Hydrodynastes gigas 

(Cyclagras gigas) 
2680 20 0.032 0.120 E-4 

Galvao et 

al. 1965 

Dipsas albifrons 22 20 0.036 16.364 E-4 
Galvao et 

al. 1965 

Palusophis bifossatus 

(Dryadophis bifossatus 

bifossatus) 

735 20 0.047 0.634 E-4 
Galvao et 

al. 1965 

Drymarchon corais 2000 - 3000 

17 0.021 0.082 E-4 

Benedict 

1932 

22 0.021 0.082 E-4 

29 0.036 0.142 E-4 

30 0.052 0.206 E-4 

Epicrates angulifer 11000 - 13000 

16 0.004 0.004 E-4 

Benedict 

1932 

21 0.009 0.007 E-4 

28 0.016 0.013 E-4 

31 0.030 0.025 E-4 

32 0.020 0.017 E-4 

Eunectes murinus 11300 20 0.021 0.018 E-4 
Galvao et 

al. 1965 

Eunectes notaeus 14400 20 0.015 0.010 E-4 
Galvao et 

al. 1965 

Lampropeltis californiae 

(Lampropeltis getula) 

221-319 20 0.081 < 0.001 E-4 
Baldwin 

1928 

1217 26 0.028 0.230 E-4 
Davies 

1982 

Lampropeltis miliaris 401 

20 0.034 0.848 E-4 Abe and 

Mendes 

1980 

25 0.048 1.197 E-4 

30 0.078 1.945 E-4 
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Erythrolamprus 

poecilogyrus schotti 

(Leimadophis poecilogyrus 

schotti) 

42 20 0.039 9.286 E-4 
Galvao et 

al. 1965 

Liophis miliaris 55 20 0.024 4.291 E-4 
Galvao et 

al. 1965 

Zamenis situla (Coluber 

natrix; Tripodonotus 

natrix) 

84 

11 0.040 4.714 E-4 

Hill 1911 
16 0.071 8.429 E-4 

24 0.115 13.690 E-4 

113 18 0.031 2.708 E-4 

Oxyrhopus trigeminus 98 20 0.035 3.592 E-4 
Galvao et 

al. 1965 

Philodryas olfersii 

latirostris (Philodryas 

olfersii) 

176 20 0.039 2.216 E-4 
Galvao et 

al. 1965 

Philodryas patagoniensis 388 20 0.055 1.410 E-4 
Galvao et 

al. 1965 

Tropidodryas serra 

(Philodryas serra) 
145 20 0.035 2.414 E-4 

Galvao et 

al. 1965 

Pituophis melanoleucus 

mugitus (Pituophis 

melanoleucus) 

40 – 584 20 0.038 1.218 E-4  

422-822 25 0.058 0.936 E-4 
Galvao et 

al. 1965 

Python molurus 5000 

18 0.007 0.014 E-4 

Benedict 

1932 

25 0.016 0.032 E-4 

31 0.027 0.054 E-4 

37 0.040 0.079 E-4 

Python bivittatus 

progschai (Python molurus 

bivittatus) 

12370 

27 0.011 0.009 E-4 
Hutchison 

et al. 1966 
30 0.020 0.016 E-4 

33 0.028 0.023 E-4 

Malayopython reticulatus 

saputrai (Python 

reticulatus) 

32000 

17 0.008 0.002 E-4 

Benedict 

1932 

22 0.011 0.004 E-4 

24 0.012 0.004 E-4 

26 0.016 0.005 E-4 

28 0.026 0.008 E-4 

30 0.029 0.009 E-4 

Malpolon moilensis 145 
20 0.038 2.621 E-4 Al-Sadoon 

1991 30 0.079 5.448 E-4 

Natrix natrix 84 20 0.090 10.714 E-4 Hill 1911 

Nerodia rhombifera 238 20 0.069 2.521 E-4 
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30 0.095 3.992 E-4 

Jacobson 

& Whitford 

1970 

Dipsas mikania 

(Sibynomorphus mikanii) 
11 20 0.113 102.727 E-4 

Galvao et 

al. 1965 

Thamnodynastes strigatus 55 20 0.041 7.455 E-4 
Galvao et 

al. 1965 

Vipera berus 70 
20 0.064 9.143 E-4 Al-Sadoon 

1991 30 0.135 19.286 E-4 

Xenodon guentheri 50 30 0.135 27.000 E-4 
Galvao et 

al. 1965 

Xenodon merremii 502 20 0.043 0.857 E-4 
Galvao et 

al. 1965 

Xenodon neuwiedii 53 20 0.037 6.981 E-4 
Galvao et 

al. 1965 

Diadophis punctatus 

5 20 0.056 0.011 Buikema & 

Armitage 

1969 
4.4 30 0.132 0.030 

Elaphe gutata 800 25 0.038 0.038 E-4 Smith 1976 

Helicops modestus 196 

20 0.035 1.786 E-4 Abe & 

Mendes 

1980 

25 0.040 2.041 E-4 

35 0.055 2.806 E-4 

Sphalerosophis diadema 

(Sphalerosophis cliffordii) 
351 30 0.136 3.875 E-4 

Dmi’el and 

Bout 1972 

Storeia dekayi 7.2 
20 0.088 122.222 E-4 Clausen 

1936 30 0.163 225.695 E-4 

Salvadora hexalepis 65 

20 0.046 7.077 E-4 Jacobson 

and 

Whitford 

1971 

30 0.107 16.450 E-4 

Thamnophis butleri 19 25 0.048 25.474 E-4 

Kamel and 

Gatten 

1983 

Thamnophis proximus 31 

20 0.075 21.142 E-4 Jacobson 

and 

Whitford 

1971 

30 0.150 48.387 E-4 

Thamnophis sirtalis 

25 
20 

0.070 28.000 E-4 Aleksiuk 

1976 38 0.040 10.526 E-4 

200 29 0.033 1.650 E-4 

Taylor & 

Davies 

1981 
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Hydrophis platurus 

(Pelamis platurus) 
116 30 0.06 5.172 E-4 

Graham 

1974 

 

4.4.2. Solid-Phase Microextraction (SPME) Gas Chromatography-Mass Spectrometry  
(GC-MS)  

Species-wide volatile organic compound (VOC) profiles did not overlap at all between the puff adders 

and the brown house snakes. Thus no statistical analyses were necessary. The puff adder’s VOC profile, 

like that of the brown house snake, was predominated by alkanes, which as a group are commonly 

referred to as ‘odourless’ in chemistry textbooks. For the puff adders, only three compounds, one 

phenol and two alkanes, were common to both headspace and swab samples (Table 4.2.). Of these, 

octadecane and 2,4-di-tert-butylphenol (2,4 DTBP) are known secondary metabolites (Pelyuntha et al. 

2020; Zhao et al. 2020; Prakash and Arora 2021) that are produced mostly via microbial metabolism. 

Heptadecane, 2,6,10,14-tetramethyl-, nonane, 2,2,4,4,6,8,8-hetpamethyl- and dodecan,1-iodo are 

respective isomers of heneicosane, heptadecane and 1-iodo-2-methylundecane, all of which have 

roles in chemical signalling in various taxa (Achiraman et al. 2010; Khannoon et al. 2011). The sole 

carboxylic acid detected in the puff adder’s VOC profile was octadecanoic acid was detected only in 

swab samples. This saturated fatty acid, reported to have a mild odour (see: 

https://pubchem.ncbi.nlm.nih.gov/compound/Stearic-acid), is solid at temperatures below 69.3 °C 

and is unlikely to contribute any odour cues to the adder’s odour profile. In comparison, the brown 

house snakes’ VOC profile was predominately made up of 2,2-diethylbutyraldehyde, 1-Iodo-2-

methylundecane, n,n-dimethylundecane and n-methylundecane isomers. Although not every 

individual shared the same isomers, all individual brown house snake VOC profiles possessed at least 

one isomer of n-methylundecane and n,n-dimethylundecane each, and thus they are reported as 

species-wide compounds. 
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Table 4.. Volatile organic compound (>75% NIST matches) profiles for the puff adder (Bitis arietans) and the brown house snake (Boaedon 

capensis), assessed via solid-phase microextraction (SPME) Gas Chromatography-Mass Spectrometry (GC-MS).* indicates compounds 

previously identified in reptilian femoral secretions (refs), • indicates compounds whose isomers have been identified in reptilian femoral 

secretions and † indicates compounds (or their isomers) that have been previously identified as pheromones in other taxa. 

Species 
Compound 

(sample source) 

Chemical 

Formula 
Chemical Class Retention Time Reported odour 

Bitis 

arietans 

2,4-Di-tert-butylphenol 

(headspace & swab) 
C14H22O Phenol 

(H) 12:44.6; (S) 

14:08.2 
- 

Octadecane* 

(headspace & swab) 
C18H38 Alkane 

(H) 10:44.0; (S) 

23:12.7 
Odourless 

Heptadecane* 

(headspace & swab) 
C17H36 Alkane 

(H) 10:23.5; (S) 

27:52.4 
Odourless 

Heptadecane, 2,6,10,14-tetramethyl-†1 

(headspace) 
C21H44 Alkane 7:21.7 - 

Nonane, 2,2,4,4,6,8,8-heptamethyl- •2 

(headspace) 
C16H34 Alkane 7:59.6 - 

Dodecane, 1-iodo†3 

(headspace) 
C12H25I Alkane 10:05.8 Odourless 

Pentadecane, 2,6,10,14-tetramethyl-•4 

(swab) 
C19H40 Alkane 27:51.0 - 

Heptacosane* 

(swab) 
C27H56 Alkane 22:56.1 - 

Octadecanoic acid* 

(swab) 
C18H36O2 Carboxylic acid 20:58.7 Pungent, oily 
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Boaedon 

capensis 

2,2-Diethylbutyraldehyde C8H16O Aldehyde 8:33.1 - 

1-Iodo-2-methylundecane†5 C12H25I Alkane 15:52.6 - 

Undecane, 2-methyl- 

C12H26 Alkane 

7:21.8 

9:38.2 

5:36.1 

- Undecane, 3-methyl- 

Undecane, 6-methyl- 

Undecane, 2,4-dimethyl- 

C13H28 Alkane 

10:52.3 

17:59.3 

10:02.1 

21:40.4 

3:33.5 

- 

Undecane, 3,8-dimethyl- 

Undecane, 5,5-dimethyl- 

Undecane, 5-ethyl- 

Undecane, 6,6-dimethyl 

1 - isomer of heneicosane, a known termite pheromone; 2 - isomer of hexadecane; C19H40; 3 - isomer of 1-iodo-2-methylundecane; 4 -isomer 

of nonadecane;  5 - pheromone found in mice urine. 

4.5. DISCUSSION 
Puff adders do not rely on low standard metabolic rates as a means of reducing odour. Rather 

it appears that their species-specific VOC profile is comprised mainly of compounds that are reportedly 

odourless. In comparison to the 46 other snake species for which SMR data are available, the puff 

adder’s SMR is higher than ~30% of the species when data are weight-adjusted and 38% of these when 

the data are absolute. Not only does the chemically cryptic puff adder have a SMR higher than nearly 

40% of the reviewed snake species, several of these are commonly known to be chemically 

conspicuous such as pythons (e.g., Python bivittatus progschai, Python bivittatus progschai) and water 

snakes (e.g., Nerodia rhombifera), as well as the species I used as an odorous control, the brown house 

snake. In addition, the VOC profile of the puff adder is not only mainly comprised of compounds known 

to be odourless, but is also very different from that of the brown house snake, which is predominantly 

comprised of short-chain (i.e., more volatile) undecane derivatives that have been reported to have 

odours that vary from fuel-like to odourless, as well as a mouse pheromone (1-iodo-2-

methylundecane; Achiraman et al. 2010) presumably transferred during constriction of mouse meals. 

These findings strongly suggest that while a low SMR may provide an added benefit in terms of 

controlling odour production, a low SMR in itself is not a requirement if the metabolic byproducts 

being produced are in any event, odourless over the body temperature range experienced by the puff 

adder. 

Alkanes are frequently reported as being odourless. Seventy seven percent of the compounds 

found in the puff adders VOC are alkanes, three of the which are specifically listed as odourless in 

several chemical databases (see: Fisher Scientific; https://www.fishersci.se). Two of these, 

heptadecane and octadecane, were found on both the dorsal scales and within the headspace of puff 

adders. Both are solid, waxy substances at room temperature, confirmed bacterial metabolites of 
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Bacillus spp., and have fungicidal capabilities (Rajaofera et al. 2019). Octadecane is also an 

intermediate in the microbial breakdown of n-eicosane (Hadibarata et al. 2007) – a recognised reptile 

pheromone detected in several, but not all of the puff adders sampled in this study (and thus not 

reported in the species-specific VOC). Like n-eicosane, heptadecane has also been implicated as a 

reptile pheromone (Khannoon et al. 2011), and along with octadecane, can be further degraded by 

some bacterial species such as Pseudomonas (Shafeeq et al. 1989). Bacterial degradation of alkanes is 

not uncommon and as a class, alkanes are considered the most degradable of the hydrocarbons 

(Ehrhardt and Blumer 1972; Gilbert and Higgins 1978), while, interestingly, aromatic compounds are 

considered the least (Hadibarata et al. 2007). Thus, despite both being identified as bacterial 

metabolites, heptadecane and octadecane may secondarily provide a suitable growth medium for 

several species of bacteria and possibly some fungi associated with the puff adder’s microbial 

assemblage, suggesting that there may possibly be an intricate, multi-layered involvement in the puff 

adder’s chemical crypsis. 

Further evidence within the puff adder VOC profile of a thriving microbial population (as 

reviewed in Chapter 3) is the presence of 2,4-di-tert-butyl-phenol (2,4 DTBP). Like heptadecane and 

octadecane, 2,4 DTBP was identified in both the puff adder’s headspace and swab samples, indicating 

that it is ubiquitously associated with this species. This compound is of particular interest given its 

swathe of associated properties. It is recognized microbial metabolite with antioxidant and anti-

inflammatory properties (Pelyuntha et al. 2020; Zhao et al. 2020). Additionally, it is also an 

antimicrobial to the point of autotoxicity for the producing species (Zhao et al., 2020) and due to its 

ability to disrupt biofilms, it can be particularly effective against antibiotic resistant species such as 

Pseudomonas and Staphylococcus aureus (Aissaoui et al. 2019), of which only one and zero samples 

were identified within the puff adder’s microbiota respectively. 2,4 DTBP has been associated with 

169 species to date, including 16 species of bacteria and 11 species of fungi, some of which are found 

within the puff adder’s microbial assemblage such as Bacillus and Naganishia (as Cryptococcus; 

Viszwapriya et al. 2016; Aissaoui et al. 2019). 2,4 DTBP was also detected in a single brown house 

individual that is also coincidentally the only individual in which Acinetobacter radioresistens was 

found. Though A. radioresistens is not currently listed as a bacterial species known to produce this 

compound, it may be worthwhile assessing its potential as either a 2,4 DTBP producer (via 

metabolism) or indeed a 2,4 DTBP consumer, given that A. radioresistens is also known to breakdown 

phenols (Mazzoli et al. 2007; see chapter 3) such as 2,4 DTBP, which are known to be odorous. The 

presence of this compound may therefore benefit the puff adder in several ways, such as finely 

influencing its microbial assemblage through downregulation of certain species, odour breakdown, or 
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as an energy source for beneficial bacteria. However, further investigation is required to elucidate 

such potential roles in the adder’s chemical crypsis. 

The only compound found within the puff adder’s VOC profile confirmed via several databases 

to be odorous is octadecanoic acid. This carboxylic acid, whose parent hydride is octadecane, is a 

saturated fatty acid that is, like octadecane and heptadecane, a waxy solid at room temperature 

(https://pubchem.ncbi.nlm.nih.gov). It is reported to have a mild odour (see: 

https://pubchem.ncbi.nlm.nih.gov), but due to its relatively high melting point (69.3 °C), is unlikely, in 

its association with the puff adders, to enter the air plume given that puff adders typically select target 

temperatures of ~32 °C (Alexander 2016). This is corroborated by fact that it was solely detected in 

the dorsal swab samples and not the headspace samples even when snakes were warmed to 36 °C 

(i.e., above their selected body temperature). Octadecanoic acid has however also been shown to 

serve as an absorbent for other odorous compounds such as amines (Boraphech and Thiravetyan 

2015) and interestingly, materials modified with octadecanoic acid demonstrate decreased rates of 

volatile transmission in comparison to their non-modified counterparts (Su et al. 2019). As such, as 

opposed to potentially risking the puff adder’s chemical crypsis through its own odorous contribution, 

octadecanoic acid may in fact be directly assisting in odour reduction through its entrapment of other 

odorous volatiles associated with the adders.  

Puff adders may however be chemically conspicuous at temperatures not too far above their 

target temperatures. At the end of a 35 °C metabolic rate trial, a noticeably pungent, almost fishy 

odour, not unlike that of puff adder freshly shed skin, was evident in four of the adders’ metabolic 

chambers. Unfortunately, due to almost consistent movement by the adders during this trial, the 

associated data were discarded from SMR analyses but the resultant discovery of this odour does 

provide two particularly interesting points of insight. First, at this temperature adders are noticeably 

uncomfortable and attempt to escape almost continuously despite 35 °C being considerably lower 

than that of a lethal limit (i.e.,~40 - 42 °C; Lueth 1941). Second, there appears to be particularly 

odorous compounds associated with these adders that are volatile at temperatures above their target 

temperatures. An evolutionary shift towards the use of more heavily-weighted compounds would 

result in such a situation and examples of this are not without precedent in other taxa. During the 

breeding season, ground nesting birds are at increased risk of predation as a result of incubation 

requirements and as such, shifts in the composition of preening wax from monoesters to more heavily-

weighted diesters have been documented in several bird species (e.g., Reneerkens et al. 2007). This 

shift directly reduces associated volatiles, aiding in the birds’ chemical crypsis. It appears that a similar 

system may be at play with regards to the chemically cryptic puff adder, which would explain why 
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individuals react so aversely when their body temperatures are higher than their target (i.e., 35 °C), 

despite there be little to no associated physiological risk of death. This potential mechanism 

additionally highlights a previously unconsidered cost of climate warming for this species of 

ambushing snake, whereby fewer opportunities to maintain body temperatures at or below target 

may adversely affect their ability to remain undetected.  

Although not reported in the puff adder’s VOC profile, 1-decanamine, N, N, dimethyl (C14H31N) 

was detected in several of the puff adders’ headspace samples, including two of the adders associated 

with the pungent metabolic chambers at 35 °C. This particular amine is listed as having a ‘fish-like’ 

odour on the National Institute of Standards and Technology (NIST) database and may contribute 

towards the pungent odour detected at 35 °C. It is worthwhile noting that only two of the adders 

associated with the odorous metabolic chambers were used in the VOC component of this work, and 

it remains unknown whether this amine is also present on the remaining two. Indeed, while this 

connection is not yet demonstrated, it does lend support to the notion that puff adders may indeed 

be producing odorous compounds, but that due to several mechanisms in place, these compounds 

are either restricted from entering the air plume via interference (i.e., via absorption into waxy 

compounds such as octadecanoic acid, broken down by associated bacteria/fungi) or via physical 

constraints such as associated molecular weight and vapour pressure. Certainly, from videography of 

puff adders captured in the wild, interactions with both prey and predator species are strongly 

suggestive that while they are unable to detect any puff adder via associated volatiles, several species 

may well be able to ‘taste’ them (discussed in Chapter 2). This would align with heavily weighted 

molecule explanation, as well as with the notion that otherwise-volatile compounds are simply 

trapped within their associated waxy layer of octadecanoic acid. Additionally, micro-ornamentation 

associated with the puff adder scales (discussed in Chapter 3) may, like octadecanoic acid (Su et al. 

2019), serve to further reduce volatile transmission via mechanical obstruction. Though the 

mechanism underlying the puff adder’s chemical crypsis has yet to be confirmed, scrutiny of potential 

mechanism to date strongly places their associated microbial assemblages as a mechanistic 

forerunner. It is however important to note that within the scope of this thesis, I was only interested 

in the volatiles associated with the species as a whole (which is also true for the brown house snake). 

This approach may have resulted in important volatiles being missed, which may naturally be present 

on most but not all snakes within a species and those which may be sex dependent. It would be 

worthwhile reassessing associated volatiles on an individual basis, which would require a much larger 

sample size of snakes. 
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Chapter 5: CONCLUSION 
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In this thesis, I set out to assess two potential mechanisms driving the puff adder’s chemical 

crypsis, namely microbial and metabolic suppression, as well as to assess the extent to which 

the adder’s chemical crypsis applies. In Chapter 2, I demonstrate, that despite the incredible 

olfactory receptor repertoire of African elephants and the highly effective vomeronasal 

system of the snouted cobra, neither biosensor species was able to detect the puff adder via 

chemical cues. This, together with numerous interactions between wild puff adders and 

several additional predator and prey species collected via in-situ videography (discussed in 

Chapter 2) confirms that the puff adder’s chemical crypsis is generalized. Generalized 

chemical crypsis in combination with highly effective visual crypsis is no doubt the epitome of 

successful subterfuge among ambushing species, and in hindsight, seems obvious that crypsis 

within these two modal dimensions (i.e., vision and olfaction) should evolve in concert in 

systems where both vision-orientated and macrosmatic predators abound. It is indeed highly 

unlikely that this evolutionary adaptation is limited to this isolated example among terrestrial 

vertebrate species.  

In Chapter 3, I established that the microbial assemblages associated with the puff 

adder are vast in comparison to those associated with the chemically conspicuous brown 

house snake. I further showed that the puff adder’s assemblage includes microbial species 

implicated in odour breakdown, as well as those known to possess antimicrobial properties 

that may serve to selectively manage assemblage species. Although I have not conclusively 

demonstrated the role of microbiota in the puff adder’s chemical crypsis, I have laid the 

foundation for more targeted research which is beyond the scope of my thesis. 

Several specific tests could be conducted to establish whether the adder’s microbial 

assemblage underpins its chemical crypsis. In particular, puff adders could be treated with 

broad-spectrum antibiotics and thereafter assessed using both ecologically- and 

mechanically-relevant protocols (i.e., biosensor application and gas chromatography-mass 

spectrometry). Additionally, the role of the associated bacterial metabolite, 2,4-di-tert-

butylphenol (2,4 DTBP), should be of particular focus given its ubiquitous presence within the 

puff adder’s volatilome. This compound is commercially available, making the assessment of 

its antimicrobial and antifungal extent particularly accessible. Furthermore, it would serve to 

establish whether Acinetobacter radioresistens, a known odour-reducer (Mazzoli et al. 2007) 
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either produces or consumes 2,4 DTBP, due to the correlation detected between the presence 

of both A. radioresistens and 2,4 DTBP among individual snakes (highlighted in Chapter 4), 

and the fact that 2,4 DTBP is both a known bacterial metabolite (Pelyuntha et al. 2020)and a 

phenol; A. radioresistans is a known phenol-cataboliser (Mazzoli et al. 2007). 

Additionally, given that 2,4 DTBP is presumed to be odorous by virtue of being a 

phenol, it would be worthwhile assessing whether this standalone compound is detectable to 

any of the biosensor species implemented to date. This would elucidate whether its detection 

is reliant on factors such as purity and concentration, and if further tested in combination 

with octadecanoic acid (i.e., in the form of an octadecanoic acid-based, 2,4 DTBP ointment), 

would reveal whether this carboxylic acid, ubiquitous among the puff adders, serves to 

suppress 2,4 DTBP’s volatility in manner that maintains the adder’s crypsis. Octadecanoic acid 

has, after all, been shown to absorb odourants (Boraphech and Thiravetyan 2015) and reduce 

volatile transmission (Su et al., 2019; discussed in Chapter 4). 

Despite the low haematocrits of vipers and low field metabolic rates of some 

ambushing snake species, the puff adder’s standard metabolic rate is not lower than those of 

several other snake species, including some that are known to be odorous (see Chapter 4). 

This dispels the metabolic suppression hypothesis as the mechanism driving the puff adder’s 

chemical crypsis. However, in Chapter 4, solid-phase micro-extraction and gas 

chromatography mass spectrometry reveal that the puff adder’s metabolic by-products may, 

on the whole, be either non-odorous or non-volatile. And, as mentioned above, those that 

are both odorous and volatile at temperatures that fall within the adder’s selected thermal 

range, may be broken down by odour-reducing microbes found within the adder’s microbial 

assemblage, or removed from the headspace via associated compound-involvement (i.e., 

volatility reduction by octadecanoic acid). 

The gap in the scientific literature of chemically cryptic examples highlights the need 

for more focused research within the field of chemical ecology. Failure to consider the impact 

of chemical crypsis within predator-prey dynamics stands to impoverish our understanding of 

the field. Chemosensation is, after all, the oldest form of communication (Wyatt 2003), 

facilitating some of the most basic requirements of life, such as prey location, mate 

recognition and predator avoidance (Yohe and Brand 2018). Indeed, the chemical 
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environment is so vast and subject to such rapid change, that the olfactory receptor (OR) gene 

families among taxa commandeer considerably large portions of a species genome (Hayden 

et al. 2010; Y. Niimura 2010; Niimura et al. 2014).  

Additionally, OR genes are the fastest evolving genes known to science (Yohe et al. 

2020); each mutation in the OR gene can directly result in olfactory refinement (Pellegrino et 

al. 2011; Leary et al. 2012; McBride et al. 2014), allowing species to rapidly adapt to their 

chemical environments. Given the vast number of ways in which the chemical environment 

can vary across space and time, geographically dependent selection pressures could give rise 

to regional differences in scent patterns (Tregenza et al. 2000) that can drive speciation events 

(ref: 76). For example, shifts in pheromone recognition and thus mating preference between 

populations can result in reproductive isolation and eventual speciation (Mullen, Mendelson, 

and Shaw 2007) .Thus, the evolutionary pace at which OR genes evolve reiterates not only 

the importance of chemical communication among species and the degree to which the 

chemical environment can change, but also that the chemical arms race is unrelenting. 

The corollary of such rapid establishment of chemical cues and signals is that overall 

chemical turnover, and thus signal and cue loss, among species must be equally high. As Miller 

et al. (2015) hypothesize, incremental changes in associated odourants as a result of predator-

driven selection pressures may indeed have driven the adder’s shift towards chemical crypsis. 

I see two possible avenues of exaptation within this species that would easily have served to 

facilitate its odour reduction. First, the prevalence of octadecanoic acid ubiquitously 

associated with the dorsal scales of the puff adder may have originally served as an anti-

desiccation solution (given its solid, waxy consistency) that became exapted to function as a 

volatile reducer. Exaptations of anti-desiccation agents into chemical communicative roles 

have been previously documented (Steinmetz et al 2003; Howard and Blomquist 2005). Thus, 

an exaptation into another chemical communicative role, albeit subtractive, is not an entirely 

far-fetched idea. Second, necessary mutualism between the adder and various species of 

keratinase-degrading microbiota may, in their original role as scale-protectors, have 

simultaneously conferred odour-reduction properties, either directly or via up- or 

downstream roles of chemical breakdown (see Chapter 3).  



 93 

Post-partum ecdysis is known to establish water barriers in neonate snakes (Tu et al. 

2002). Puff adder neonates shed within the first few hours of being born (A.K. Miller pers. 

obs.), which immediately reduces their chemical conspicuity to scent-matching dogs from 

89.1% to 56.6% (A. K. Miller, unpublished data). This is no doubt due to the immediate 

sloughing of skin contaminated with odorous birthing fluids but may in part be due to lipid 

inclusions (Tu et al. 2002; Ball 2004; Agugliaro and Reinert 2005) within the newly emerged 

dermal layer, for example octadecanoic acid. Certainly, research into the evolutionary role of 

rapid postpartum ecdysis (considered the exception) among snake species may reveal 

chemically cryptic underpinnings that could serve to reveal other chemically cryptic candidate 

species.  

Finally, I consider investigations in the thermal constraints of the adder’s chemical 

crypsis particularly worthwhile given the acrid odour associated with several of the puff 

adders’ metabolic chambers during the 36 °C trial (see Chapter 4). A thermally dependent 

crypsis has far reaching implications for this species under climate change and highlights 

potentially overlooked mechanistic aspects in risk evaluations for this and other species. In 

summary, chemical ecology should not be considered tangential to our understanding of the 

natural world simply because of its innate complexities and our personal limitations as non-

macrosmatic species, but rather recognized for its integral role in almost all aspects of life.   
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