
Forensic Science International: Animals and Environments 1 (2021) 100024

Available online 29 July 2021
2666-9374/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Research 

Reptile volatilome profiling optimisation: A pathway towards 
forensic applications 

Amber O. Brown a,b,*, Greta J. Frankham a,b, Barbara H. Stuart a, Maiken Ueland a 

a Centre for Forensic Science, University of Technology Sydney, Ultimo, NSW, 2007, Australia 
b Australian Museum Research Institute, Australian Museum, Sydney, NSW, 2001, Australia   

A R T I C L E  I N F O   

Keywords: 
Illegal wildlife trade 
Odour 
Volatile organic compounds 
Tiliqua rugosa 

A B S T R A C T   

Reptiles are the most trafficked live taxa in the illegal wildlife trade, in part due to their popularity as an exotic 
pet. Current methods used to detect these illegally trafficked animals are limited. This study optimised the 
collection and analysis parameters associated with volatilome collection that will set the foundation for targeted 
odourant detection methods. This study determined that the dual sorbent type (Tenax® TA and Carbograph 5DT) 
in combination with 20-min sampling times and 15-min sampling intervals collected the most reproducible 
reptile volatilome profiles. It was also determined that desorption methods with mid-range desorption flows (20 
ml/min), trap temperatures (-15 ◦C), and mid-range trap desorption (25 ml/min) were most effective in 
retrieving collected reptile volatilomes. Two-dimensional gas chromatography coupled with time-of-flight mass 
spectrometry was used for analysis, where combined Rxi-624 Sil MS (mid-polar) first dimension and Stabilwax® 
(polar) second dimension column sets were selected as the most effective columns for analysing reptile vola-
tilomes. The resultant data collected and analysed using these parameters demonstrated that individual vola-
tilomes from three reptile species were distinct using principal component analysis. In addition, this work 
highlighted the need for more rigorous statistical methods to determine reptile biomarkers and which com-
pounds most significantly influence volatilome profiles between species.   

1. Introduction 

The most illegally trafficked class of live animals are reptiles [1,2]. 
The demand for these animals is driven by interests in keeping them as 
an exotic pet, or for farming them for their products (e.g. leather, meat) 
[3]. Reptiles carry a lower risk profile for traffickers due to the relative 
ease of capture (e.g. docile nature, limited population monitoring, re-
sources required for obtaining), concealment (e.g. non-vocal, low bone 
density) coupled with the survivorship success in long distance transit as 
compared to other taxa [4,5]. Resources allocated to mitigate this illegal 
trade have been limited as most reptile species are not protected by the 
Convention of International Trade in Endangered Species (CITES) trade 
regulations [6]. The illegal trade of live reptiles is generally initiated 
through online platforms [6] and specimens are trafficked through 
postal and commercial airline services [7,8]. The most common methods 
used for detecting wildlife contraband in transit are visual examination 
by customs personnel, inspection through X-ray machines and olfactory 
detection by wildlife detection dogs. Traffickers can attempt to 
circumvent these detection methods by limiting the animal’s movement 

and vocalisation through binding [9], masking the animal from X-ray 
detection through wrapping in aluminium foil or placing in tins [8] 
and/or by masking the animal’s scent through the use of adulterant 
potent odours, such as pepper spray or garlic [10,11]. Additionally, 
training programs administered to customs staff in many major airports 
often fail to adequately address the detection of these enhanced 
concealment methods [8], which enables further trade activity to occur. 
Due to these limitations, there are concerns that the monitoring prac-
tices and frameworks are ineffective at detecting illegally trafficked 
reptiles in transit. 

The advancement of odourant detection may be the most relevant 
way to address the current limitations in live reptile detection. As with 
most animals, reptiles rely on chemical signatures to identify in-
dividuals, mark territories and explore their environment [12]. This 
reliance indicates that reptiles are constantly producing and releasing 
odours. Furthermore, these odours are persistent [13] and are generally 
able to penetrate most vented or semi-porous materials in which animals 
are traditionally packaged [11]. Detection dogs are currently the most 
effective odourant detection tool due to their remarkable ability to 

* Corresponding author at: 15 Broadway, Ultimo, NSW, 2007, Australia. 
E-mail address: Amber.Brown@student.uts.edu.au (A.O. Brown).  

Contents lists available at ScienceDirect 

Forensic Science International: Animals and Environments 
journal homepage: www.sciencedirect.com/journal/forensic- 

science-international-animals-and-environments 

https://doi.org/10.1016/j.fsiae.2021.100024 
Received 28 January 2021; Received in revised form 18 May 2021; Accepted 12 July 2021   

mailto:Amber.Brown@student.uts.edu.au
www.sciencedirect.com/science/journal/26669374
https://www.sciencedirect.com/journal/forensic-science-international-animals-and-environments
https://www.sciencedirect.com/journal/forensic-science-international-animals-and-environments
https://doi.org/10.1016/j.fsiae.2021.100024
https://doi.org/10.1016/j.fsiae.2021.100024
https://doi.org/10.1016/j.fsiae.2021.100024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsiae.2021.100024&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Forensic Science International: Animals and Environments 1 (2021) 100024

2

detect trace odours [14,15]. The most common use of detection dogs is 
related to the discovery of more high-profile contrabands, such as ex-
plosives, narcotics [16] and items related to biosecurity (e.g. seeds, 
meats, vegetables [17]). The resources needed to train detection dogs 
generally prevents their use for singular detection purposes, such as 
solely detecting wildlife contraband [18]. Additionally, the resources 
required to train and maintain detection dog efficiency limits their 
implementation in every air or seaport [19] or requires sharing between 
multiple locations [20]. Even when detection dogs are available, they 
are restricted in their ability to reduce illegal wildlife trade activity by 
their biological and behavioural constraints such as fatigue, handler bias 
and motivation [21]. These dogs are further limited by their training 
capacity (i.e. number of items/species that they can identify) and their 
handler’s knowledge of what they are detecting (i.e. total odour profile 
or odour biomarkers [22]). The development of an automated, elec-
tronic technology that is programmed to selectively detect target odour 
biomarkers that are specific to animal species may be an appropriate 
alternative to detection dogs. This method may be less susceptible to 
adulterating odours as it can selectively detect the presence of bio-
markers that are independent of additional odours. This technology 
could serve as a cost effective, reliable and quantitatively measurable 
solution to law enforcement agencies and communities globally. 

Odours are comprised of volatile organic compounds (VOCs) that are 
carbon based, have low molecular weights and are able to sublimate, 
evaporate or dissolve into surrounding environments at room temper-
ature. VOCs belong to various chemical classes which include sulphur 
and nitrogen-based compounds, hydrocarbons, acids, esters, alcohols, 
ketones and aldehydes [23–25]. These compounds can be monitored 
singularly (i.e. biomarkers) or collectively as a whole profile (i.e. vola-
tilomes). Biological volatilomes are produced naturally through a 
combination of metabolic, microbiomic (e.g. skin or gut) and genetic 
processes [26–28]. Volatilome profiles can be further divided into stable 
biologic “primary” elements (e.g. genetic), unstable biologic “second-
ary” elements (e.g., diet, immune, metabolic or hormonal state) and 
unstable abiotic “tertiary” elements (e.g. external applications unrelated 
to organism) [29–31]. It is suspected that the “primary” elements of 
biological volatilomes are stable over time, despite changes in immune 
status, dietary profile or levels of exposure to seasonal and genetic in-
fluences [32,33]. The apparent specificity of volatilomes indicates a 
potential avenue of research in wildlife forensics sciences. For example, 
targeting elements of the primary volatilome may aid in the de-
velopments of detection technology as where elements of secondary 
volatilome elements may be beneficial for post-confiscation (e.g. captive 
versus wild) applications. 

The analysis of wildlife contraband using volatilome profiling has 
demonstrated the potential applications of these methods to wildlife 
forensic science [34,35]. However, volatilome profiling has not yet been 
conducted for live animals and the potential influences of biological 
activities on the total volatilome profiles are yet to be assessed. To 
ensure that live animal volatilome profiling meets the standards of 
forensic applications, the methods for collection and analysis need to be 
optimised, standardised and validated. Optimising volatilomes from 
biological sources can be challenging due to the range of compounds and 
chemical classes that may be present within each sample. These com-
pounds can have differing volatilities, polarities and quantities which 
may complicate reproducibility. Furthermore, the entire volatilome may 
not be informative for species detection, species identification, captive 
versus wild applications, or geographic origin. The disparate charac-
teristics of volatilome constituents may impact the selection of both 
sampling and analytical methods when building a reference database. 
For example, the sorbent material used in the collection apparatus, the 
amount of time selected for the animal’s acclimation period and the 
volume of headspace collected in the sample must all be optimised from 
the context of the analytical quality and the welfare of the animal. 
Additionally, the sample desorption (e.g. optimisation of sample 
desorption temperatures, flow rates) and separation techniques (e.g. 

column selection, ramping temperatures) must also be optimised. 
VOCs can be collected either passively through solid phase micro 

extraction (SPME) fibres or actively through stainless steel tubes that are 
internally coated with various sorbent types. SPME fibres facilitate the 
passive collection of VOCs through the selective and competitive sorp-
tion properties of the sorbents used. However, SPME fibres have limited 
collection surface area, which makes this method susceptible to over-
sampling [36]. Additionally, most SPME fibre sorbent types cannot 
accommodate VOCs of a high molecular weight [37] that may be present 
in reptile volatilomes. The limitations in available sorbent types and the 
increased sampling time associated with the passive sampling aspect of 
SPME fibres make this type of sampling method unsuitable for live an-
imals. As a contrast to SPME fibres, sorbent tubes function by 
pre-concentrating VOCs onto packed particulate sorbent materials [36]. 
The packed sorbents generate larger collection surface areas which re-
duces the likelihood of compound displacement due to overexposure 
[38]. Sorbent tubes can also facilitate the use of pumps in order to collect 
VOCs actively at a constant rate in order to significantly reduce sampling 
times. Furthermore, sorbent tubes have been routinely used in field 
applications [39], making them more suitable for live animal volatilome 
collection. 

The selection of collection sorbents is critical to ensuring the 
retrieval of whole volatilomes for analysis. Wildlife volatilome analysis 
is primarily non-targeted with the expectation of a wide range of VOCs. 
Each animal’s volatilome profile may be impacted by its sex, age, disease 
status and relative level of metabolic activity [40,41]. Thus, it is 
important to select sorbents that can absorb a wide range of compounds 
in order to collect the most robust profiles. To ensure that VOCs of both 
high and low molecular weights are collected, the selection of tubes with 
multiple sorbent types may be advantageous. The added capacity of 
additional sorbent types will also ensure that a sufficient array of 
chemical classes is captured during each sampling period. Furthermore, 
sorbent strength should also be considered throughout collection and 
analysis as the selected sorbents should be strong enough to adsorb 
target analytes while being weak enough to release the target com-
pounds during thermal desorption [42]. 

VOCs are often analysed through analytical instrumentation, such as 
gas-chromatography coupled with mass spectrometry (GC–MS) or two- 
dimensional gas chromatography (GC×GC) coupled with time-of-flight 
mass spectrometry (ToFMS). Both methods rely on thermal desorption 
methods for sample injection and use inert high purity gas to transport 
the compounds through the column(s) for separation. The primary dif-
ference between these two instrumentations is the addition of a sec-
ondary column in GC×GC which enables further separation of 
compounds with similar sizes and chemical properties. Due to the 
complexity of volatilome samples and the potential of co-elution of 
certain compounds, GC×GC is better suited for volatilome analyses [43, 
44]. 

The optimisation of volatilome analysis is generally completed 
through the selection of the most appropriate collection sorbent. How-
ever, more recent work has demonstrated that the optimisation of other 
analysis parameters, such as type of column used, also affects volatilome 
analysis and reproducibility [45]. Additionally, a majority of volatilome 
analysis is confined to inert, or non-living specimens. Thus, the impacts 
of biological changes (e.g. response to stimulus, internal factors) to the 
reproducibility of volatilome collection and analysis have not been 
adequately assessed. In order to reduce the influence of biological re-
sponses to volatilome profiling, both acclimation time and headspace 
collection time must be optimised in order to collect VOCs in a repro-
ducible manner. It is the aim of this work to develop sampling and 
analysis methods that are optimised for reptile volatilome collection for 
forensic purposes. Parameters with regards to volatilome sampling, 
desorption and analysis were optimised using GC×GC-ToFMS. For this 
study, volatilome collection was optimised in relation to the retrieval of 
VOCs associated with primary and secondary factors (i.e. diet), while 
limiting the retrieval of VOCs associated with tertiary factors (e.g. 
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defaecation, marking behaviour). This work was structured to be 
untargeted, while selective for volatilomic compounds that could be 
utilised for pre- and post-confiscation purposes to help combat the 
illegal trade in live reptiles. 

2. Method development 

2.1. Animal information 

All sampling was conducted on living, captive and human- 
habituated reptiles from the Featherdale Wildlife Park collection in 
Sydney, Australia. Two captive Shingleback Lizards (Tiliqua rugosa; one 
male, one female), one Children’s Python (Antaresia childreni; male) and 
one Eastern Blue-Tongue Lizard (Tiliqua scincoides, male) were used for 
this study. 

2.2. Sampling method 

A 60 cm (length)×50 cm (width)×50 cm (height) aluminium sam-
pling container with a polycarbonate viewing window, side vent and 
dorsal sampling port was constructed for reptile volatilome sampling 
(Fig. 1; Supplementary Fig. 1). 

The size of the container was selected to allow for adequate space for 
the reptile to move inside the container and to accommodate the varying 
sizes of reptiles. Prior to sampling live reptiles, two pure organic solvents 
were compared for potential use (high purity acetone and isopropyl 
alcohol) during the study. These solvents were required to serve as both 
sterilization and VOC mitigation agents for the container between 
sampling periods. Each solvent was used to wash the inside of the 
sampling container and was followed by a one-min period where the 
container was vented with a hair dryer. Sample periods were tested over 
durations of 10 min, 15 min and 20 min. The pure acetone was less 
persistent and was selected as the cleaning and conditioning agent for 
the remainder of the study (data not shown). 

2.3. Sorbent tube selection 

Two commercially available sorbent tubes were selected for com-
parison of reptile volatilome collection capabilities. The first was a 
Tenax® TA sorbent tube (Markes International Ltd, UK; parts number 
C1-AAXX-5003), which is a a general-purpose weak sorbent which can 
collect a range of volatiles (e.g. aromatics, polar and nonpolar) and semi- 
volatiles from the carbon range C7-C30. Additionally, a dual sorbent 
tube which combines Tenax® TA with a medium-to-strong sorbent type 
(Carbograph 5DT; i.e. “dual”, Markes International Ltd, UK; parts 
number C2-AAXX-5149) was also tested. This sorbent combination al-
lows for the additional collection of highly volatile compounds which 
extends the carbon collection range from C4-C32. Prior to sampling, 

both sorbent tubes were conditioned as per the manufacturer’s 
instructions. 

For the sorbent selection aspect of the study, one male Shingleback 
Lizard was acclimated for 20 min and three replicates of three different 
sampling times (10 min, 15 min and 20 min) at a rate of 100 ml/min 
were taken. If the animal crawled persistently on the window (i.e. escape 
behaviour) at any time during the acclimation or sampling period, 
sampling was abandoned and the animal was returned to its enclosure. 
Prior to each acclimation period, a blank sample of the container was 
taken for each of the sampling times in order to identify VOCs related to 
the empty container for downstream analysis. All sorbent tubes were 
sealed using brass caps after collection and wrapped in aluminium foil. 
All samples were analysed no later than one day following the day 
sampling date. Where storage was required, the capped tubes were 
stored at 4 ◦C for 12− 20 hours. 

2.4. Acclimation and sampling time 

Three acclimation periods and two sampling intervals were tested. 
The 20-min sampling interval was abandoned after escape behaviour 
was documented during the sorbent selection trials. The Shingleback 
Lizards were individually acclimated in the sampling container for 15 
min, 20 min and 25 min, respectively, prior to sampling. During the 
acclimation period, the biological activity (e.g. movement, secretions) 
and the temperature of the container were monitored to determine if 
these factors influenced the animal’s biological profile. After each 
acclimation period, the individual Shingleback Lizard was sampled in 
triplicate for 10-min and 15-min intervals using an ACTI-VOC pump 
(Markes International Ltd., UK) at a rate of 100 ml/min. All sorbent 
tubes were sealed using brass caps after collection and were wrapped in 
aluminium foil after sampling. Between each sampling interval, and 
between each individual, the container was washed with acetone and 
vented for one min with a hair dryer and a container blank was taken. To 
help reduce VOC variability associated with diet, health or environ-
mental factors, the sampling associated with each acclimation period 
was conducted on the same day. 

2.5. Thermal desorption method 

All samples were thermally desorbed using a Markes Unity 2 Thermal 
Desorber and Series 2 ULTRA multi-tube autosampler (Markes Interna-
tional Ltd, UK) with a Markes General Purpose Carbon C4/5-C30/32 
cold trap (parts number U-T11GPC-2S). Seven thermal desorption 
methods were employed for sorbent tube desorption. The first two 
thermal desorption (TD) methods were optimised using Shingleback 
Lizard skin sheds (data not shown) to determine whether a split was 
required. No split was implemented due to the trace nature of the vol-
atiles collected. The pre-desorption pre-purge time (2 min), the flow 
path temperature (150 ◦C), the tube desorption time (3 min), the 
desorption temperature (300 ◦C), the maximum trap temperature (300 
◦C) and the trap hold (4 min) for the TD method comparison were held 
constant for all methods. The tube desorption flow, trap flow and min-
imum trap temperature parameters were optimised for this study 
(Table 1). These parameters were optimised due to the differing strength 
of sorbents and the unknown boiling points of the compounds present in 
the samples. One male Shingleback Lizard was sampled in triplicate for 
each TD method using optimised acclimation and sampling periods. To 

Fig. 1. Sampling diagram of sampling container used for reptile vola-
tilome collection. 

Table 1 
Sample flow, trap flow, and minimum trap temperatures for the five tested TD 
methods (V1-V5).   

V1 V2 V3 V4 V5 

Sample Flow (mL/min) 25 20 20 20 30 
Trap Flow (mL/min) 25 20 25 20 30 

Minimum Trap Temperature (̊C) − 17 − 15 − 15 − 10 − 15  
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reduce the variability between the TD methods, the Shingleback Lizard 
was sampled for five consecutive days. Each sample was analysed on the 
same day it was collected. 

2.6. GC×GC separation method 

All samples were analysed through comprehensive two-dimensional 
gas chromatography coupled with time-of-flight mass spectrometry 
using a Pegasus 4D GC×GC-ToFMS (LECO Australia Pty Ltd, Australia). 
Prior to injection, each sorbent tube was injected with 0.2 μl of d5- 
chlorobenzene (CAS number 3114-55-4; Merck, AUS) which served as 
an internal standard. High purity helium was used as the carrier gas with 
a flow rate of 1 ml/min for the duration of the run. The first-dimension 
oven temperature was initially set to 35 ◦C with a hold of two min. The 
temperature was ramped at 7 ◦C/min to a target temperature of 80 ◦C 
with no hold. The temperature was then ramped at 10 ◦C/min to a target 
temperature of 240 ◦C with a 5 min hold. The secondary oven had a 10 
◦C offset relative to the GC oven temperature and the modulator had a 
30 ◦C offset from the secondary oven temperature. The modulation 
period was 5 s with a hot pulse time of 1 s and a cool time of 1.5 s be-
tween stages. The transfer line between the secondary oven and the ion 
source was held at 250 ◦C. The acquisition rate was 100 spectra/s with a 
target mass range of 29–550 amu. The ion source was held at 200 ◦C 
with an electron ionisation energy at 70 eV. The detector voltage was 
programmed to have a 200 V offset to the optimised detector voltage. 

2.7. GC × GC column selection 

Individual representatives of three different reptile species (i.e. 
Shingleback Lizard, Eastern Blue Tongue Lizard and the Children’s Py-
thon) were sampled in quintuplicate using the optimised parameters (i.e. 
sampling and acclimation period, TD method and separation method) 
for column selection. The three individuals were sampled over four 
consecutive days to reduce variation associated with biological status. 
Four different column sets were employed (Table 2) that all used a 1 m 
uncoated silica transfer line (Markes International Ltd, UK) which was 
joined to the primary column through the use of an Ultimate Union 
(Agilent Technologies, Australia). All secondary columns were attached 
to primary columns through the use of a SilTite μ-Union connector (SGE 
Analytical Science, Australia). 

2.8. Data processing 

The resulting chromatograms were analysed and aligned using 
ChromaTOF (version 4.51.6.0; LECO). For alignment, a signal-to-noise 
ratio (SNR) of 150 with a 0.8 baseline offset was used. Peak identifica-
tion required a first-dimension peak width of 30 s and a second- 
dimension peak width of 0.15 s. Sub-peaks were identified using a 
minimum S/N of 6. The National Institute of Standards and Technology 
(NIST) Mass Spectral Library was used for compound identification with 
a required a minimum similarity match of 75 %. The Statistical Compare 

function of ChromaTOF was used to align peaks between samples using a 
match threshold of 60 %. After samples were aligned and all analyte 
peak areas were normalised to the corresponding internal standard peak 
areas. The resulting data was exported to Microsoft Excel (2010), where 
the data was manually filtered to remove contaminants (i.e. column 
bleeds, internal standard and solvents). All unidentified analytes were 
included in this analysis. The compounds related to the blank containers 
were removed using 50 % threshold values, adapted from Forbes et al. 
[39]. 

Principal component analysis (PCA) was conducted on data gener-
ated from the different column sets as a quality check using Unscrambler 
X® (version 10.5; CAMO Software, Norway). Prior to this analysis, the 
data was mean centred and scaled by standard deviations and normal-
ised through unit vector normalisation. 

3. Results and discussion 

3.1. Sorbent selection 

During the 20 min sampling intervals for both Tenax® TA and dual 
sorbents, the Shingleback Lizard expressed escape behaviours. For these 
reasons, triplicate samples were not taken and further analysis related to 
the 20 min sampling interval was abandoned. The 10 min sampling 
interval showed high variability between each triplicate sample for both 
sorbents (Supplementary Table 1). For both Tenax® TA and dual sorbent 
tubes, each replicate contained more volatiles than the one prior, with 
the last replicate retrieving two-to-three times more compounds than 
the first replicate. This may indicate that this sampling interval does not 
collect the entire volatilome during the first two replicates, reducing the 
reproducibility and reliability of the results. The 15 min sampling in-
tervals had the lowest standard deviation between replicates for both 
sorbents, making this sampling duration the most suitable for volatilome 
profile collection (Table 3). Both sorbents were suitable for collecting 
compounds likely associated with the animal’s diet, including fruit and 
meat products (Table 4). However, after the blanks were removed, the 
Tenax® TA sorbent indicated that compounds associated with plastics, 
acrylic polymers, acrylic stabilisers and metals were present in the 
volatilome profile (Table 4). 

Given the association with synthetic materials, it is likely that these 
compounds originated from the sampling container rather than the 
Shingleback Lizard. This may suggest a differential uptake ability of the 
Tenax® TA sorbent towards these compounds during each sampling 
intervals as compared to the dual sorbent, as these compounds were 
removed during the data processing stage for the dual sorbents. These 
sampling irregularities produced by Tenax® TA may inappropriately 
indicate that these compounds are relevant to the animal’s profile, 
which may complicate or prevent the accurate development of reptile 
volatilomes to be used in a screening context. The Tenax® TA sorbent 
also appeared to be more sensitive to secondary elements of the vola-
tilome profile, such as behavioural changes, that do not exhibit utility 
for screening purposes. For example, both pheromones (e.g. 1-iodo-2- 
methylundecane [59]) and compounds related to femoral secretions 
from reptiles (e.g. dotriacontane, heptadecane, nonanal, eicosane, non-
adecane, [60]) were detected more predominantly in the Tenax® TA 

Table 2 
Specifications of each column set used for column selection.   

Primary Column Secondary Column 

Column 
set 1 

Rxi-624 Sil MS (30 m×0.25 mm 
inner diameter (ID), 1.40 μm film 

thickness) 

Stabilwax® (2 m×0.25 mm 
ID, 0.50 μm film thickness) 

Column 
set 2 

BPX5 (30 m×0.25 mm inner 
diameter (ID), 0.25 μm film 

thickness) 

Stabilwax® (2 m×0.25 mm 
ID, 0.50 μm film thickness) 

Column 
set 3 

BPX5 (30 m×0.25 mm inner 
diameter (ID), 0.25 μm film 

thickness) 

BPX90 (2 m×0.25 mm ID, 
0.25 μm film thickness) 

Column 
set 4 

Rxi-624 Sil MS (30 m×0.25 mm 
inner diameter (ID), 1.40 μm film 

thickness) 

BPX90 (2 m×0.25 mm ID, 
0.25 μm film thickness)  

Table 3 
Average amount of compounds collected from Tenax® TA and dual sorbents (n 
= 3 per sorbent).  

Sampling Method Average Number of Compounds 
Retrieved 

Tenax® TA 20 min acclimation, 10 min 
sampling 

152 ± 40 

Tenax® TA 20 min acclimation, 15 min 
sampling 

237 ± 46 

Dual 20 min acclimation, 10 min sampling 130 ± 75 
Dual 20 min acclimation, 15 min sampling 123 ± 36  
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sorbents as compared to the dual sorbents. Some of these compounds 
were also retrieved by the dual sorbents (e.g. heptadecane, eicosane, 
nonadecane) but not to the extent retrieved by Tenax® TA sorbents. 
Although the dual sorbent collected less compounds, it appeared to be 
less susceptible to compounds released from the container and biological 
changes within the animal. For these reasons, the dual sorbent was 
selected as the more suitable collection material for forensic volatilome 
profiling of reptiles. 

3.2. Acclimation and sampling time interval selection 

Throughout all acclimation periods and sampling times, the tem-
perature of the container ranged from 17− 24 ◦C. The 20 min sampling 
period was not tested further due to the escape behaviour expressed by 
the animals as detailed in Section 3.1. After the compounds originating 
from the blanks were removed, the 10 min sampling interval retrieved 
the lowest quantity of compounds with the largest amount of variation 
despite increased acclimation periods (Table 5). The high variability 
suggests that the entire volatilome is not collected within the first two 
replicates. Alternatively, it could be that the 10 min sampling interval is 
susceptible to changes in external environmental or internal biological 
conditions between samples. The 15 min sampling intervals were then 
compared across all acclimation periods (Table 5). The 20 min accli-
mation and 15 min sampling intervals exhibited the lowest variance 
between sampling replicates (For information regarding the change in 
quantities of compounds from each chemical class, please see Supple-
mentary Table 2). This indicated that these acclimation and sampling 
intervals retrieve the most consistent and reproducible volatilome pro-
file for both male and female Shingleback Lizards. For these reasons, the 
20 min acclimation period and 15 min sampling time were selected as 
the optimised sample collection intervals. 

3.3. Thermal desorption 

The total number of compounds retrieved from each thermal 
desorption method are displayed in Fig. 2. Both the V2 and V4 methods 
were not as effective at retrieving aromatics, esters, ketones and alde-
hydes as compared to the other TD methods (Fig. 2). V2 was also inef-
fective at retrieving terpenes. Both of these methods (V2 and V4) had a 
sample desorption and trap flow rate of 20 mL/min. The flow rate from 
the trap may have been too low to allow for the full retrieval of sample 
compounds for these methods. Thermal desorption methods V1, V3, and 
V5 were very similar in compound retrieval and reproducibility success 
(Fig. 2). Of these three methods, the V3 TD method was selected as it was 
able to retrieve ketones, terpenes and esters, which are known to be 
odourous compound classes [61]. Additionally, the esters retrieved are 
likely related to diet (Table 4) which can be informative for wildlife 
crime investigations. 

3.4. Column selection 

The optimal column combination for this study was selected based 
on the separation ability and sensitivity of each column set. The sepa-
ration abilities were assessed through visual examination of total ion 
chromatograms (TIC; (Fig. 3)). The sensitivities were assessed through 
averaging the number of compounds identified per compound class 
(Table 6 and 7) and through the summation of the normalised mass areas 
for each represented chemical class (Supplementary Table 3). Column 
set 4 was immediately disregarded due its poor second dimension sep-
aration ability (Fig. 3D). Column set 2 was not selected due to the lack of 
sensitivity to the Children’s Python’s volatilome profiles (only tenta-
tively identifying an average of 15 compounds after blank removal 
(Supplementary Table 4)). Between the remaining column sets, column 
set 1 had the highest sensitivity in terms of number of compounds 
retrieved per chemical class across all reptile volatilomes (Table 6 and 
7). Additionally, this column set combination retrieved more com-
pounds with larger total summed average mass areas in comparison to 
column set 3 (Supplementary Table 3). This indicates that this column 
set may be able to differentiate and detect more compounds with lower 
relative abundances than the other tested column sets. The improved 
sensitivity of column set 1 is likely due to the increased film thickness of 
the first dimension Rxi-624 Sil MS column and the second dimension 
Stabilwax® column, which is known to increase the resolution of com-
pounds with a low retention factor, such as VOCs [62]. 

The total volatilome profile generated per species was then 
compared to assess the influence of column set 1 and 3 to volatilome 
composition (Fig. 4). The data generated from column set 1 showed a 
clear distinction in volatilome profiles between reptile species, both in 
total number of compounds (Table 6 and 7) and based on the summed 
area of each compound class (Fig. 4A-C). However, using data generated 
by column set 3, the differences of volatilome profiles became less 
distinct (Fig. 4D-F). The disparity in total profile composition retrieved 
using each column set highlights the importance of trace volatiles to 
total profiles. Without rigorous selection criteria of column sets, the 
volatilome information generated per individual may be mis-
represented. To further determine the influence of the volatilome profile 
differences between each column set, principal component analysis was 
conducted. The PCA for column set 1 (Fig. 5A) demonstrated that the 
volatilome between the three individuals of each species was reasonably 
different. The compounds responsible for the separation between the 
Shingleback Lizard and the Children’s Python for PC-2 included a suite 
of terpenes, ketones and esters (e.g. α-terpineol [63], allyl nonyl oxalate 
[64], acetophenone [65], calamenene [66], diethyl carbonate [67]) and 
additional compounds that could be related to diet, or metabolic waste 
processes, (e.g. 2-pentyl-furan [68,79]), benzylaldehyde [65]. Addi-
tionally, a suite of benzene compounds also contributed to this separa-
tion. This included 1,2,3-trimethylbenzene and 
1-ethyl-2-methylbenzene potentially related to biological activity [69] 

Table 4 
Compounds retrieved from Shingleback Lizard collection using both sorbent 
types.  

Odour 
association 

Compound name Sorbent Reference 

Fruit trichloromonofluoromethane, 
toluene, methylcyclohexane, 

cyclohexane, o-cymene, methyl 
propionate, 3-methylheptyl acetate 

Tenax® 
TA, Dual 

[46,47,48, 
49]  

Meat Products 2-ethyl-1-hexanol, 9-octadecenal, 
pentadecane, heptanal, pentanal, 

4,8-dimethyl-tridecane, 2,8- 
dimethyl-undecane 

Tenax® 
TA, Dual 

[50,51,52]  

Compounds 
likely 

originating 
from 

container 

4-methyl-2-heptene, 
cyclopropanemethanol, 2,2,3,3-tet-
ramethyl-, α-methylstyrene, butyl 2- 

ethylhexanoate, 2-ethylhexyl 
acrylate, methyl methacrylate, 1- 

propyldecylbenzene, 1- 
propyloctylbenzene, 1-butylheptyl-

benzene, 1-butylnonylbenzene 

Tenax® 
TA 

[53,54,55, 
56,57,58]  

Table 5 
Number of compounds retrieved using 15, 20, and 25 min acclimation times 
with 10 and 15 min sampling intervals (n = 3 per animal). X represents data that 
was not taken.   

Sampling interval (min) Sampling interval (min) 

Acclimation period (min) 10 (Male) 10 (Female) 15 (Male) 15 (Female) 

15 32 ± 9 99 ± 20 177 ± 61 X 
20 144 ± 7 242 ± 82 131 ± 31 133 ± 16 
25 133 ± 90 181 ± 35 215 ± 50 193 ± 59  
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and 1-methyldecylbenzene, 1-pentylheptylbenzene and 1-ethyl-3-me-
thylbenzene potentially related to diet [70,71]. The Shingleback Liz-
ard clustering in PC-2 (Fig. 5A) was attributed more to hydrocarbons, 
potentially associated with the Shingleback Lizard’s marking behaviour 
or diet such as dodecane, nonadecane, tetradecane, heptadecane, and 
dodecanoic acid, methyl ester [60,72]. 

In the PCA produced for column set 3 (Fig. 5B), only three com-
pounds were responsible for the clustering of the Shingleback Lizard and 
Children’s Python in PC-1 (one unidentified analyte, o-xylene, and 2,4- 
dimethyl-2-pentene). Some of the clustering seen in PC-2 between the 
Eastern Blue Tongue Lizard, Shingleback Lizard, and Children’s Python 
was associated with dietary compounds (e.g. limonene, acetophenone 
[65], 6-methyl-5-hepten-2-one [73], undec-10-enyl pentanoate [74]). A 
suite of benzene compounds was responsible for the clustering of the two 
Shingleback Lizard samples and the Children’s Python sample in PC-2. 
These included as previously seen compounds related to metabolism 
(i.e. 1,2,3,4-tetramethylbenzene, 1-ethyl-2-methylbenzene, 1,2,3,5-tet-
ramethylbenzene, 1-ethyl-2,3-dimethylbenzene [69]). The increased 
influence of these compounds to the column set 3 PCA may be associated 
to the lowered sensitivity of this column set to other compounds. Thus, 
the combination of Rxi-624 Sil MS as a first-dimension column and 
Stabilwax® as a second-dimension column was selected as the most 
robust column set to distinguish reptile volatilome profiles, both in 
terms of number and abundance of VOCs. However, due to the high 

dimensionality of the data, and the log-scale differences in relative 
abundance between compounds, more robust statistical analysis is 
required to determine the influence of each compound to the total 
profile. 

4. Conclusions 

This work presents a novel workflow that was optimised to collect 
and analyse volatilomes from live animals, an area that has thus far been 
lacking in stringent and complete method optimisation. This study 
specifically targeted mid-sized reptiles for the development of a stand-
ardised workflow that can be applied for untargeted and reproducible 
volatilome assessment. It is recommended that future work directed 
towards the optimisation of volatilome collection and analysis from 
other species of live animals follow this workflow. The aim of this work 
was to standardise a volatilome collection method which has limited 
influences from secondary or tertiary factors that may reflect the bio-
logical status of the animal (e.g. metabolism, health status). Previous 
literature has demonstrated the utility of Tenax® TA sorbents for 
monitoring metabolic changes or chemical signalling within organisms 
[75,76]. However, this study aimed to develop methods to collect data 
that may be relevant for further wildlife crime investigations, such as 
determining whether an individual is wild caught or captive bred. As a 
result, the dual sorbent was determined to be the most appropriate 

Fig. 2. Average number of compounds retrieved per chemical class using each TD method (n = 3).  

Fig. 3. Comparison of chromatograms generated from Shingleback Lizard volatilomes using column set 1 (A), column set 2 (B), column set 3 (C) column set 4 (D).  
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collection material for forensic purposes. This study also determined 
that the acclimation and sampling time periods of 20 min and 15 min, 
respectively, were optimal for the most effective volatilome collection 
criteria for medium sized reptiles. The importance of column selection 
for non-targeted volatilome assessment was also highlighted in this 
study. Columns that are specifically suited for VOC separation, with 
increased film thickness should be strongly considered when working 
with trace volatile compounds. The potential loss of information asso-
ciated with poor column selection may severely impact the assessment 
of volatilome profiles. Through this work, it was determined that the 
combination of Rxi-624 Sil MS and Stabilwax® column sets were 
optimal for separating VOCs related to Shingleback Lizards and similar 
reptile species. 

Only adult, well-handled animals with no known diseases were 
sampled during this study. Due to the limitations of acquiring repre-
sentative animals from all classes (e.g. sex, immune/disease status, age 
class), this study optimised sample collection to reduce variability in 
association with metabolic and environmental changes. Given the in-
fluence of compound presence and relative abundance to volatilome 
profiles, a much larger sample size will need to be created for next order 
validation processes, such as biomarker selections and determination of 
method sensitivity. Furthermore, due to the high dimensionality of the 
generated data, more rigorous statistical methods should be employed 
for volatilome analysis, including determining compounds of interest 
relating to species separation, diet, or reptile specific biomarkers. 

In this study, the volatilomes profiles of the sampled animals did not 
appear to be influenced by the temperature range of the sampling 
container. It appeared instead that compounds potentially associated 
with diet were responsible for the separation of these species during this 
preliminary investigation. The presence and analysis of potential dietary 
compounds may provide research opportunities for determining 
whether VOC profiling can be utilised to determine the captive history of 
confiscated animals in transit. For example, unique dietary compounds 
from wild caught animals may differentiate from those that have a 
regularly supplemented or controlled diet. This is especially pertinent 
for reptiles as it is suspected that 50 % of individuals, and 90 % of reptile 
species, found in the illegal wildlife trade are wild-caught [6] and the 
laundering of wild-caught reptiles as captive bred is increasing in the 
illegal wildlife trade [77]. The influence of dietary compounds opens an 
additional research avenue to determine whether volatilome profiles 
can be utilised to determine the geographic origin of confiscated in-
dividuals. This type of research will require extensive datasets that are 
generated from captive bred or held representatives, as well as datasets 
have been built from wild populations across the species range. The data 
generated from volatilome profiling is of high dimensionality and can 
have scalar differences between the relative abundances of compounds. 
For this reason, more rigorous statistical methods will need to be 
employed to determine whether it is the presence or absence of certain 
compounds, or their relative abundances, that are responsible for vol-
atilome separations. 

Fig. 4. Total volatilome profiles of sampled reptiles using average summed areas per compound classes. The total profiles determined through column set 1 include 
the Shingleback Lizard (A), Eastern Blue Tongue Lizard (B), and Children’s Python (C). The total profiles determined using column set 3 included the Shingleback 
Lizard (D), Eastern Blue Tongue Lizard (E) and Children’s Python (F). 

Fig. 5. Three-dimensional principal component score plots generated from the volatilomes of a Shingleback Lizard, Eastern Blue Tongue Lizard, and Children’s 
Python analysed using column set 1 (A) and column set 3 (B). 
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Due to the limitations of detecting wildlife contraband in transit, 
priorities have been placed on detecting illegal wildlife contraband in 
both destination and origin countries [8]. Both enforcement and regu-
latory bodies are ill equipped with validated technologies that can aid in 
reducing the illegal wildlife trade [78]. The use of VOC profiling, and 
developing a portable electronic device to detect selected reptile bio-
markers may aid in detecting illegally trafficked live reptiles. The 
development of such devices relies on processes that are optimised and 
validated for volatilome collection and analysis, so that relevant bio-
markers can be selected. This work provides the basis for volatilome 
database establishment for medium sized reptiles and will further be 
developed in order to determine method sensitivities and biomarker 
selection. 
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linalool, α-terpineol, and terpinen-4-ol as quality control parameters in mandarin 
juice processing, Eur. Food Res. Technol. 222 (3–4) (2006) 281–285. 

[64] Y. Li, H.Y. Qi, Y.F. Liu, X.C. Guan, Y.F. Liu, Effects of ethephon and 1-methylcy-
clopropene on fruit ripening and the biosynthesis of volatiles in oriental sweet 
melon (Cucumis melo var. makuwa Makino), J. Hortic. Sci. Biotechnol. 86 (5) 
(2011) 517–526. 

[65] A.J. MacLeod, N.G. de Troconis, Volatile flavour components of mango fruit, 
Phytochemistry 21 (10) (1982) 2523–2526. 

[66] M.S. Yaghmai, Volatile constituents of Scutellaria lateriflora L, Flavour Fragr. J. 3 
(1) (1988) 27–31. 

[67] N.S. Janzantti, M.S. Macoris, D.S. Garruti, M. Monteiro, Influence of the cultivation 
system in the aroma of the volatile compounds and total antioxidant activity of 
passion fruit, LWT-Food Sci. Technol. 46 (2) (2012) 511–518. 

[68] J.C. Beaulieu, J.M. Lea, Characterization and semiquantitative analysis of volatiles 
in seedless watermelon varieties using solid-phase microextraction, J. Agric. Food 
Chem. 54 (20) (2006) 7789–7793. 

[69] M. Phillips, J. Herrera, S. Krishnan, M. Zain, J. Greenberg, R.N. Cataneo, Variation 
in volatile organic compounds in the breath of normal humans, J. Chromatogr. B 
Biomed. Sci. Appl. 729 (1–2) (1999) 75–88. 

[70] K. Grigorakis, K.D.A. Taylor, M.N. Alexis, Organoleptic and volatile aroma 
compounds comparison of wild and cultured gilthead sea bream (Sparus aurata): 
sensory differences and possible chemical basis, Aquaculture 225 (1–4) (2003) 
109–119. 

[71] Q. Dun, L. Yao, Z. Deng, H. Li, J. Li, Y. Fan, B. Zhang, Effects of hot and cold- 
pressed processes on volatile compounds of peanut oil and corresponding analysis 
of characteristic flavor components, LWT 112 (2019), 107648. 

[72] D. Ansorena, O. Gimeno, I. Astiasaran, J. Bello, Analysis of volatile compounds by 
GC–MS of a dry fermented sausage: Chorizo de Pamplona, Food Res. Int. 34 (1) 
(2001) 67–75. 

[73] R.G. Buttery, R. Teranishi, L.C. Ling, Fresh tomato aroma volatiles: a quantitative 
study, J. Agric. Food Chem. 35 (4) (1987) 540–544. 

[74] R.A. Wu, Q. Ding, L. Yin, X. Chi, N. Sun, R. He, L. Luo, H. Ma, Z. Li, Comparison of 
the nutritional value of mysore thorn borer (Anoplophora chinensis) and mealworm 
larva (Tenebrio molitor): Amino acid, fatty acid, and element profiles, Food Chem. 
(2020), 126818. 

[75] C.A. Lawson, M. Possell, J.R. Seymour, J.B. Raina, D.J. Suggett, Coral 
endosymbionts (Symbiodiniaceae) emit species-specific volatilomes that shift 
when exposed to thermal stress, Sci. Rep. 9 (1) (2019) 1–11. 

[76] C.A. Lawson, J.R. Seymour, M. Possell, D.J. Suggett, J.B. Raina, The volatilomes of 
Symbiodiniaceae-associated bacteria are influenced by chemicals derived from 
their algal partner, Front. Mar. Sci. 7 (2020) 106. 

[77] J. Janssen, B.T. Leupen, Traded under the radar: poor documentation of trade in 
nationally-protected non-CITES species can cause fraudulent trade to go 
undetected, Biodivers. Conserv. 28 (11) (2019) 2797–2804. 

[78] S. Ciavaglia, H. Dridan, K. Paul Kirkbride, A. Linacre, Current issues with the 
investigation of wildlife crime in Australia: problems and opportunities for 
improvement, J. Int. Wildl. Law Policy 18 (3) (2015) 244–263. 

[79] A. Bergmann, P. Trefz, S. Fischer, K. Klepik, G. Walter, M. Steffens, M. Ziller, J. 
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