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Large-scale monitoring of wild populations in remote areas using traditional live-capturing methods is logistically and financially challenging. Devices that can be used to obtain biological material remotely and store it for an extended period have considerable potential to monitor population densities and health status, but their applicability remains largely unexplored. The present study describes a device that collects trace amounts of DNA from the saliva of small mammals that is deposited on the surface of a collection medium (WaxTags®). The device’s performance was evaluated on Australian brushtail possums (Trichosurus vulpecula), an invasive pest species and the most significant vector of bovine tuberculosis infective agent (Mycobacterium bovis), under field conditions in Canterbury, New Zealand. The retrieved DNA was used to amplify eight possum-specific microsatellite markers and bacterial 16S rRNA. The design is mechanically robust, and the quality of the recovered DNA was adequate for microsatellite-based identification of individual possums, estimation of population density, and partial reconstruction of their oral microbiomes as a potential indicator of health. Several medically important bacteria, including strains of environmental Mycobacterium sp., were detected. The design can be refined to monitor other animals’ populations proactively and provide different levels of information necessary to manage wild populations.
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INTRODUCTION
Recent developments in DNA sequencing technologies have made it possible to detect species’ presence from trace amounts of DNA they leave in the environment (Biggs et al., 2015; Thomsen and Willerslev, 2015; Webster et al., 2020).
Compared to the quality of the DNA retrieved from blood and tissue samples, environmental samples contain less template DNA, have lower amplification rates for genetic markers, are more prone to genotyping errors, and are likely to be contaminated by the presence of non-target DNA (Taberlet et al., 1996; Henry et al., 2011). In addition, exposure to environmental conditions, such as high temperature, wind, humidity, and UV radiation, negatively impact the recovery and sequencing of DNA from environmental samples (Nsubuga et al., 2004; Vargas et al., 2009; Duenas-Serrano, 2013; Harrison et al., 2019; Stewart, 2019).
Several techniques have been developed to collect DNA from marine and terrestrial animals. The common objective of these methods is to obtain high-quality template DNA from biological materials without the need for sedation or the risk of causing significant injury, and to minimize interfering with the target animals’ natural behaviour (Lefort et al., 2018).
The literature on the potential source of DNA for genetic studies is extensive and focuses primarily on biological materials, such as using faeces or regurgitates for the reconstruction of dietary items (Emami-Khoyi et al., 2016; Ntshudisane et al., 2021), genotyping for individual assignment or populations genetics using faeces (Mondol et al., 2009), urine (Valiere and Taberlet, 2000), hair (Mills et al., 2000; Hanke and Dickman, 2013), feathers (Peters et al., 2020), eggshells (Beja-Pereira et al., 2009), nail and horns (Gilbert et al., 2007), water-soluble adhesive tapes on the body surface (Sloane et al., 2000), footprints (Kinoshita et al., 2019), saliva (Nichols et al., 2012), gnawed wood (Aylward et al., 2018), blowhole exhalation (Frère et al., 2010), for the individual assignment or population genetics, and body swabs for microbiome studies (Solarz et al., 2020) (Figure 1). However, application of these methods has been hampered by the technical limitations of obtaining and preserving specimens under field conditions (Taberlet and Luikart, 1999; Bohmann et al., 2014). One such limitation is the need for optimal storage and preservation of samples until DNA extraction can be undertaken.
[image: Figure 1]FIGURE 1 | Depiction of some of the major means of non-intrusive eDNA sampling; (A) chewed sticks, (B) faeces, (C) eggshells, (D) adhesive tape trap, (E) hair snare, (F) filtering of water, (G) snow imprints, (H) blowhole exhalation, (I) body parts, (J) non-lethal remote dart biopsy, (K) hair stripping discs, (L) oral swabbing.
Large-scale application of DNA that has been collected non-invasively to study wildlife species requires the invention and optimization of methods that collect biological samples in the field, and subsequently protect them to yield DNA of the desired quality. The degree of preservation needed for environmental samples varies based on the type of tissue used. Furthermore, some non-invasive DNA collection methods require that researchers collect the specimens within a short time interval after biological materials are deposited in the environment, demanding intensive field presence and observation.
Mondol et al. (2009) reported individual genotyping limitation using DNA from faecal samples of tiger (Panthera tigris), whereas Wilson et al. (2003) had a higher success rate in individual genotyping when only DNA from freshly deposited badger (Meles meles) scats was used. In an experimental field study, Murphy et al. (2007) exposed freshly deposited brown bear (Ursus arctos) faeces to different environmental conditions in terms of humidity and ambient temperature, and found that the duration of time that specimens were exposed to the elements, and the average daily temperature, negatively impacted the recovery and the quality of retrieved DNA.
Several authors discussed the effectiveness of chemical buffers in preserving DNA from different types of tissues (Seutin et al., 1991; Al-Griw et al., 2017; Garg et al., 2018). However, physical protection of specimens from the elements under field condition has not received the same level of interest. The development of such methods extends the period for which DNA can be effectively used for genetic analysis, and eliminates the need for constant field presence in remote locations.
As efforts to eradicate zoonotic diseases have intensified globally, the potential of samples that can be collected non-invasively as a tool for the simultaneous monitoring of the vector populations and their disease status has remained mostly unexplored.
Our study region, New Zealand, was one of the last places on Earth to be colonized by humans (Wilmshurst et al., 2008). The archipelago’s ecological remoteness prevented mammals from achieving the same level of dominance as on other major continents, allowing wildlife to evolve under distinct evolutionary dynamics. However, two consecutive waves of human colonization resulted in large-scale hunting of marine and terrestrial animals (Emami-Khoyi et al., 2018), extensive habitat alteration (Taylor and Taylor, 1989; Meyer et al., 2015), and the introduction of several invasive species (Murphy et al., 2019). Among the introduced species, the negative impacts of the omnivorous Australian brushtail possum (Trichosurus vulpecula) on biodiversity have been particularly severe (Clout and Ericksen, 2000; Cowan and Glen, 2021). The common brushtail possum was introduced into New Zealand from Australia in the 19th century to establish a fur industry (Cowan and Glen, 2021). Following multiple introductions, large breeding populations established themselves throughout most of New Zealand’s diverse landscapes, and in the absence of natural predators and major competitors, the brushtail possum reached densities far beyond those found in their native Australian range. Brushtail possums heavily browse native forests and prey on endemic bird and insect species, which possess few adaptations to evade mammalian predators (Dowding and Murphy, 2001; Cowan and Glen, 2021). Furthermore, brushtail possums form the most significant wildlife reservoir for the causative agent of bovine tuberculosis (bTB), Mycobacterium bovis, which threatens New Zealand’s extensive dairy and farming industries, as well as posing a significant risk to public health (Livingstone et al., 2015).
The estimation of the population density and the prevalence of disease in vector populations has traditionally relied on the live capture of animals, followed by subsequent necroscopy, immunological, histopathological, and microbiological assays to identify the pathogenic agent or its biochemical signatures in the respiratory, digestive, and circulatory systems (Ramos et al., 2015). However, field monitoring of wild populations, especially in remote areas, tends to be logistically and financially challenging. Recently, new monitoring tools such as passive sensors, camera traps, Chew Cards or WaxTags®, have been tested successfully (Forsyth et al. 2018; Ahumada et al., 2020). These new methods are comparatively easy to deploy and monitor in the field; however, a trade-off is that new tools only report the presence or absence of a vector species in the environment and provide no information on the genetics or vector’s health status. While DNA has been extracted from the surface of both Chew Cards or WaxTags® with some success in enclosure trials (Vargas et al., 2009; Duenas-Serrano, 2013), the genetic profile of individuals that were obtained under field conditions is typically a mixed profile of multiple individuals that bit into a collection medium, and cannot be reliably used for genetic analysis.
This study describes the development and testing of a non-invasive method for the collection of trace amounts of DNA from saliva that small mammals deposit on the surface of a collection medium and which protects the DNA within the device’s housing unit until DNA extraction can be undertaken. The performance of the new method was tested on both captive and wild brushtail possums that bit into a specific collection medium, WaxTags®, and we investigated the applicability and adequacy of the recovered DNA to distinguish between different individuals, to estimate population density, and to partially reconstruct the oral microbiome to monitor disease status.
METHOD AND MATERIALS
Registering Weather Conditions During the Enclosure Trial
To identify any unusual weather conditions during the trial (such as high temperature, rainfall, wind and UV light) that could potentially affect the reproducibility of our results, the weather readings for the 14-days trial period were compared to the 10-year average reported for the same area and time of the year, registered by the Lincoln Broadfield Environmental Weather Station. Statistical significance of variation in weather readings during the trial period compared to the ten year average was tested using a t-test.
Testing of WaxTags® as a DNA Collection Medium
Prior to developing the DNA collection device, the suitability of WaxTags® as a DNA collection medium to extract DNA of desired quality following exposure to the environment was tested under captive conditions. Five brushtail possums (three males and two females) were live-captured and transferred to the Johnstone Memorial Laboratory (JML) at Lincoln University, New Zealand. The wildlife veterinary team assessed the health status of the animals upon arrival. Animals were then kept in separate outdoor enclosures, and all individuals were fed the same diet before the start of the trial. On the day of sample collection, 10 WaxTags® were presented in front of each animal’s mouth to trigger their natural biting behaviour. We allowed each animal to bite a sufficient portion of each WaxTag® before removing the tags. Five animals bit a total of 50 WaxTags®.
Five WaxTags® from each individual were directly exposed to the outdoor environmental conditions by hanging them from the top bars of a large metal cage. The remaining five WaxTags® were sheltered inside blue waterproof, UV protective plastic covers before exposing the covered tags to the same outdoor environmental conditions (Supplementary Figure S1).
WaxTags® were collected after 14 days of exposure to the elements, and the surface of each WaxTag® was thoroughly swabbed using sterile rayon-tip swabs (COPAN, Italy). The swab tips were immediately transferred into a 2 ml vial containing 0.70 ml Longmire lysis buffer. The solutions were treated with DXT and DX enzyme (Qiagen®, Germany) and incubated overnight at 56°C. Following the incubation step, each lysate was transferred into an automated QIAxtractor system (Qiagen®, Germany), and DNA was extracted from lysates following the standard protocols provided by the device’s manufacturer. Replicate extractions from protected (n = 5) and unprotected (n = 5) WaxTag® belonging to each animal were pooled into two separate tubes before microsatellite amplification.
Seven possum-specific microsatellite markers, Tv16, Tv19, Tv53, Tv54, Tv58, Tv64 and TvM1 (Taylor and Cooper 1998; Lam et al., 2000), were amplified from each extraction in a 10 μl Qiagen Type-it Microsatellite PCR master mix, containing 0.15 μM of each primer and 2 μl of template DNA. To increase the accuracy of the genotyping, amplicons from each individual were genotyped four times using a 3100 Genetic Analyzer (Applied Biosystems, United States). The Quality Index (QI) of genotyping for each locus, the number of successfully amplified microsatellite markers per individual, and a consensus genetic profile for each animal were reported using GeneMapper V4 (Chatterji and Pachter, 2006).
Development and Description of the DNA Collection Device
Following the testing of WaxTag® on captive possums, a device that could be used to remotely replicate the process of sample collection under both captive and field conditions was developed. The collection device consists of a cylindrical PVC tube with a baiter, lead sinker, catcher, and a magnet (Figure 2, Supplementary Figures S2, S3). The PVC pipe is freestanding. A medium-strength magnet that requires either 0.30 kg or 0.49 kg of force for removal and horizontal movement, respectively, are attached to the top half of the PVC tube by fixing a metal strap outside the device’s body. A series of metal lines connect the WaxTags® baiter to the magnet from one end, and to a lead sinker within the device’s central housing unit from other end. Once an animal’s bite triggers the device, the magnet moves forward, releases the baiter, and the sinker’s weight pulls the baiter around a 90° elbow bend and down into the shaft of the apparatus. Then, the collected samples are protected from the elements in the device’s central housing unit and multiple animals cannot reach and retrieve the bait source.
[image: Figure 2]FIGURE 2 | Sequence of events resulting in sample collection by the DNA collection device; (A) the animal inspects the device, (B) bites into the WaxTag® attached to the baiter (orange) and pulls the magnet away from the metal band, (C) gravity pulls the sinker into the central housing unit and the collected DNA is protected within the shaft of the apparatus (for more details see Supplementary Figures S2, S3).
The device’s simple design allows for adjustments depending on the species targeted, including the selection of the DNA collection medium, the magnet’s strength, the shape and distance of the baiter from ground level, and the PVC housing unit’s diameter.
Mechanical Testing of the Device Under Small-Scale Field Conditions
The efficacy of the DNA collection device in terms of field feasibility and practicality, as well as the behaviour of both target and non-target animals in response to its presence in the wild were tested under field conditions.
To this end, ten device prototypes were deployed in two semi-natural habitats in Hororata (n = 5, 13.7 hectares) and Burnham (n = 5, 4.0 hectares) in Canterbury, New Zealand, for three consecutive nights. The focus of the small-scale field evaluation was to test the design’s mechanical robustness and document animal interactions with the device. No genetic analysis was performed on the baiters at this stage.
Animals’ interactions with the DNA collection devices were recorded using a trail camera (Model Ltl-5210A 940 nm infrared, Ltl Acorn Outdoors, New Zealand) mounted adjacent to each collection station. Camera records from each interaction with the DNA collection devices were visually investigated, and behaviours were reported. Successful identification of interacting individuals was only reported when a trained observer could visually distinguish an individual based on its size, colouration, visible ear notches or other distinctive characteristics by analysing the camera records.
Microbiome Sample Collection and Amplification Under Captive Conditions
Following the field evaluation of the device’s performance, microbiome sample collection was conducted to determine if the same method can be applied to partially reconstruct the bacterial community present within saliva residues that animals leave on the surface of WaxTags®.
For this purpose, four WaxTags® were treated under UV light overnight to eliminate non-target DNA, and then were transferred to the JML laboratory. At the beginning of the enclosure trial, the WaxTags® were appended to the collection devices and placed separately into one of the enclosures. At the same time, four unprotected WaxTags® were suspended in each enclosure to serve as controls to quantify microorganisms present in the environment. WaxTags® from triggered devices were collected after successful interaction within 14 h of deployment, and portions that showed clear dental impressions (Figure 3) were swabbed using a sterile rayon-tip swab, and were subsequently excised. Swab tips and excised sections were immediately transferred into separate 5 ml tubes, each containing 200 mg of ≤106 µm glass beads (Sigma, United States) and 0.3 ml of Qiagen ATL buffer, supplemented with 20 mg/ml lysozyme (Thermo Fisher, United States). The suspension was incubated at 37° for 1 h, with moderate agitation using a stirrer plate. At the next step, 600 IU of Qiagen proteinase K was added to the suspension, and incubated at 60°C for 1 h; then, 0.3 ml of Qiagen AL buffer was added, and the samples were incubated at 70° for an additional 10 min. A Qiagen TissueLyser II was used for 3 min at 30 Hz to disrupt the solution by bead-beating, and the supernatants were separated by a brief centrifugation step, before being transferred to a tube containing 0.3 μl of ethanol. DNA was purified using a standard on-column purification method with Qiagen buffers AW1 and AW2 as washing agents. The final extractions were eluted in 70 μl 10 mM Tris buffer (pH 8.0). Extractions from each swab and excised WaxTags® were pooled into a single tube before marker amplification.
[image: Figure 3]FIGURE 3 | A baiter-holder (the orange object) with an attached WaxTag® (the white object on the left) showing a possum’s dental impressions.
The hypervariable regions (V1 and V2) of the 16S rRNA marker were amplified using primer pair 8F (5'-TCG TCG GCAGCG TCA GAT GTG TAT AAG AGA CAG AGA GTT TGA TCC TGG CTC AG-3') (Lane, 1991) and 338R (5'-GTC TCG TGG GCTCGG AGA TGT GTA TAA GAG ACA GGC TGC CTC CCG TAG GAG T-3') (Forney et al., 2010) as described in Emami-Khoyi et al. (2019). Three negative PCR controls that were prepared from chemical consumables without template DNA alongside three positive controls, which was metagenomic DNA extracted from human buccal swabs available commercially, were included during the amplification steps. The genomic libraries were prepared from amplicons, indexed separately, and sequenced on an Illumina MiSeq sequencing platform (Illumina, San Diego, United States) using 2 × 250 bp MiSeq Reagent Kit v3 at Chapel Hill Microbiome Core Facility, North Carolina University.
The resulting sequences were demultiplexed and analyzed using the QIIME2 v2020.8 pipeline (Bolyen et al., 2019). Briefly, the QIIME 2 Cutadapt v1.18 plugin (Martin, 2011) was used to remove the Illumina sequencing adapters, contaminants, and over-represented sequences. Sequences were then quality filtered, denoised and, when possible, merged into unique sequence features using the QIIME2 DADA2 plugin (Callahan et al., 2016). A taxonomic rank was assigned to each sequence feature based on the four best matches using QIIME2 “blast-consensus feature classifier plugin” by searching the Greengenes 13_8 99% OTUs full-length database (McDonald et al. 2012). Default settings were used except for minimum percentage identity and the p-value, which were set to 80% and 0.001, respectively.
To visualize the variation in the bacterial taxa identified from the collection media, a circular phylogenetic tree was constructed using the PhyloT online server (Letunic, 2015) and visualized in ITol v33 (Letunic and Bork, 2016). To estimate α and β diversity indices, all samples were first rarefied to a sequencing depth of 65,000. Rarefaction at this depth resulted in approximately 48.47% of the total sequences being retained in all specimens. Then, Shannon’s index (Shannon and Weaver, 1949), Faith’s phylogenetic diversity (Faith, 1992), Pielou’s evenness (Pielou, 1966), Bray-Curtis dissimilarity (Sørensen, 1948), Jaccard’s similarity index (Jaccard, 1908), unweighted Unifrac distance (Lozupone and Knight, 2005), and weighted normalized Unifrac distance (Lozupone et al., 2007) were estimated for each specimen.
Large-Scale Evaluation of the DNA Collection Device Under Field Condition
For a large-scale field trial, the final version of the DNA collection device was tested in a 146-ha podocarp-broadleaf forest in Omahu Bush on the Port Hills of Banks Peninsula. The study site was initially monitored using Chew Cards (Forsyth et al. 2018), and six brushtail possum “hot-spots” within the area were identified (Agnew, 2016). These sites were separated from each other by distances of more than 130 m, and DNA collection devices were deployed in clusters of 5–7 units in a cross-shaped pattern in each location.
All devices were checked daily for a week, followed by checks every seventh day for an additional 3 weeks. WaxTags® from successfully triggered devices were collected upon each field inspection and preserved in an isometric tube containing Longmire buffer until DNA extraction was undertaken within 24 h.
After completion of the 28-day trial, all devices were replaced with 42 leg-hold possum traps (Victor N1, hard-catch traps) for a total of six nights. All captured possums were humanely euthanized, and a tissue sample from the ear was collected for microsatellite marker genotyping. The DNA extraction and PCR procedure were identical to that described earlier, except for the addition of an extra microsatellite marker, Tv27 (Taylor and Cooper 1998; Lam et al., 2000), that was only optimized after the end of the enclosure trial, to the suite of microsatellite markers.
Consensus genetic profiles were generated from tissue samples, and basic descriptive statistics, including the number of alleles, observed heterozygosity, and expected heterozygosity, were estimated in GenAlEx v.6501 (Peakall and Smouse, 2012). The genetic profiles from tissue samples were compared to those genotyped from DNA devices, using Cervus v3.0.7 (Kalinowski et al., 2007).
To evaluate the device’s performance in the estimation of the population density, Huggins’ estimator of the population density incorporated in program MARK v8.2 (Cooch and White, 2002) was used. This method uses a mark-recapture framework and reports a maximum likelihood estimate of the population density that is based on the total number of uniquely identified animals (i.e., the total number of individuals uniquely identified based on the genetic profile) and the probability that an individual is re-encountered, one or more time during the course of the trial.
RESULTS
None of the subject animals in the enclosure trial displayed any pathological signs during the initial clinical examination. Only minor gum tissue inflammation was observed, which is typical of wild possum populations. No pronounced weather deviations from the 10-year local average were observed over the enclosure trial; therefore, it was concluded that weather conditions have not negatively influenced the reproducibility of the observed results (Supplementary Figure S4).
Recovery of DNA From WaxTags®
The enclosure trial results showed that high-quality DNA could be extracted from the collection medium, and the chemical make-up of WaxTags® did not interfere with the extraction of DNA, using the protocols described in the Method and Materials.
At the end of the trial, three samples from the unprotected WaxTags® trial failed to produce any genetic profile, whereas all samples from protected WaxTags® were amplified for one or more microsatellite markers (Supplementary Figure S5). On average, the number of successfully amplified markers per individual from covered WaxTags® was higher than those genotyped from unprotected samples (22 versus 37%), although the number was highly variable. A sample size larger than that used in the current study is required to compare the two treatments conclusively. Nevertheless, enclosure trial results confirmed that DNA retrieved from the surface of WaxTags® could be effectively used for genetic analysis under both conditions; we therefore proceeded to the evaluation of the device under field conditions.
Mechanical Performance of the DNA Collection Device and Analysis of the Camera Records
Camera records in two small-scale field trials showed that individual possums were attracted to the device, and none of the observed interactions resulted in damage or removal of the device from mounting poles. At the first interaction, brushtail possums spent on average 152 s investigating the device before triggering it. Subsequent interactions lasted only 79 s on average. Eighty-seven percent of all devices were triggered after the first interactions, and the remaining 13% were triggered after subsequent interaction.
Minimal interaction from non-target species, mainly feral cats and wild birds, was observed, but these interactions did not result in the premature triggering of the DNA devices (Supplementary Table S1, S2). The camera records conclusively identified four individual possums from Hororata and seven individuals from Burnham, respectively. At the Burnham site, the population density estimate based on the number of individuals interacting with DNA collection devices was consistent with two other methods, Bite Mark Index (BMI, Forsyth et al., 2018) and Residual Trap Catch Index (RTCI, Glen, 2014), which were carried out at approximately the same time (Agnew, 2016). However, at the larger Hororata site, the estimated population density was significantly lower, suggesting that some individuals did not interact with the DNA collection device (Supplementary Table S3) (see Discussion). Overall, no major flaw in the mechanical design, or unusual avoidance behaviour of brushtail possums that could hamper large-scale deployment of the collection device, were observed.
Partial Oral Microbiome Sequencing and Analysis in the Enclosure Trial
Brushtail possums triggered all devices within 14 h in all enclosures. DNA was successfully extracted and amplified from all four samples. The Illumina sequencing produced 507,611 paired-end, quality-filtered sequences with a mean frequency of 126,902 sequences per WaxTag® (Supplementary Table S4). No amplification was observed from the three negative PCR controls that were made using PCR consumables without any template DNA, and all positive PCR controls from commercially available human buccal swabs were successfully amplified. Quality-filtered sequences were dereplicated into 4,171 unique sequence features by the DADA2 plugin. Bacteria belonging to 30 phyla, 65 classes, 100 orders, 163 families, 271 genera, and 100 known species were identified (Figure 4). Strains of Acidobacteria, Actinobacteria, Armatimonadetes, Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Fibrobacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, Planctomycetes, Proteobacteria, Spirochaetes, Synergistetes, Tenericutes, Thermotogae, Verrucomicrobia, and Thermi; as well as the candidate phyla: AD3, BRC1, FBP, GN02, OD1, OP11, SR1, TM6, TM7, WPS-2, and WS3, were identified from the surfaces of the four WaxTags®. The six dominant bacterial phyla identified from WaxTags® were Proteobacteria, Cyanobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and Fusobacteria. Other taxa were comparatively less abundant, accounting for less than 2% of the total abundance.
[image: Figure 4]FIGURE 4 | A phylogenetic tree reconstructed from 16S rRNA sequences illustrating different bacterial taxa and their abundance from DNA within brushtail possum’s saliva, deposited on the surface of the WaxTags®. The four circles of bars surrounding the central phylogeny (in red, blue, green and orange) represent the four possums. The height of each bar is proportional to the relative abundance of each taxon, at a logarithmic scale. Solid encircling rectangle boxes represent taxa previously reported from the oral cavity of brushtail possums, and clear boxes represent novel taxa reported in this study. The raw data for generating this figure are available in the Supplementary Materials, p_microbiome.txt.
DNA extractions from WaxTags® that were used to quantify the presence of non-target DNA in the environment failed to produce any sequence. It is likely that the small surface of the WaxTags®, which limits the number of environmental microorganisms deposited on the surface of the collection medium, combined with a higher rate of DNA degradation, or an unidentified methodological artefact during metagenomic library preparation, reduced the size of DNA into fragments smaller than the size of the selected genetic marker. As a consequence, we could not quantify the presence of non-target DNA; however, the adequacy and applicability of this method to monitor vector populations does not require quantification of the non-target DNA present in the environment (see Discussion).
Alpha and beta diversity indices varied noticeably between different WaxTags® (Supplementary Figures S6–9). While part of this variation is due to intra-individual variation in the diversity of oral communities, the remainder may reflect the stochasticity in reconstructing the oral microbiota from the surface of collection media and non-target DNA present in the environment (Supplementary Tables S5, S6).
Large-Scale Evaluation of the DNA Collection Device Under Field Conditions
In the large-scale Omahu Bush trial, all tissue samples from trapped possums (n = 22) were successfully genotyped for the selected suite of microsatellite markers (Supplementary Table S7). Individual assignment analysis indicated that genotyping at least seven microsatellite markers is required to identify non-related individuals with a probability of misidentification (PI) < 0.00003. Similarly, a minimum of eight markers is necessary to differentiate between siblings with a PI < 0.004 (Supplementary Figure S10). Therefore, the selected panel of eight microsatellite markers was informative to distinguish between individuals in the study area.
Out of a total of 122 collected WaxTags®, DNA was successfully extracted and genotyped from 83 (68%) samples. The microsatellite profiles from eight WaxTags® showed a mixed pattern, probably due to delayed retraction or multiple animals squabbling at the time of triggering the device, and these were removed from the rest of the analysis, bringing the total number of analysed WaxTags® to 75.
To increase the accuracy of individual assignment and population density estimates, only a subset of 35 genetic profiles for which the quality of genotyping was estimated to be more than 0.5, was subselected for downstream analysis.
The genetic profile of 10 samples (29%) matched those obtained from the trapped possums, and the remaining 25 samples (71%) originated from individuals not trapped during the live-capture trial. Ten different individuals were reliably identified, one of which was found to have triggered twelve devices in the various locations in the area. Among others, 30% of identified possums re-encountered DNA collection devices more than once; they were used for the density estimation, resulting in a population density estimation of 32.4 (±11.8 SE) individuals for the study site (Supplementary Table S8).
DISCUSSION
The current study is the first to describe a DNA collection method that simultaneously collects trace amounts of DNA within the saliva of small-sized mammals, and then protects the collected DNA within the device until the downstream genetic analysis is undertaken. The current design’s performance and adequacy for individual identification, estimation of the population density, and partial reconstruction of oral microbiomes were successfully tested on invasive Australian brushtail possums in New Zealand.
Our study adds to the growing body of evidence that emphasises the need to develop new methodologies to expand the application of DNA that has been collected non-invasively under field conditions, and to mitigate the impacts of long-term exposure to the elements on the integrity and recovery of DNA from environmental samples (Ravant et al., 2001; Nsubuga et al., 2004; McKelvey and Schwartz, 2005; Vargas et al., 2009; Duenas-Serrano, 2013; Strickler et al., 2015; Stewart, 2019).
Agnew (2016) found that the negative effects of exposure to the elements on unprotected WaxTags® were more pronounced as exposure exceeded 7 days. In the same study, only 20% of the possums were identified from unprotected WaxTags®, whereas shielding the WaxTags® resulted in the identification of all individuals in the trial.
Individuals differ in the size and intensity of their bites (Sakata, 2011), and this variation potentially affects the amount of saliva deposition, DNA recovery, as well as the accuracy of genetic profiles that are created from WaxTags®. A large quantity of DNA within the saliva originates from oral epithelial cells. Forensic studies on human “touch DNA” report significant inter-individual variation in the number and frequency of cells that an individual may shed (Tan et al., 2019; Goray and van Oorschot, 2021). We suggest that a similar variation in the “shedder status” among individual brushtail possums could exist, causing lower genotyping success in individuals with weaker bite force. Observations further substantiate this idea, as bites from some individuals consistently fail to produce reliable genetic profiles even on the day of specimen collection, when no significant DNA degradation is expected (James Ross, personal communication).
The analysis of the camera records in two small-scale field trials confirmed that the current design was mechanically robust, and the interference from non-target animals was minimal. Moreover, animals were attracted to the device, and they did not demonstrate any avoidance behaviour. At the Burnham site, the population density estimate based on the number of individuals that interacted with the devices was consistent with those obtained from the other two methods. However, at the larger Hororata site, the population density estimates were lower, indicating that some individuals did not interact with the devices or, alternatively, they could not be identified based on visual features. The density of the DNA devices at this site was lower than at the Burnham site (0.36 versus 1.25 devices per hectare), partly explaining the downward bias in estimation.
Brushtail possums exhibit complex behaviours in response to unfamiliar objects in their environment (Sjoberg, 2013). The DNA collection device requires a high level of interaction by the subject animals. The Hororata site was subjected to intensive population control operations before the start of the field trial, and we cannot rule out that the development of “trap shyness” (Nugent et al., 2010) could have caused temporary avoidance behaviours towards the DNA devices in the remaining individuals.
Larger-scale evaluation of the DNA collection device in the 146-hectare Omahu Bush indicated that the 68% success rate in genotyping possum-specific microsatellite markers from DNA collected during our study was a significant improvement compared to earlier studies that used unprotected saliva (Duenas-Serrano, 2013), or brushtail possums’ faecal samples that were collected under field conditions after 2 days exposure to the elements (Morgan et al., 2007).
Individual brushtail possums in Omahu Bush varied in their attraction to the DNA collection devices and leg-hold traps, and this variation in individual behaviour needs to be taken into consideration to achieve a more accurate estimation of the population density.
Transmission of infectious disease in vector populations is typically density-dependent, and inaccurate estimation of the survival rate based on a single method can result in a premature end to population control operations and the emergence of new vector populations.
The combined application of various methods will undoubtedly provide environmental managers with the information necessary to implement a successful ecosystem management plan.
Large-scale deployment of the DNA collection device in an area makes it possible to create an encounter history for uniquely identified individuals, and this information can be used to estimate population density.
We estimated a population density of 32.4 (95% CI 21.1–75.6) possums for Omahu Bush, which was consistent with the total number of trapped possums (n = 22) and those uniquely identified from the DNA device (n = 10); however, this estimate had moderate precision due to the limited number of secondary encounters with DNA collection devices, resulting in an average probability of detection of 16%.
Optimizing the deployment of the DNA collection devices in terms of greater density, increased duration of the monitoring period, improved device visibility, and allure to the target animals will improve the probability of its detection and the accuracy of population density estimates.
Partial Oral Microbiome Reconstruction
Individuals in the current study showed no clinical sign of bTB infection before the start of the enclosure trial, and this assessment was confirmed by the apparent absence of Mycobacterium bovis from the oral microbiome. However, the identification of several medically significant bacteria, such as members of HACEK, Pasteurellaceae, Brucellaceae, nontuberculous Mycobacterium spp. (NTM), Glaesserella parasuis (the causative agent of swine Glässer’s disease), Pseudomonas sp., Clostridium sp., Staphylococcus sp., Streptococcus sp., Capnocytophaga sp., and Prevotella sp. from the surface of the WaxTags®, suggests that the same methodology can potentially be applied to test for the presence of Mycobacterium bovis and other pathogenic organisms that reside within the oral cavity. Some of the bacterial taxa from the surface of WaxTags® are asymptotic inhabitants of the upper respiratory system and the oral cavity in mammals (Talan et al., 1999; Dewhirst et al., 2012; Cheng et al., 2015; Gomez et al., 2017; Emami-Khoyi et al., 2020), while others are environmental microorganisms that live ubiquitously in different terrestrial and aquatic habitats. In a subset of hosts with compromised immune system, these microorganisms can cause severe localised or systemic diseases, and infected individuals form new reservoirs to spread the infection.
One major limitation of reconstructing the oral microbiome from environmental samples is a large quantity of non-target DNA that is sequenced concurrently. This is particularly relevant for some pathogens, such as Mycobacterium spp., as the genus comprises numerous strains, and each strain has a differing degree of pathogenicity and colonizes a different habitat (Tortoli et al., 2017; Gupta et al., 2018). Moreover, comparatively lower concentrations of M. bovis in the oral cavity compared to their concentration in the mucus originating deeper within the respiratory system, such as sputum from the trachea or bronchi, make direct detection by mean of sequencing a challenging task. To differentiate between different strains, the development of shorter, strain-specific genetic markers (Ullah et al., 2020) is paramount, and for this purpose, more comparative genomic studies on different pathogenic strains are required (Engel et al., 2012; Wilbur et al., 2012; Wood et al., 2015). The confounding effects of non-target DNA are more concerning in comprehensive surveys of microbiome diversity from a specific organ. These adverse effects are of less concern when a particular group of pathogenic taxa can be selectively targeted in a pool of target and non-target DNA; however, the performance of mixed DNA from the surface of WaxTags® to distinguish the source of an infective agent that shares habitat between a host and its surrounding environments remains inconclusive.
Detection of sequences that are matched bioinformatically to a known pathogen does not necessarily mean that the hosts are clinically ill, nor does it indicate that the source of the pathogen’s DNA was a living cell. Furthermore, it does not explain whether the vector animal is currently present in the area or whether it has dispersed after initial identification. A conclusive link between infection and infective agent requires specific immunological, histopathological, and biochemical diagnostic tests on animals suspected of being infected (Emami-Khoyi et al., 2019). Nevertheless, early identification of sequences with significant similarity to a pathogenic agent, independent of its exact aetiology, merits an in-depth survey of populations suspected to be infected, and more rigorous testing is required to prevent the emergence of new reservoirs of the pathogenic agent.
CONCLUSION
The DNA collection device described in the current study provides a cost-efficient and easy to deploy tool for monitoring wild populations of small mammals under field conditions. The current design is heavier than other widely used non-invasive methods, such as WaxTags® and Chew Cards, yet lighter than traditional leg-holds or cage traps. This makes it particularly suitable for large-scale monitoring of wild populations in remote areas. The successful amplification of mammalian DNA (microsatellites) and bacterial 16S rRNA confirm that the current design can provide information on individuals’ genetics, relatedness and, potentially, disease status. Similar methods can be refined to study other invasive, rare, and elusive species in remote areas. In addition, a design that uses remotely triggered camera traps adjacent to the DNA collection stations can simultaneously provide information about target species’ behaviours.
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