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Abstract

:

Wildlife diseases pose an ever-growing threat to global biodiversity. Understanding how wildlife pathogens are distributed in the environment and the ability of pathogens to form environmental reservoirs is critical to understanding and predicting disease dynamics within host populations. Snake fungal disease (SFD) is an emerging conservation threat to North American snake populations. The causative agent, Ophidiomyces ophidiicola (Oo), is detectable in environmentally derived soils. However, little is known about the distribution of Oo in the environment and the persistence and growth of Oo in soils. Here, we use quantitative PCR to detect Oo in soil samples collected from five snake dens. We compare the detection rates between soils collected from within underground snake hibernacula and associated, adjacent topsoil samples. Additionally, we used microcosm growth assays to assess the growth of Oo in soils and investigate whether the detection and growth of Oo are related to abiotic parameters and microbial communities of soil samples. We found that Oo is significantly more likely to be detected in hibernaculum soils compared to topsoils. We also found that Oo was capable of growth in sterile soil, but no growth occurred in soils with an active microbial community. A number of fungal genera were more abundant in soils that did not permit growth of Oo, versus those that did. Our results suggest that soils may display a high degree of both general and specific suppression of Oo in the environment. Harnessing environmental suppression presents opportunities to mitigate the impacts of SFD in wild snake populations.
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1. Introduction


Emerging infectious diseases (EIDs) are being documented at a faster rate during the 21st century than at any prior point in recorded history [1], representing an ever-increasing global threat to human [2], domestic [3] and wild animal [4], and plant health [5]. Within host populations, the dynamics of EIDs are governed by interactions between hosts, the causative pathogen, and the environment [6,7]. Particularly, the ability of a pathogen to exist outside of its host can have critical implications for disease dynamics [7,8]. This is because the fitness of pathogenic organisms is fundamentally a trade-off, balancing within-host replication and between-host transmission [9]. Highly virulent pathogens that have a strategy focused on within-host replication may have a lower potential for between-host transmission because afflicted hosts often have reduced mobility and contacts with other susceptible hosts [6]. However, a pathogen that is able to exist outside of its hosts, in environmental reservoirs or secondary host or vector species, is liberated from this balancing selection [10]. The “sit-and-wait” hypothesis postulates that the existence of a stable environmental pathogen reservoir allows a disease to escape the constraints of density-dependent transmission and attain high levels of virulence [11,12,13,14]. Because of this, pathogens that can effectively form reservoirs pose a greater risk of extinction to their host populations [4]. Understanding the potential of a given pathogen to form environmental reservoirs is, therefore, critical in determining the threat that a pathogen poses to host populations and devising effective mitigation strategies.



Snake fungal disease (SFD) or ophidiomycosis is a fungal EID that impacts numerous species of North American snakes [15]. It is characterized by skin lesions, which, in severe cases, can result in death [15]. The first confirmed cases of SFD occurred in a population of eastern massasaugas (Sistrurus catenatus catenanus) in Illinois during 2008 [16]. The disease has since been observed in a number of species throughout the eastern half of the USA [15,17]. The drivers of SFD emergence are not well understood [15]. However, it is considered a significant threat to many snake populations [15,16,18]. Snake fungal disease is most often observed in animals immediately following their emergence from subterranean hibernation [15]. It is not currently known whether this is due to an increased risk of infection during hibernation or due to the progression of already established infections during the hibernation period [19].



The fungal pathogen Ophidiomyces ophidiicola (Oo) is the causative agent of SFD [20]. Ophidiomyces ophidiicola is detectable in environmental samples [21] and is capable of growing on a wide variety of substrates in vitro [19]. These observations have led to speculation that Oo is capable of establishing environmental reservoirs [19]. However, little is known about the dynamics of the fungus in natural substrates, such as soils. Soils have long been known to harbor environmental reservoirs of pathogenic microbes, especially those which impact plants [22] and humans [23]. Many fungal and bacterial pathogens are capable of replication in soil as saprotrophs, while others, particularly fungi, may form dormant, environmentally persistent propagules [24]. Growth and persistence of these microorganisms are linked to various parameters of the soil such as pH, nutrient content, and soil structure [25,26]. Research focused on pathogens of agricultural crops has shown that biotic factors of soils, such as other microbial species that exist in soil communities, can affect the ability of those soils to act as pathogen reservoirs [5,27]. Competition for resources or directly antagonistic interactions with other microbial species can reduce the survival of pathogenic organisms [27]. Conversely, the same interactions can prevent the germination of dormant life stages, increasing the duration of environmental persistence [24]. Due to the conservation threat that Oo poses to North American snake species [18], a greater understanding of where the fungus is found in the environment, its ability to form environmental reservoirs, and the importance of environmental reservoirs in SFD ecology is critical.



Here, we investigated the potential for Oo to establish environmental reservoirs in areas frequented by its snake hosts. Specifically, we examined the prevalence of Oo in sediment samples collected from within and above underground snake dens in an experimental field system in New Jersey (USA), conducted soil microcosm growth assays to better understand the ability of Oo to grow and persist in the environment, and used next-generation sequencing techniques to classify the bacterial and fungal microbial communities that may influence the ability of soil to serve as a reservoir for Oo. We hypothesized that: (A) the prevalence of Oo would be higher in soils sampled from within snake hibernacula than in topsoil; (B) Oo would proliferate in soils, but that proliferation would be greater in soils samples collected from within hibernacula; and (C) increased Oo growth would be linked to soil characteristics such as pH and the composition of native microbial communities.




2. Materials and Methods


2.1. Initial Survey


In February and March 2018, as part of ongoing SFD surveillance, 15 soil samples were collected from within 3 snake hibernacula (dens 1–3) in New Jersey (Burlington and Ocean Counties) that contained primarily northern pine snakes (Pituophis melanoleucus melanoleucus). Northern pine snakes are a threatened species in New Jersey and more specific localities are not provided due to concerns over illegal harvest. The hibernacula chambers of these dens are artificially excavated annually as part of ongoing, long-term ecological studies of northern pine snakes [28,29,30,31] and are accessible while snakes are hibernating. Besides annual excavation, hibernacula are not modified in any way. A soil sample was collected from immediately underneath each snake found to be hibernating within each excavated hibernaculum.



DNA was extracted from 300 mg of each soil sample with the Qiagen (Hilden, Germany) DNeasy PowerLyzer PowerSoil Kit using a modified protocol. Specifically, soils were added to 2 mL microcentrifuge tubes containing 0.1 mm glass beads and a solution of 750 µL of the kit-provided powerbead solution, 60 µL of kit-provided buffer C1 and 20 µL of 50 U/µL lyticase solution. Lyticase solution was created by dissolving lyophilized lyticase (Sigma Aldrich, St. Louis, MO, USA) in extraction kit-provided powerbead solution. Soils were incubated at 30 °C for 30 min, before bead beating at 4 kHz for 45 s. Extraction then proceeded following manufacturers’ protocols and DNA was eluted into 100 µL of EDTA buffer (Invitrogen, Carlsbad, CA, USA). Extractions were screened using a real-time PCR assay specific for the internal transcribed spacer region of Oo [32]. Standard curves were constructed using synthetic gBlocks oligos matching the target region (IDT, Coralville, IA, USA). These standard curves consisted of six 10-fold serial dilutions ranging from 35 to 35,000,000 copies. Each standard dilution was run in triplicate on each qPCR plate. Any soil sample that returned a cycle threshold (CT) value less than or equal to 40 (maximum cycle number) was considered positive.



A subset of four soil samples that tested positive for Oo by real-time PCR was screened for the presence of viable Oo using a dilution plating method as described in [33]. Briefly, ~200 mg of soil was suspended in 500 µL sterile water and vortexed. Suspended soils were serially diluted ten-fold down to a 1000-fold dilution. One hundred fifty microliters of the undiluted suspension and each subsequent ten-fold dilution were plated onto dermatophyte test medium (DTM) in duplicate. The plates were incubated at 30 °C for 15 days, at which time colonies exhibiting a morphology consistent with Oo were isolated onto fresh DTM. Identification of isolated colonies was confirmed by sequencing the internal transcribed spacer region as described previously [20].



As Oo was detected in these soil samples by both PCR and culture (see Section 3), additional sampling and experiments were conducted as outlined below. Data from the initial survey were not included in any further analysis.




2.2. Sample Collection


In March 2019, soils were collected from one of the snake hibernacula sampled during the initial survey and an additional four hibernacula from the same New Jersey Pinelands. One ~1.5 kg soil sample was collected from each excavated hibernation chamber. Each internal soil sample, henceforth referred to as hibernaculum samples, was matched with a topsoil sample (topsoil) taken from within 1 m of the den entrance. As all sampled hibernacula were located in the same pine barrens habitat, the above ground landscape surrounding each hibernaculum was similar. For the remainder of the manuscript, the term “den” refers to the collective location of paired hibernaculum and topsoil samples (i.e., den 1 hibernaculum and den 1 topsoil). A total of six hibernaculum and four topsoil samples were collected (den 4 was represented by two hibernaculum soils due to the presence of two distinct hibernation chambers and a single topsoil sample represented both den 5 and 6 as these two independent dens were located in close proximity). Soil samples were collected by scooping soil with sterile wooden spatulas into sterile 500 mL plastic jars with screw-cap lids (Nalgene, Rochester, NY, USA). Soils were stored chilled (4 °C) until processing. Hibernating snakes were present in all excavated hibernacula.




2.3. Environmental Oo Detection


To assess the prevalence of Oo in soil samples, DNA was extracted from three 300 mg aliquots of each soil as described above. The amount of Oo DNA present in each soil aliquot was determined using quantitative PCR as described above. We compared the number of detections between topsoil samples and internal hibernaculum soils using a Fisher’s exact test of contingency tables, implemented in R [34].




2.4. Soil Sterilization and Characterization


A 1000 g sample of each of the 10 experimental soils was divided into two 500 g portions in glass beakers. One 500 g beaker of each soil was sterilized by autoclaving. Soils were autoclaved twice for 90 min, at 15 psi and 121 °C, with a 24 h gap between each autoclaving cycle. A 300 mg aliquot of each soil was suspended in 1 mL filter-sterilized (0.2 µm) phosphate buffered saline with added 0.5% Tween20 (PBST); 100 µL of this suspension was plated directly onto a Sabouraud dextrose agar plate. Plates were incubated at 24 °C in the dark for 7 d. Sterility of each soil was confirmed if no microorganisms grew on plates.



To characterize soil pH, phosphorus, potassium and organic matter content, approximately 350 g of the 20 soil samples (10 autoclave-sterilized and 10 non-sterile) was sent to the University of Wisconsin-Madison’s soil sciences extension facility (Marshfield, WI, USA). Following testing for the assumptions of parametric statistical tests, the impact of autoclaving on soil parameters was compared using paired t-tests between soil samples before and after autoclaving. Soil parameters were compared between samples using one-way t-tests. All statistical analyses were conducted using R v3.5.1 [34].




2.5. Microcosm Growth Assays


We investigated the persistence and proliferation of Oo in environmental soil samples using in vitro microcosm growth assays. Assays were performed in both sterile and non-sterile soil from all ten samples collected in 2019. Soils were aliquoted into 300 mg microcosms in 2 mL screw-cap microcentrifuge tubes (Thermo Fisher Scientific, Waltham, MA, USA). We created replicate microcosms for each experimental soil and treatment combination (as outlined below), allowing for three time points and three replicates of each combination at each time point. For each soil, the following combinations were created at each of the three time points: sterile soil spiked with live conidia (n = 3), sterile soil spiked with heat-killed conidia (n = 3), sterile soil spiked with PBST only (n = 3), non-sterile soil spiked with live conidia (n = 3), non-sterile soil spiked with heat-killed conidia (n = 3), and non-sterile soil spiked with PBST only (n = 3).



Live Oo conidia (from isolate NWHC 24564-1) were harvested from a 14-day-old culture following the protocol of Lorch et al. [20,35]. Conidia were suspended in filter-sterilized PBST, enumerated using a hemocytometer, and diluted with additional PBST to a concentration of 25 conidia per microliter. The suspension was then divided: half was immediately used as inoculum (live conidia) to spike soil microcosms, while the other half of the conidial solution was inactivated (heat-killed conidia) by emersion into a boiling water bath for 30 min. We inoculated soil microcosms with 40 µL of conidial suspension containing 1000 either live or heat-killed conidia. A batch of microcosms serving as a control group was established by spiking additional replicates of each soil with filter-sterilized PBST containing no fungal conidia. Immediately post-inoculation, the first three replicates of each soil and treatment combination were stored at −80 °C to serve as time point 1 (0 days post-inoculation). Remaining microcosms were incubated at 24 °C in the dark. Three more replicates of each combination were placed at −80 °C (to stop growth) at 15 days post-inoculation; the same was performed for the final three replicates of each combination at day 30 post-inoculation. DNA was extracted from experimental microcosms following the same protocol outlined above. The amount of Oo in each microcosm was again quantified using the qPCR assay [32]. Due to small within replicate group sample sizes (n = 6) the growth of Oo was qualitatively determined by upward trajectory of growth curves and quantitively determined by a 2 order of magnitude (or greater) difference in mean Oo copy number (determined by comparison with standard curve) between live-spiked and heat-killed treatments for a given soil in both sterile and unsterile state at each time point. No control microcosms for any soil which was not already known to contain naturally occurring Oo yielded a positive qPCR result, and the abundance of Oo in these microcosms did not increase during the experiment; thus, control group data were excluded from further analyses.



Colony counts were performed as a secondary method to assess growth and viability of Oo in the microcosms. To achieve this, an additional three microcosm replicates inoculated with viable conidia were created for each soil at 0 d and 30 d post-inoculation. Prior to plating, these microcosms were suspended in 1000 µL of PBST and serially diluted from 10−1 to 10−3. For each resulting dilution, 100 µL was plated onto DTM agar plates. Plates were incubated for 15 d at 24 °C in the dark at which point Oo colony forming units (CFU) were enumerated.




2.6. Microbial Community Analyses


We characterized the bacterial and fungal communities present in our 10 experimental soils using amplicon sequencing. The 16S rRNA (v4) and internal transcribed spacer (ITS2) amplicons were sequenced for each sample following the protocols described in supplemental file one. Following sequencing, we investigated how patterns in soil microbial community richness, diversity and composition correspond with the soil type (hibernaculum vs. topsoil), environmental Oo detection, and experimental Oo growth, following the methods outlined in supplemental file one. Briefly, microbial community analyses were primarily conducted using the R package phyloseq [36]. We computed diversity and richness statistics for the microbial communities of all soils as well as comparing the microbial community composition of each soil using non-metric multidimensional scaling. We investigated how microbial community richness and diversity related to the detection and growth of Oo in soils using generalized linear mixed models. We used permutational analysis of variance to compare microbial community composition of soils that were naturally Oo positive and those that were not, and those in which Oo grew during experimental microcosm experiments and those in which it did not.





3. Results


3.1. Initial Survey


Of the 15 hibernaculum soil samples collected and tested for Oo presence by qPCR in 2018, 13 (86%) were found to be positive (Table 1). Two of the four soil samples screened for the presence of viable Oo using culture techniques yielded Oo isolates (Table 1). Identification of the isolates was confirmed based on 100% sequence identity of the ITS region with other isolates of Oo present in GenBank.




3.2. Oo Is More Prevalent Within Snake Hibernacula


Quantitative PCR detected Oo in 11 out of 18 (61%) hibernaculum soil samples collected in 2019 and only one of 12 (8%) topsoil samples (Table 1). A Fisher’s exact test of contingency tables showed this to be statistically significant (p = 0.007, odds ratio = 0.064).




3.3. Oo Is Capable of Growth in Sterile Soils


Quantitative PCR demonstrated that growth occurred in microcosms of four out of 10 soils that had been sterilized prior to inoculation (Figure 1). Of these four soils, three were topsoil samples and one was a hibernaculum soil (Figure 1). The results of CFU plate counts supported qPCR data with CFUs increasing between day 0 and day 30 for three of the four soils in which qPCR growth was observed (Figure S1, Table S1). No growth was observed in any soil in which the native microbial community was still active (Figure 1).




3.4. No Evidence That Detection or Growth of Oo Is Linked to Abiotic Soil Parameters


The results of parameter analysis of our experimental soils are presented in Table S2. Statistical analysis showed that hibernaculum soils have significantly lower potassium levels (T = −3.79, DF = 3.33, p = 0.03) and organic matter content than associated topsoil samples (T = −3.04, DF = 3.35, p = 0.049). Paired t-tests showed that autoclaving significantly lowered the pH of experimental soils from a mean of 5.15 (±0.6) to 4.12 (±0.37, T = 4.6161, DF = 14.887, p ≤ 0.01). No other parameter was impacted by autoclaving. The environmental detection and experimental growth of Oo in experimental soils was not correlated with any measured parameter of the soils.




3.5. Detection and Growth of Oo Are Correlated with Microbial Community Diversity but Not Richness


The results of our microbial community classification via amplicon sequencing are presented in full in our supplementary results section. Here, we present the results of comparisons between our experimental soils.



Bacterial communities of hibernaculum soils were significantly less diverse than topsoil samples based on effective number of species scores (ENS; Est = 3.2, CI = 1.48–4.91, p ≤ 0.001, Figure 2A). Bacterial species richness was also significantly higher in topsoil samples (observed genera, IRR = 3.38, CI = 1.18–9.63, p = 0.02, Figure 2B). Fungal communities of hibernaculum soils were also significantly less diverse (ENS; Est = 0.84, CI = 0.34–1.34, p = 0.001, Figure 2C) and species rich (observed genera, IRR = 17.50, CI = 3.82–80.16, p ≤ 0.001, Figure 2D) than topsoil samples.



The environmental detection of Oo was associated with significantly higher alpha diversity of fungi (ENS; Est = 0.75, CI = 0.14–1.35, p = 0.016, Figure 2C) and fungal species richness (observed genera, IRR = 7.44, CI = 1.40–39.43, p ≤ 0.018, Figure 2D). Environmental detection of Oo was not correlated with bacterial species diversity (ENS; Est = 1.09, CI = −0.69–2.87, p = 0.23, Figure 2A) but was associated with increased richness (observed genera, IRR = 9.02, CI = 2.67–30.39, p ≤ 0.001, Figure 2B).



Soils in which Oo grew during microcosm experiments had significantly higher bacterial diversity based on ENS prior to sterilization; (ENS; Est = 2.58, CI = 1.42–3.74, p ≤ 0.001, Figure 2A) and bacterial species richness (observed genera; IRR = 6.84, CI = 2.33–20.09, p ≤0.001, Figure 2B). The growth of Oo in experimental soils was not correlated with diversity of fungal species prior to sterilization (ENS; Est = −0.67, CI = −1.38–0.04, p = 0.065, Figure 2C) nor with richness of fungal species (observed genera; IRR = 0.36, CI = 0.11–1.17, p = 0.089, Figure 2D).




3.6. Detection and Growth of Oo Are Correlated with Microbial Community Composition


Independent extract replicates of each soil clustered strongly together in our NMDS plots, giving us confidence in our sequencing and data processing (Figure 3). Permutational analysis of variance demonstrated that the composition of fungal communities of experimental soils were significantly differentiated on the basis of whether the soil was collected from a hibernaculum or topsoil (PERMANOVA R2 = 0.29, F = 9.19, p = 0.001, Figure 3, Figure S2). Fungal community composition was also linked to the experimental growth of Oo (PERMANOVA, R2 = 0.09, F = 2.83, p = 0.01, Figure 3, Figure S2). There was no link between fungal community composition and environmental detection of Oo (PERMANOVA, R2 = 0.06, F = 1.97, p = 0.02, Figure 3, Figure S2).



Bacterial community composition differed between hibernaculum and topsoil samples (PERMANOVA, R2 = 0.47, F = 25.11, p = 0.001, Figure 3, Figure S3). Bacterial communities were not differentiated between soils in which Oo grew in experimental microcosms and those where it did not (PERMANOVA, R2 = 0.05, F = 2.47, p = 0.07, Figure 3, Figure S3). Bacterial community composition differed between samples in which Oo was detected and those in which it was not (PERMANOVA, R2 = 0.08, F = 4.73, p = 0.008, Figure 3, Figure S3).



Of the 301 unique bacterial and 379 unique fungal genera detected, hibernaculum soils and topsoils were differentiated by a total of 107 bacterial and 104 fungal biomarker genera (Figures S4 and S5, respectively). Soils in which Oo was environmentally detected were enriched with 19 bacterial genera and depauperate in 4 bacterial genera (Figure S6). Soils in which Oo grew in experimental microcosms were enriched with 13 fungal genera and depauperate in 14 fungal genera (Figure S7).





4. Discussion


Snake fungal disease is frequently observed in snakes emerging from hibernation, and it has been suggested that hibernation plays an important role in the ecology of the disease [15]. We found that Oo was significantly more likely to be detected in soils from within snake hibernacula compared to matched topsoil samples. Many North American snake species, including northern pine snakes, hibernate communally for several months in underground refugia; these snakes often return to the same hibernacula each winter [28,29,30,37]. High concentrations of infected snakes in a confined space for an extended period of time could result in the build-up of shed Oo in the surrounding soil, thus resulting in an increased likelihood of detection compared to soils sampled above ground where snakes are more mobile and dispersed.



Based on its physiological traits [19,38], it has been assumed that Oo is a saprotrophic fungus capable of proliferating in soils. However, experimental evidence demonstrating that growth occurs in soil substrates has hitherto been lacking. Our microcosm experiments confirmed that Oo can indeed grow in soil; however, this growth was conditional and perhaps not as ubiquitous as might be expected for a true saprotroph. Specifically, Oo grew in only a subset of sterile soil samples tested (n = 4 of 10). When the native microbial community remained intact, growth in soil was completely inhibited.



The microbial communities of soils have long been demonstrated to limit the ability of pathogenic organisms to form pathogen reservoirs [5,27,39,40]. Pathogen suppression in soils due to microbial community composition can be partitioned into general and specific pathogen suppression [39]. General suppression occurs because microbial communities as a whole sequester environmentally available resources, limiting the proliferation of an invading pathogen through competitive exclusion and denial of adequate resources [27]. Many pathogenic fungi are specialized to derive nutrients from their hosts [41]. This specialism may, in turn, reduce the ability of pathogenic fungi to compete with generalist species for resources in more complex environments with diverse microbial communities. The fact that Oo did not grow in any soil that possessed an active microbial community suggests that soils may demonstrate a high degree of general suppressive qualities toward Oo.



In contrast, specific pathogen suppression can be due to the presence of specific microbial species or taxa, which have an antagonistic relationship with the invading pathogen [39]. Such relationships can occur through the secretion of anti-microbial metabolic compounds that impact the pathogenic microbe, either directly or indirectly. We found that the composition of soil microbial communities was a significant predictor of Oo growth in paired sterilized soils. This presents the possibility that when barriers to infiltration, such as competition with native microbial communities, are removed, residual characteristics of those communities may still inhibit the growth of Oo in sterile soils. This could be due to the presence of stable secondary metabolites produced by microbes which remain biologically active after autoclaving [42]. Thus, our results indicate that soils may also demonstrate specific suppression and contain specific fungal taxa that produce metabolites which are inhibitory to Oo. In total, we detected 13 fungal genera which were significantly more abundant in soils that suppressed Oo growth. Even though the growth of Oo appears to be prevented via general suppression by whole microbial communities of soil, the viability of persistent Oo could be further impacted by specific suppression demonstrated by soils. The manipulation of soil microbial communities to increase the suppression of pathogens is commonplace in agriculture [27,43], and fungal species belonging to the differentially abundant genera that we observed could represent potential targets of future research aiming to develop bioaugmentation-based mitigation strategies of SFD.



With respect to detection of Oo in soils, our characterization of the microbial communities demonstrated that soils in which Oo was detected had increased microbial diversity compared to those in which it was not. The diversity of soil microbial communities has long been assumed to be positively correlated with the ability of a soil to inhibit survival of a pathogen [27]. However, microbial communities of soils are known to be influenced by a number of abiotic parameters including subsurface sampling depth [44]. We measured the pH, potassium, phosphorus and organic matter levels of the soils used in this experiment and found that hibernaculum soils possessed significantly lower levels of potassium and organic matter content than topsoil samples. Abiotic factors alone are known to affect persistence and suppress the growth of certain pathogenic microorganisms in soil [45]. However, neither the detection of Oo nor the ability of Oo to grow were statistically linked to any abiotic parameter that we measured in our soils, although this may have been due to small sample size. Given the correlational nature of the data that we collected, establishing any sort of cause-and-effect relationship between microbial diversity and the occurrence of Oo in our study is not possible because both factors may be independently linked to abiotic parameters of hibernaculum soils. Additionally, the soil parameter analyses that we conducted are those that the University of Wisconsin’s soil sciences extension consider fundamental to understanding the composition of a soil sample, but do not encompass the full range of possible soil elements, micronutrients, and physical characteristics. It is plausible that an unmeasured soil parameter may be linked to both soil microbial community composition and Oo growth/detection. Future studies should consider including a broader suite of soil parameter analysis.



It is important to note that growth and proliferation outside of a host are not required for the establishment of environmental reservoirs; instead, persistence of viable propagules in the soil may initiate infections [46]. The persistence of even low levels of a pathogen within an environment allows for cycles of disease that can drive population declines [47,48]. Despite an apparent inability for Oo to grow in the soils we tested, we did not detect declines in the amount of detectable DNA between time points. This could suggest that Oo conidia were persisting in the soils even if not actively growing. Low numbers of conidia plated for CFU counting means that we were only able to detect increases in viable Oo and not persistence of viable conidia over time. However, repeated and consistent environmental detections and the demonstrable ability to culture the fungus from the environment implicates hibernaculum soils as potential environmental reservoirs through the mechanism of pathogen persistence. Given that snakes congregate and spend prolonged periods of time within hibernacula while infected and demonstrate philopatry to hibernation sites [30], it is easy to see how hibernaculum soils may act as both recipient and donor of viable Oo conidia.




5. Conclusions and Future Directions


Our results, considered with the fact that all known isolates of Oo have been derived from snakes (or shed snakeskin; [49]), provide evidence that Oo is a specialized pathogen that is closely associated with snakes rather than a ubiquitous environmental saprotroph that acts as an opportunistic pathogen.



Specifically, we provide evidence that the environmental distribution of detectable Oo is associated with snake hibernacula. However, further research is needed to ascertain whether this distribution is driven by elevated persistence of Oo in hibernaculum soils or by the increased shedding of Oo by hibernating snakes. Further research will be required to fully evaluate the ability of Oo to persist in environmental sediments, irrespective of its proliferation and the environmental doses necessary to initiate infection.



We have also demonstrated that functional native microbial communities may inhibit the growth of Oo in soils. While this phenomenon could limit the infectious potential of environmental reservoirs of Oo, our sample size was small, and our test soils were collected from a relatively small geographical area that does not encompass the broad range of abiotic and biotic features of soils throughout the known range of Oo. This may also explain why we found little evidence that the growth or persistence of Oo is linked to abiotic soil parameters. Additionally, our samples were collected from snake hibernacula which are excavated annually. The mechanical disruption of soils has been shown to affect native microbial communities (e.g., [50]). As such, our results may not be indicative of snake hibernacula which remain undisturbed. Future experiments targeting a larger and more diverse sample set may help determine whether the differences we observed are meaningful for the occurrence and growth of Oo across its range. Nevertheless, our results suggest that it may be possible to mitigate SFD in wild snake populations through the manipulation of environmental microbial communities to enhance both general and specific suppression qualities. Such biological mitigation strategies would be a welcome development to North American snake conservation.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jof7060461/s1, Figure S1: Colony forming unit counts of Ophidiomyces ophidiicola (Oo) in sterile experimental microcosms, Figure S2: Proportional abundance of the top 10 most abundant fungal genera per each experimental soil, Figure S3: Proportional abundance of the most abundant bacterial genera per each experimental soil, Figure S4: Linear discriminant effect size (LEfSe) analysis results showing bacterial sequence variants determined to be biomarkers between hibernaculum soils and topsoils, Figure S5: Linear discriminant effect size (LeFSe) analysis results showing fungal sequence variants determined to be biomarkers between hibernaculum soils and topsoils, Figure S6: Linear discriminant effect size (LeFSe) analysis results showing bacterial sequence variants determined to be biomarkers between soils in which Ophidomyces ophidiicola was detected and those in which it was not, Figure S7: Linear discriminant effect size (LeFSe) analysis results showing fungal sequence variants determined to be biomarkers between soils which inhibited Ophidomyces ophidiicola growth and those which did not, Table S1: Colony forming unit counts of Ophiomyces ophidiicola in sterile experimental microcosms, Table S2: Results of soil abiotic parameter analysis and associated metadata, Table S3: PCR cycling conditions used in the amplification of next generation sequencing amplicons.





Author Contributions


L.J.C. developed this study, performed the laboratory work and data analyses and wrote the manuscript. J.B. performed sample collection and revised the manuscript. R.T.Z. performed sample collection and revised the manuscript. J.F.B. performed sample collection and revised the manuscript. M.E.W. performed laboratory work and revised the manuscript. D.R.T. performed laboratory work and revised the manuscript. J.M.L. developed this study and wrote and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the U.S. Geological Survey and the University of Wisconsin-Madison O.N. Allen Soil and Environmental Microbiology Small Grant Award Scheme.




Data Availability Statement


The raw data files associated with this study are available via a U.S. Geological Survey data release (https://doi.org/10.5066/P9MMWG10). Raw next-generation sequencing datasets associated with this work are available from the NCBI sequence read archive (Bioproject accession PRJNA691309). Associated analysis scripts are available from the GitHub repository github.com/zoolew/SnakeFungalDiseaseSoils.




Acknowledgments


The authors gratefully acknowledge C D Dunn and T L Goldberg of the University of Wisconsin-Madison for providing technical assistance and use of an Illumina MiSeq machine.




Conflicts of Interest


The authors declare no conflict of interest.




Disclaimer


The use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.




References


	



Jones, K.E.; Patel, N.G.; Levy, M.A. Global trends in emerging infectious diseases. Nature 2008, 451, 990–993. [Google Scholar] [CrossRef] [PubMed]

	



Rohr, J.R.; Barrett, C.B.; Civitello, D.J.; Craft, M.E.; Delius, B.; DeLeo, G.A.; Hudson, P.J.; Jouanard, N.; Nguyen, K.H.; Ostfeld, R.S.; et al. Emerging human infectious diseases and the links to global food production. Nat. Sustain. 2019, 2, 445–456. [Google Scholar] [CrossRef] [PubMed]

	



Mathiason, C.K.; Nalls, A.V.; Seelig, D.M.; Kraft, S.L.; Carnes, K.; Anderson, K.R.; Hayes-Klug, J.; Hoover, E.A. Susceptibility of Domestic Cats to Chronic Wasting Disease. J. Virol. 2013, 87, 1947–1956. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, A.B.; Jones, K.E.; Nunn, C.L.; Altizer, S. Infectious diseases and extinction risk in wild mammals. Conserv. Biol. 2007, 21, 1269–1279. [Google Scholar] [CrossRef]

	



van Agtmaal, M.; Straathof, A.; Termorshuizen, A.; Teurlincx, S.; Hundscheid, M.; Ruyters, S.; Busschaert, P.; Lievens, B.; Boer, W. de Exploring the reservoir of potential fungal plant pathogens in agricultural soil. Appl. Soil Ecol. 2017, 121, 152–160. [Google Scholar] [CrossRef]

	



Anderson, R.M.; May, R.M. Coevolution of hosts and parasites. Parasitology 1982, 85, 411–426. [Google Scholar] [CrossRef]

	



De Castro, F.; Bolker, B. Mechanisms of disease-induced extinction. Ecol. Lett. 2005, 8, 117–126. [Google Scholar] [CrossRef]

	



Leach, C.B.; Webb, C.T.; Cross, P.C. When environmentally persistent pathogens transform good habitat into ecological traps. R. Soc. Open Sci. 2016, 3, 160051. [Google Scholar] [CrossRef]

	



Lipsitch, M.; Stiller, S.; Nowak, M.A. The Evolution of Virulence in Pathogens With Vertical and Horizontal Transmission. Evolution 1996, 50, 1729–1741. [Google Scholar] [CrossRef]

	



Burger, R.; Lynch, M. Evolution and Extinction in a Changing Environment: A Quantitative-Genetic Analysis. Evolution 1995, 49, 151–163. [Google Scholar] [CrossRef]

	



Breban, R. Role of environmental persistence in pathogen transmission: A mathematical modeling approach. J. Math. Biol. 2013, 66, 535–546. [Google Scholar] [CrossRef]

	



Wang, L.; Liu, Z.; Dai, S.; Yan, J.; Wise, M.J. The Sit-and-Wait hypothesis in bacterial pathogens: A theoretical study of durability and virulence. Front. Microbiol. 2017, 8, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Ewald, P.W. Transmission Modes and Evolution of the Parasitism-Mutualism Continuum. Ann. N. Y. Acad. Sci. 1987, 503, 295–306. [Google Scholar] [CrossRef]

	



Walther, B.A.; Ewald, P.W. Pathogen survival in the external environment and the evolution of virulence. Biol. Rev. Camb. Philos. Soc. 2004, 79, 849–869. [Google Scholar] [CrossRef] [PubMed]

	



Lorch, J.M.; Knowles, S.; Lankton, J.S.; Michell, K.; Edwards, J.L.; Kapfer, J.M.; Staffen, R.A.; Wild, E.R.; Schmidt, K.Z.; Ballmann, A.E.; et al. Snake fungal disease: An emerging threat to wild snakes. Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150457. [Google Scholar] [CrossRef] [PubMed]

	



Allender, M.C.; Dreslik, M.; Wylie, S.; Phillips, C.; Wylie, D.B.; Maddox, C.; Delaney, M.A.; Kinsel, M.J. Chrysosporium sp. Infection in Eastern Massasauga Rattlesnakes. Emerg. Infect. Dis. 2011, 17, 2383–2384. [Google Scholar] [CrossRef] [PubMed]

	



Burbrink, F.T.; Lorch, J.M.; Lips, K.R. Host susceptibility to snake fungal disease is highly dispersed across phylogenetic and functional trait space. Sci. Adv. 2017, 3, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, W.J.; Aveling, R.; Brooks, T.M.; Clout, M.; Dicks, L.V.; Fellman, L.; Fleishman, E.; Gibbons, D.W.; Keim, B.; Lickorish, F.; et al. A horizon scan of global conservation issues for 2014. Trends Ecol. Evol. 2014, 29, 15–22. [Google Scholar] [CrossRef]

	



Allender, M.C.; Raudabaugh, D.B.; Gleason, F.H.; Miller, A.N. The natural history, ecology, and epidemiology of Ophidiomyces ophiodiicola and its potential impact on free-ranging snake populations. Fungal Ecol. 2015, 17, 187–196. [Google Scholar] [CrossRef]

	



Lorch, J.M.; Lankton, J.; Werner, K.; Falendysz, E.A.; McCurley, K.; Blehert, D.S. Experimental infection of snakes with ophidiomyces ophiodiicola causes pathological changes that typify snake fungal disease. MBio 2015, 6, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Walker, D.M.; Leys, J.E.; Grisnik, M.; Grajal-Puche, A.; Murray, C.M.; Allender, M.C. Variability in snake skin microbial assemblages across spatial scales and disease states. ISME J. 2019, 13, 2209–2222. [Google Scholar] [CrossRef]

	



Nash Smith, S. Comparison of Germination of Pathogenic Fusarium oxysporum Chlamydospores in Host Rhizosphere Soils Conducive and Suppressive to Wilts. Phytopathology 1977, 77, 502. [Google Scholar] [CrossRef]

	



Ajello, L. Soil as natural reservoir for human pathogenic fungi. Science 1956, 123, 876–879. [Google Scholar] [CrossRef] [PubMed]

	



Lennon, J.T.; Jones, S.E. Microbial seed banks: The ecological and evolutionary implications of dormancy. Nat. Rev. Microbiol. 2011, 9, 119–130. [Google Scholar] [CrossRef] [PubMed]

	



Kühn, J.; Rippel, R.; Schmidhalter, U. Abiotic soil properties and the occurrence of rhizoctonia crown and root rot in sugar beet. J. Plant Nutr. Soil Sci. 2009, 172, 661–668. [Google Scholar] [CrossRef]

	



Peng, H.X.; Sivasithamparam, K.; Turner, D.W. Chlamydospore germination and Fusarium wilt of banana plantlets in suppressive and conducive soils are affected by physical and chemical factors. Soil Biol. Biochem. 1999, 31, 1363–1374. [Google Scholar] [CrossRef]

	



Schlatter, D.; Kinkel, L.; Thomashow, L.; Weller, D.; Paulitz, T. Disease suppressive soils: New insights from the soil microbiome. Phytopathology 2017, 107, 1284–1297. [Google Scholar] [CrossRef]

	



Burger, J.; Zappalorti, R.T.; Gochfeld, M.; Boarman, W.I.; Caffrey, M.; Doig, V.; Garber, S.D.; Lauro, B.; Mikovsky, M.; Caffrey, M.; et al. Hibernacula and Summer Den Sites of Pine Snakes ( Pituophis melanoleucus ) in the New Jersey Pine Barrens. J. Herpetol. 1988, 22, 425–433. [Google Scholar] [CrossRef]

	



Burger, J.; Zappalorti, R.T.; Gochfeld, M.; Devito, E.; Schneider, D.; McCort, M.; Jeitner, C. Long-term use of hibernacula by Northern Pinesnakes (Pituophis melanoleucus). J. Herpetol. 2012, 46, 596–601. [Google Scholar] [CrossRef]

	



Burger, J.; Zappalorti, R. Hibernation Site Philopatry in Northern Pine Snakes (Pituophis melanoleucus) in New Jersey. J. Herpetol. 2015, 49, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Burger, J.; Zappalorti, R. Conservation and Protection of Threatened Pine Snakes in the New Jersey Pine Barrens. Herpetol. Conserv. Biol. 2016, 11, 304–314. [Google Scholar]

	



Bohuski, E.; Lorch, J.M.; Griffin, K.M.; Blehert, D.S. TaqMan real-time polymerase chain reaction for detection of Ophidiomyces ophiodiicola, the fungus associated with snake fungal disease. BMC Vet. Res. 2015, 11, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Lorch, J.M.; Muller, L.K.; Russell, R.E.; O’Connor, M.; Lindner, D.L.; Blehert, D.S. Distribution and environmental persistence of the causative agent of white-nose syndrome, geomyces destructans, in bat hibernacula of the eastern United States. Appl. Environ. Microbiol. 2013, 79, 1293–1301. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing, Version 4.0.1; R Foundation for Statistical Computing: Wien, Austria, 2020; Available online: https://cran.r-project.org/ (accessed on 31 October 2020).

	



Lorch, J.M.; Meteyer, C.U.; Behr, M.J.; Boyles, J.G.; Cryan, P.M.; Hicks, A.C.; Ballmann, A.E.; Coleman, J.T.H.; Redell, D.N.; Reeder, D.M.; et al. Experimental infection of bats with Geomyces destructans causes white-nose syndrome. Nature 2011, 480, 376–378. [Google Scholar] [CrossRef] [PubMed]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8. [Google Scholar] [CrossRef] [PubMed]

	



Burger, J.; Zappalorti, R.T. The Northern Pine Snake (Pituophis melanoleucus): Its Life History, Behaviour and Conservation; Nova Science Publishers: Hauppauge, NY, USA, 2011; Volume 16, ISBN 9781612094526. [Google Scholar]

	



Reynolds, H.T.; Raudabaugh, D.B.; Lilje, O.; Allender, M.C.; Miller, A.N.; Gleason, F.H. Emerging Mycoses and Fungus-Like Diseases of Vertebrate Wildlife. In The Fungal Community; Dighton, J., White, J.F., Eds.; CRC: Boca Raton, FL, USA, 2017; pp. 385–404. [Google Scholar]

	



Weller, D.M.; Raaijmakers, J.M.; McSpadden Gardener, B.B.; Thomashow, L.S. Microbial populations responsible for specific soil suppressiveness to plant pathogens. Annu. Rev. Phytopathol. 2002, 40, 309–348. [Google Scholar] [CrossRef]

	



Cook, R.J.; Rovira, A.D. The role of bacteria in the biological control of Gaeumannomyces graminis by suppressive soils. Soil Biol. Biochem. 1976, 8, 269–273. [Google Scholar] [CrossRef]

	



Fleck, C.B.; Schöbel, F.; Brock, M. Nutrient acquisition by pathogenic fungi: Nutrient availability, pathway regulation, and differences in substrate utilization. Int. J. Med. Microbiol. 2011, 301, 400–407. [Google Scholar] [CrossRef]

	



Powlson, D.S.; Jenkinson, D.S. The effects of biocidal treatments on metabolism in soil-II. Gamma irradiation, autoclaving, air-drying and fumigation. Soil Biol. Biochem. 1976, 8, 179–188. [Google Scholar] [CrossRef]

	



Hornby, D. Suppressive Soils. Annu. Rev. Phytopathol. 1983, 21, 65–85. [Google Scholar] [CrossRef]

	



Fierer, N.; Schimel, J.P.; Holden, P.A. Variations in microbial community composition through two soil depth profiles. Soil Biol. Biochem. 2003, 35, 167–176. [Google Scholar] [CrossRef]

	



Burpee, L.L. The influence of abiotic factors on biological control of soilborne plant pathogenic fungi. Can. J. Plant Pathol. 1990, 12, 308–317. [Google Scholar] [CrossRef]

	



Al-Shorbaji, F.N.; Gozlan, R.E.; Roche, B.; Robert Britton, J.; Andreou, D. The alternate role of direct and environmental transmission in fungal infectious disease in wildlife: ThreatsS for biodiversity conservation. Sci. Rep. 2015, 5, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, H.T.; Ingersoll, T.; Barton, H.A. Modeling the environmental growth of Pseudogymnoascus destructans and its impact on the White-nose syndrom epidemic. J. Wildl. Dis. 2015, 51, 318–331. [Google Scholar] [CrossRef]

	



Frick, W.; Cheng, T.; Langwig, K.; Hoyt, J.; Janicki, A.; Parise, K.; Foster, J.; Kilpatrick, A. Pathogen dynamics during invasion and establishment of white-nose syndrome explain mechanisms of host persistence. Ecology 2017, 98, 624–631. [Google Scholar] [CrossRef] [PubMed]

	



Sigler, L.; Hambleton, S.; Paré, J.A. Molecular characterization of reptile pathogens currently known as members of the chrysosporium anamorph of nannizziopsis vriesii complex and relationship with some human-associated isolates. J. Clin. Microbiol. 2013, 51, 3338–3357. [Google Scholar] [CrossRef] [PubMed]

	



Kraut-Cohen, J.; Zolti, A.; Shaltiel-Harpaz, L.; Argaman, E.; Rabinovich, R.; Green, S.J.; Minz, D. Effects of tillage practices on soil microbiome and agricultural parameters. Sci. Total Environ. 2020, 705, 135791. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 07 00461 g001 550] 





Figure 1. Growth curves of Ophidiomyces ophidiicola (Oo) in experimental microcosms. Plots in the right hand column represent topsoil samples; plots in the left hand column (grey header) represent hibernaculum soils. Red-header borders denote soils that were naturally qPCR positive for Oo. In order to aid interpretability of the plot, the Y-axis is the log of the qPCR target copy number of Oo present within each DNA extract. The X-axis is days post-inoculation (DPI). Microcosms spiked with heat-killed Oo are shown in chartreuse and those with live Oo in blue. Dashed lines connect those soils which were sterilized prior to inoculation and solid lines those which were not. Lines with an upward trajectory over time demonstrate an increase in Oo DNA (i.e., Oo growth). We determined Oo to have grown if there was greater than a 2 orders of magnitude difference between the mean Oo copy numbers of the heat-killed and live-spiked sample groups for a given soil and sterility treatment at a time point. Classified as such, growth of Oo was observable in four out of ten soils tested at 30 days post-inoculation (denoted by *). However, no growth was observed in any soils in which the native microbial community was left intact (non-sterile). 
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Figure 2. Alpha diversity plots of (A) bacterial communities of experimental soils based on effective number of species (ENS) scores; (B) bacterial communities of soils based on raw number of observed SVs; (C) fungal communities of experimental soils based on ENS scores; and (D) fungal communities of soils based on raw number of observed SVs. Each den is represented by a distinct color, and the left box plot of each plot displays soils collected from within hibernacula and the right displays associated topsoil samples. Soils in which Oo was detected prior to experimental inoculation are outlined in red, while those with no Oo detected are outlined in black. Soils in which Oo grew during experimental microcosm assays are represented by triangular points, while those in which it did not are represented by circular points. The diversity and richness of bacterial communities were lower in hibernaculum samples compared to topsoil samples. Bacterial diversity and richness were also significantly lower in soils which permitted Oo growth. Fungal diversity and richness were lower in hibernaculum samples than topsoil samples. Fungal diversity and richness were also higher in those soils in which environmental Oo was detected. 
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Figure 3. Non-metric multi-dimensional scaling ordinations based upon Bray–Curtis between sample dissimilarity metrics. (A) The bacterial communities of experimental soils; and (B) the fungal communities of experimental soils. Each den is represented by a distinct color. Soils that tested positive for Oo prior to experimental inoculation are outlined in red, while those that did not are outlined in black. Soils in which Oo grew during experimental microcosm assays are represented by triangular points, whilst those in which it did not are represented by circular points. Points are linked to the centroid of the respective soil type (hibernaculum vs. topsoil sample). Points linked by red lines to the red centroid represent hibernaculum soils. Those linked by blue lines to the blue centroid represent topsoil samples. Clear divergence can be seen between the composition of both the fungal and bacterial communities of topsoil samples and hibernaculum soils. Fungal communities also differed significantly based on Oo growth. Bacterial communities differed significantly based on Oo detection. 
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Table 1. Detection of Ophidiomyces ophidiicola (Oo) in soil samples. The amount of Oo in each soil was assessed using qPCR. (A) Results of initial survey. Soils reported in bold text are those which produced viable Oo colonies when cultured. (B) Results of follow-up study which included sampling soil within snake dens/hibernaculum and adjacent topsoil samples. Den 4 is represented by two hibernaculum soil samples due to the presence of two distinct hibernation chambers and dens 5 and 6 are represented by a single topsoil sample due to their proximity. The amount of Oo in each sample was assessed using three replicate extractions, each quantified using a single qPCR. The cycle threshold (CT) values presented here represent the mean CT value for that soil sample. NA = no amplification of target amplicon.
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	A—Initial Survey
	
	
	



	Soil name
	Type
	Oo qPCR CT Value
	qPCR Interpretation



	Den 1 A
	Hibernaculum
	35.43
	Detected



	Den 1 B
	Hibernaculum
	37.42
	Detected



	Den 1 C
	Hibernaculum
	31.74
	Detected



	Den 1 D
	Hibernaculum
	31.96
	Detected



	Den 1 E
	Hibernaculum
	32.01
	Detected



	Den 1 F
	Hibernaculum
	35.78
	Detected



	Den 1 G
	Hibernaculum
	31.6
	Detected



	Den 1 H
	Hibernaculum
	NA
	Not Detected



	Den 2 A
	Hibernaculum
	35.68
	Detected



	Den 2 B
	Hibernaculum
	40
	Detected



	Den 3 A
	Hibernaculum
	34.87
	Detected



	Den 3 B
	Hibernaculum
	37.25
	Detected



	Den 3 C
	Hibernaculum
	NA
	Not Detected



	Den 3 D
	Hibernaculum
	35.55
	Detected



	Den 3 E
	Hibernaculum
	34.23
	Detected



	B—Follow-Up Study
	
	Mean CT
	



	Den 1
	Hibernaculum
	34.86
	Detected



	Den 4 A
	Hibernaculum
	27.14
	Detected



	Den 4 B
	Hibernaculum
	32.66
	Detected



	Den 5
	Hibernaculum
	NA
	Not Detected



	Den 6
	Hibernaculum
	NA
	Not Detected



	Den 7
	Hibernaculum
	35.549
	Detected



	Den 1
	Topsoil
	NA
	Not Detected



	Den 4
	Topsoil
	NA
	Not Detected



	Den 5+6
	Topsoil
	39.19
	Detected



	Den 7
	Topsoil
	NA
	Not Detected
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Effective Number of Species

(]

Effective Number of Species

60 -

404

20

20+

—_

—_
o
1

A.
°op
Cllg

A

Hibernaculum

Soil Type

Top'soil

5

A

A

T
Hibernaculum

Soil Type

Tor;soil

Observed Sequence Variants

o

Observed Sequence Variants

150

90 4

60

50

Hibernaculum

Soil Type

Top;soil

A
o
A

o

A
o

A

L]
Hibernaculum

Soil Type

Top'soil

Oo Growth

A Growth
O No Growth

Oo Detected

O Detected
O Not Detected

Den
]

Q00000





nav.xhtml


  jof-07-00461


  
    		
      jof-07-00461
    


  




  





media/file0.png





media/file2.png
log Sample Oo Copy Number

Den 1 (Hibernaculum)

Den 1 (Top) X

Den 4 (Hibernaculum A)

Den 4 (Top) X

T ........

Den 4 (Hibernaculum B)

Den 5 + 6 (Top) Xk

Den 5 (Hibernaculum) 3K

Den 7 (Top)

Den 6 (Hibernaculum)

Den 7 (Hibernaculum)

Sterility
& Non-sterile
o Sterile

Treatment
Heat—killed
— Live—spiked






media/file5.jpg





media/file6.png
NMDS2

0.0 0.5 1.0 1.5

=05

NMDS1

NMDS2

-1.0 —0.5 0.0 0.5 1.0 1.5

-15

2.0

Oo Growth

/\ Growth
O No Growth

Oo Detected





media/file3.jpg
ooem

00 Detected

OO

+eedn

HELT T

S e

T

[

[r—





media/file1.jpg
og Sarmsse Oo Copy Number

sssey zisuw rsswy szan

cizay






