

[image: image1]
Oral delivery of bovine tuberculosis vaccine to free-ranging white-tailed deer









 


	
	
ORIGINAL RESEARCH
published: 10 February 2025
doi: 10.3389/fvets.2025.1548627








[image: image2]

Oral delivery of bovine tuberculosis vaccine to free-ranging white-tailed deer

Kurt VerCauteren1*, Abigail Feuka1, Michael Lavelle1, Michael Glow1, Keely Kohen1, Patrick Ryan2, Tony Aderman2, Anthony Duffiney2, Mitchell Palmer3, Paola M. Boggiatto3, Carly Kanipe3, Hayden Hamby1, Emily Ruell1, Melinda Cosgrove4, Michael Vanderklok5, Nathan Snow1, Kim M. Pepin1 and Henry Campa III6


1United States Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, National Wildlife Research Center, Fort Collins, CO, United States

2United States Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, Gaylord, MI, United States

3United States Department of Agriculture, Agricultural Research Service, Ames, IA, United States

4Michigan Department of Natural Resources, Wildlife Division, Wildlife Health Section, Lansing, MI, United States

5Animal Industry Division, Michigan Department of Agriculture and Rural Development, Lansing, MI, United States

6Department of Fisheries and Wildlife, Michigan State University, East Lansing, MI, United States

Edited by
 Saúl Jiménez-Ruiz, University of Cordoba, Spain

Reviewed by
 Anita Luise Michel, University of Pretoria, South Africa
 Bryce Malcolm Buddle, AgResearch Ltd., New Zealand

*Correspondence
 Kurt VerCauteren, kurt.c.vercauteren@usda.gov 

Received 19 December 2024
 Accepted 28 January 2025
 Published 10 February 2025

Citation
 VerCauteren K, Feuka A, Lavelle M, Glow M, Kohen K, Ryan P, Aderman T, Duffiney A, Palmer M, Boggiatto PM, Kanipe C, Hamby H, Ruell E, Cosgrove M, Vanderklok M, Snow N, Pepin KM and Campa H (2025) Oral delivery of bovine tuberculosis vaccine to free-ranging white-tailed deer. Front. Vet. Sci. 12:1548627. doi: 10.3389/fvets.2025.1548627
 

Introduction: Free-ranging white-tailed deer (Odocoileus virginianus) are a self-sustaining reservoir for bovine tuberculosis (bTB) in northeastern lower Michigan, (United States) continually putting the area’s cattle industry at risk. Liberal recreational deer harvest, baiting bans, and mitigation measures on farms have reduced but not eliminated bTB in deer nor have they eliminated transmission to cattle. With apparent prevalence in deer being low (1–2%) but constant, vaccination could be an additional tool to aid in addressing the problem and merits investigation. Mycobacterium tuberculosis Bacillus Calmette-Guérin (BCG) vaccine is a widely used human vaccine for tuberculosis that has also been well studied in domestic livestock and wildlife. It is the primary vaccine candidate, and oral delivery is the logical means for delivering it to free-ranging deer, although this has never previously been attempted.

Materials and methods: Building off methods and strategies developed for vaccinating deer, we incorporated BCG vaccine into vaccine delivery units (DUs), consisting of a food-based matrix. We deployed DUs at sites in Michigan with a historically high prevalence of bTB. At each site, 100 DUs were placed systematically 2.5-m apart on 50-m x 10-m grids and monitored with still and video cameras. Consumption, still images, and video data were analyzed to assess uptake of vaccine DUs by deer.

Results and discussion: Vaccine DUs were deployed in 2024 at 11 agricultural sites on private land which had previously demonstrated moderate to high deer activity and at all but two sites >50% of distributed vaccine DU’s were consumed, with 100% consumed at two sites. Deer learned to seek out and consume vaccine DU’s in just 1 to 3 days, with individuals often eating more than the 1 or 2 needed to vaccinate themselves. This high level of consumption was in spite of an exceptionally warm and dry winter, where deer were less food stressed than usual.
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1 Introduction

Caused by Mycobacterium bovis, bovine tuberculosis (bTB) is an infectious disease (1) that is transmitted through direct physical contact and indirect contact via shared feed, water, and fomites (1, 2). bTB persists in numerous wildlife species including European badgers (Meles meles) in the United Kingdom (3), France (4), and the Republic of Ireland (5); brushtail possums (Trichosurus vulpecula) in New Zealand (6); African buffalo (Syncerus caffer) in Southern Africa (7); and wild boar (Sus scrofa), red deer (Cervus elaphus), and fallow deer (Dama dama) in Spain (8, 9). In the United States, free-ranging white-tailed deer (Odocoileus virginianus; hereafter referred to as ‘deer’) have been recognized as a reservoir of bTB in the northeastern portion of the lower peninsula of the state of Michigan for over 30 years (10, 11). The disease continually impacts and jeopardizes the health and economic viability of the state’s cattle industry, United States Department of Agriculture’s (USDA) bTB free accreditation status of the state, and the health of wildlife and humans alike. There have been at least seven people that likely contracted bTB from deer in Michigan, United States (12). Thus, persistent spillback transmission of bTB from deer to cattle is of great concern to the livestock industry, governing livestock and wildlife agencies, and the public.

Wildlife managers and local cattle producers have implemented several strategies in their efforts to reduce the incidence of bTB in deer and decrease risks to cattle (13, 14). Mitigation strategies directed at wildlife have included actions such as exclusionary fences (15), increased opportunity for recreational harvest of deer, restrictions on baiting and feeding of deer (16), and issuing disease control permits to landowners and USDA-Wildlife Services (USDA-WS) by the Michigan Department of Natural Resources (MDNR). Though impactful, the apparent prevalence of bTB in the area has remained between 1 and 2% for the last several years (17–19). The stalled reduction in apparent prevalence and continued transmission of bTB from deer to cattle necessitates the need for additional novel management strategies to be integrated with ongoing efforts to aid in combating bTB (14).

Vaccines are a widely used tool proven to safely and effectively protect lives in human and veterinary medicine. They play significant roles in maintaining animal health, enhancing food safety, and reducing the risk of zoonotic disease transmission to humans (20, 21). Vaccines licensed or approved for use in food-producing animals must undergo rigorous regulatory testing and are considered safe for human consumption after a prescribed slaughter withdrawal period due to the degradation of vaccine components in the animal’s body (22). While vaccines are most often administered through injections, oral immunization is required to effectively deliver vaccines to a large proportion of populations of free-ranging wildlife, because trap-vaccinate-release methods are inefficient at a landscape scale (23, 24). The employment of vaccines to combat diseases in wildlife reservoirs is becoming more prominent. The most notable example is the extensive use of oral rabies vaccine in North America and Europe, which has been employed to manage rabies in wildlife for over 40 years (25).

Specific to bTB in wildlife, efforts trialing oral vaccination have demonstrated success with European badgers in Ireland (26, 27), Eurasian wild boar (28) and red deer in Spain (29, 30), and Brushtail possums in New Zealand (31). Thus, a vaccine for bTB delivered to deer has potential to contribute to a decrease in deer-to-deer, deer-to-cattle and deer-to-human transmission of M. bovis and advance the eradication effort. M. bovis Bacille Calmette-Guérin Danish Strain 1,331 vaccine (hereafter, BCG) is a live attenuated bacteria used as a human vaccine for over 100 years (32) and has received much attention as the most widely researched vaccine candidate for use in wildlife reservoirs (33). Research has demonstrated that vaccination of captive deer with BCG reduces disease severity by decreasing gross lesions, thus suggesting potential for reducing transmission and minimizing endemic infection in wildlife (34, 35). Though this reduced severity of infection demonstrates an immune response and thus a level of protection, it does not mean BCG-vaccinated animals are 100% immune to M. bovis infection (34). Relative to food safety, there has been no evidence of BCG persistence in the meat or milk of vaccinated livestock (36, 37), thus the vaccine has a low risk of transmission through consumption of these products. Two additional features of the BCG vaccine are that overdosing of individual animals and non-target species consumption of vaccine are not a concern, as has been demonstrated in studies (33, 38–42) with deer and genera of non-target animals that have potential to consume BCG baits.

Previous successes in delivering food-based baits to deer have demonstrated potential for delivering pharmaceuticals to populations of deer, furthering the concept of oral delivery as a viable tool for vaccination (43–45). Food matrices that mimic seasonal food sources, such as residual agricultural crops, that are made available to deer in late winter to early spring when snow cover is diminished, and deer are food stressed is an effective strategy for reaching targeted deer (45, 46). With progress demonstrating that BCG may be a valuable tool to help eradicate bTB in deer and thus livestock in MI, and in the development of oral delivery strategies, the next step and goal of this current effort is to, for the first time, evaluate the ability to deliver BCG-laden vaccine delivery units (DUs) to free-ranging deer. Knowledge from this effort will highlight the practicality of this vaccination strategy and any challenges that need to be addressed before implementing a broad-scale vaccination program as part of the integrated management effort to combat bTB.



2 Materials and methods


2.1 Study location

Our study took place in southwestern Alpena County of northeastern lower Michigan, United States from mid-March through April 2024. The area is part of Deer Management Unit 452, where bTB is endemic in deer and the apparent prevalence is the highest (47). Results reported in Feuka et al. (45) informed where within this area we chose to work. Depending on methods used, deer densities ranged from about 10–12 deer/km2 (48) or 6–11 deer/km2 (18), though historically have been estimated to be up to 18 deer/km2 (24). The area is made up primarily of forested and agricultural lands. Conifer stands of northern white cedar (Thuja occidentalis) and balsam fir (Abies balsamea) occupy the lowlands and provide thermal cover to deer in winter, while uplands consist of aspen (Populus spp.), maple (Acer spp.) and other deciduous trees (49). Beef and dairy cattle are the primary livestock in the area and bTB has been found in over 80 herds in the last 30 years (50). The main crops produced are hay, soybeans, corn, and wheat. Annual average temperatures are 6.6° C and rain and snow totals average 72.5 cm and 175.0 cm, respectively (51–53). Elevation ranged from 150 to 390 m above sea level (52).



2.2 Delivery unit and alginate sphere design

The DU matrix recipe used was developed during previous studies (44–46) and further refined in preparation for this evaluation. We prepackaged 6 kg bags of cultured alfalfa (Chaffhaye, Pivotal Feeds, Dell City, TX, United States) and 4 kg bags of vital wheat gluten (Vital Wheat Gluten Flour, Bob’s Red Mill Natural Foods, Milwaukie, OR, United States) to facilitate the efficient production of batches of 100 DUs to be deployed within a day of being prepared. Prior to packaging, the cultured alfalfa was flash-frozen with liquid nitrogen and shredded in a leaf shredder (GUO056 120 V AC, Super Handy, Ontario, CA, United States) until stems were pulverized and finely ground. For each batch, one bag of alfalfa, one bag of gluten, 5 L tap water, and 500 mL of molasses (Black Ops Deer Anthem, Worthington, MN, United States) were combined in a large plastic tub and mixed thoroughly. To prepare each individual DU (placebo or containing vaccine), we began by placing about 15 kernels of whole corn (Zea mays) in the bottom of a 60-ml plastic cup (DART Disposable Portion Cup, Amazon.com) for visual appeal. We then compressed ~30 g of the bait matrix into the cup. If the batch of DUs was to contain spheres of vaccine, one sphere was then placed in the cup and gently covered with an additional ~10 g of the matrix, which was compressed around the edges to adhere to underlying matrix material (Figure 1). We then capped the cup with a plastic lid. We estimated the cost of each vaccine DU to be approximately $6.50, not including labor, with about 85% of the cost related to producing the BCG. If scaled up for operational deployment, production efficiencies would be easily achievable and costs per vaccine DU would be much lower.
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FIGURE 1
 Images of vaccine spheres (A), spheres being incorporated into the food matrix (B), and of deployment from video (C) and index (D) cameras during a 2024 vaccine deployment against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.


With seed stock provided by the National Animal Disease Center of the USDA/Agricultural Research Service (Ames, IA, United States), Colorado Serum Company (Denver, CO, United States) produced the liquid BCG (bulk vaccine) at a concentration of 1×109 organisms per ml which was kept frozen until just prior to use. While the vaccine was thawing, we prepared solutions of calcium lactate and alginic acid. We then diluted the vaccine into the calcium lactate solution to a concentration of 5×108 organisms per ml. Alginate spheres were made by pipetting the combined BCG and calcium lactate solution into a bath of alginic acid solution and leaving to react for 10 min, creating gel-like spheres that encapsulated a liquid 2-ml dose of BCG that were designed to burst upon mastication by a deer and bathe the oral cavity and posterior pharynx, including tonsils, while being ingested. Spheres were stored in water and refrigerated at 4°C until use (<10 days). Field use of this unlicensed vaccine was authorized by the USDA/Center for Veterinary Biologics and the Michigan Department of Agriculture and Rural Development.



2.3 Plot setup

We started monitoring 20 dormant agricultural fields that had been planted in hay, soybeans, corn, or wheat for deer presence in late February 2024. At likely spots along field edges, we dispersed ~3.8 kg of whole corn to entice deer to frequent the area and evaluate the potential of the area for vaccine deployment. We selected the first 11 field sites where we observed reliable use by deer to set up plots and deploy DUs. We established plots 2.5 m from field edges near vegetation types that could provide protective cover for deer. Each plot was 50-m long and 10-m wide, they consisted of five parallel transects 2.5-m apart and running the length of each study plot (Figure 2). Every 2.5-m along each transect, we placed a uniquely numbered, pink wooden marker (6-inch Multi-purpose Sticks, Amazon.com) to denote where to place DUs. To index levels of deer and non-target visitation at each study plot, we installed two “index cameras” (Figure 1; Reconyx, PC900, Holmen, WI, United States) 13.7-m from each end of the study plots. Index cameras were programmed to capture one time-lapse image every 5 min. To characterize contact and consumption of DUs, we installed two “video cameras” (Figure 1; Reconyx, Hyperfire 2 Professional, Holmen, WI, United States) within each study plot that focused on 6 DUs each. We set video cameras to record motion-activated video for 15 s with no quiet period between triggers. Positioning of video cameras within the length of plots was informed by deer sign (e.g., tracks, trails).

[image: Figure 2]

FIGURE 2
 Layout of the 50-m by 10-m, 100 delivery unit grids on agricultural fields next to forest edges during a 2024 vaccine deployment against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.




2.4 Delivery unit deployment and consumption

After setting up study plots, we deployed 100 placebo DUs (consisting of bait matrix only) spaced 2.5-m apart (at each marker) for one or two acclimation nights. The acclimation nights served two purposes: first, they accustomed deer to locating and consuming DUs; and second, they provided baseline data on the number of deer visiting study plots. The number of acclimation nights was influenced by deer presence and placebo DU consumption. In general, if <5 deer were detected in index images or < 25% of VDUs were consumed, we replaced consumed placebo DUs and collected data for an additional night. If consumption was greater than 25% we proceeded to deploy vaccine DUs for two nights. During the day before the first vaccine night, we collected any remaining placebo DUs and deployed 100 vaccine DUs that each contained a sphere of vaccine. The following day we recorded consumed vaccine DUs, did not replace those that were consumed, and left those that remained out for a second night. The next morning, we documented the number of additional missing vaccine DUs. At this time, the treatment for the plot was complete and the site was decommissioned.

Delivery unit consumption by deer was approximated in two ways, by direct visual assessment of presence or absence of DUs at each marker in a plot and by reviewing video footage of the subset of vaccine DUs in the field of view of video cameras. Visually, if a DU was completely absent upon a daily check it was considered to have been completely consumed by a deer or other animal. Delivery units were documented as partially consumed if they had been fed upon, but pieces of alfalfa matrix or alginate sphere were observed at the DU location. Only completely consumed DUs were included in our analyses. Intact DUs were recorded as present.

We used video camera footage to determine the percentage of absent vaccine DUs that were consumed by deer versus being consumed or otherwise removed by non-target vertebrate species and to estimate the probability of any individual animal consuming a vaccine DU given (a) that they appeared to notice it by vision or scent, and (b) that they touched it. For each of these events, we recorded the time, date, site, and species interacting with a vaccine DU.



2.5 Statistical analyses

For each plot we looked at images taken from both index cameras, from the time we left a site the day prior until we arrived back the next morning, to find the single image with the most deer in it. The number of deer in this image was used to estimate the absolute minimum number of deer that visited that site that night. We used this number, then, to approximate the maximum number of DUs consumed per deer by dividing the number of fully consumed DUs by the number of deer.

For each site, we tallied how many DUs were fully and partially consumed and summarized data across sites by calculating the mean, median, and standard deviation of consumption values for each trial night. We calculated the proportion of newly consumed DUs by dividing the number of fully consumed DUs by the total number of DUs available at each site each night.

With video data, we calculated the probability of deer consuming a vaccine DU given they noticed it and given they touched it by dividing the number consumed once noticed and once touched. We summarized across sites by calculating the mean, median, and standard error for each night VDUs were deployed.




3 Results


3.1 DU deployment and consumption

Across all sites and trial nights, a total of 779 placebo DUs and 875 vaccine DUs were fully consumed, 23 placebo and 125 vaccine DUs were partially consumed, and 497 placebo and 570 vaccine DUs remained where we had placed them. The proportion of DUs consumed by night and site are plotted in Figure 3. Across sites, the mean proportion of DUs consumed was 63.1% ([image: image]8.6%) on placebo night 1, 57.3% ([image: image]8.8%) on vaccine night 1, and 61.4% ([image: image]8.9%) on vaccine night 2. Only two sites had a second placebo night, and they had consumption rates of 31 and 54%. All sites but two had >50% total consumption of vaccine DUs across the two nights of vaccine deployment, and at two sites 100% of vaccine DUs were consumed (Figure 4).

[image: Figure 3]

FIGURE 3
 Proportion of newly and fully consumed vaccine delivery units per trial night. Points represent individual site values and boxplots represent summaries across sites. Only sites with data for the entire trial are represented. This was during a 2024 vaccine deployment against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.


[image: Figure 4]

FIGURE 4
 Number of vaccine delivery units consumed on each of the nights BCG vaccine was deployed by site. This was during a 2024 vaccine deployment against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.


Summaries from index camera images of minimum numbers of deer visiting sites and thus estimated maximum numbers of DUs consumed per deer are displayed in Figure 5. The number of individually identifiable deer observed at sites ranged from one to 13 per site, per night, and the maximum number of DUs consumed per deer was estimated to be from 1.7 to 45. Across sites, a mean of 10.7 ([image: image]1.8) DUs were fully consumed per deer on placebo night 1, 11.8 ([image: image]2.5) per deer on vaccine night 1, and 7.4 ([image: image]3.8) per deer on vaccine night 2. The two sites that had a second placebo night had nightly consumption of 6.2 and 27 DUs per deer on placebo night 2. All estimates were within one standard error of one another.

[image: Figure 5]

FIGURE 5
 (A) Number of vaccine delivery units consumed by white-tailed deer for each trial night and (B) the estimated number of deer used to calculate values in (A). Values in (B) represent the maximum number of deer observed in a single index camera image per trial night per site. Points represent individual site values and box plots depict the median (inner horizontal line), 25 and 75th percentiles (box borders), and 5 and 95th percentiles (vertical lines). Only sites with data for the entire trial are represented. This was during a 2024 vaccine deployment against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.


We obtained complete data sets from video cameras at seven of the 11 sites on vaccine nights. Of the 434 times we documented vertebrates noticing DUs, 84% of the time (n = 365) it was by deer, 11% of the time (n = 49) by raccoons (Procyon lotor), 3% (n = 13) by wild turkeys (Meleagris gallopavo), and 2% by Virginia opossum (Didelphis virginiana), striped skunk (Mephitis mephitis), and gray squirrels (Sciurus carolinensis) combined. From the video we observed deer consuming 145 entire vaccine DUs, but just one non-target, a raccoon, was witnessed to consume an entire DU. There were 23 instances where we documented non-targets consuming kernels of corn off DUs (17 raccoons, 4 wild turkeys, and 2 squirrels).

The probability of a deer consuming a vaccine DU that they noticed was 0.11 ([image: image]0.04) on vaccine night 1 and 0.19 ([image: image]0.06) on vaccine night 2. The probability of consumption was higher if they noticed and then touched a DU, 0.21 ([image: image]0.10) on vaccine night 1 and 0.45 ([image: image]0.14) on vaccine night 2. The differences between nights differed by at least one standard error for each type of encounter. Anecdotally, each night of a trial, deer became more familiar with DUs and recognized them as a quality food, appearing to search them out and consume them later in a trial.




4 Discussion

This effort is the culmination of two long-term, multi-faceted research thrusts; one developing the vaccine in controlled laboratory and pen settings and one developing the attractive, food-based matrix and strategy for concealing the vaccine and placing it optimally on the landscape for wild deer. Foundational vaccine studies include those by Palmer et al. (33, 41, 45, 54, 55) and Nol et al. (56). Another study has demonstrated success protecting penned deer with BCG encapsulated in alginate spheres (Bioggiatto et al., unpublished data) and work to further assess viability of spheres encased in our DU food matrix is planned. These controlled studies provided the necessary background to support evaluating the practicality of oral vaccination of wild deer with BCG. Foundational delivery studies include Palmer et al. (43) who tested an early molasses-based bait while Fischer et al. (44), Dressel (45), and Dressel et al. (46) developed and evaluated strategies for large-scale vaccine delivery in natural field settings. These efforts greatly informed the successful delivery and uptake of vaccine-laden DUs in this study.

We previously reported that 66% of deer in a similarly designed precursor study, with very similar numbers of deer visits per night, consumed DUs containing a biomarker (46). Thus, we expected about the same percentage of deer would consume vaccine DUs during the current study. As minimum numbers of deer visiting sites per night revealed averages of 11.8 and 7.4 DUs were consumed per individual deer on vaccine nights 1 and 2, respectively, many vaccine DUs were wasted due to over consumption because a deer only needs to consume 1 or 2 to be vaccinated. Therefore, going forward, strategies to disperse DUs such that fewer are consumed per individual and thus available to a larger proportion of the deer population within an area need to be developed. For example, as long as consumption is satisfactory relative to the number of deer estimated to be using the area on placebo nights and vaccine night 1, it may not be necessary to deploy vaccine in the same place for a second night. Thus, more DUs would be available to be delivered to different nearby deer thereby increasing the proportion of the local population that consumes vaccine and becomes protected from bTB. The importance of this was demonstrated in Pandey et al. (57), where they found that vaccinating 50% of the deer could lead to an 86% probability of eradicating bTB from the area over a 30-year period, as was similar to findings reported in Ramsey et al. (13). Thus, it will be important to maximize the proportion of deer in the population that consume vaccine DUs to increase the probability of elimination of the disease and reduce the timeline to eradication. Relatedly, there is evidence from pen studies of vaccinated deer shedding BCG to non-vaccinated deer (58–60) which in the wild could lead to a larger proportion of deer in the area where vaccine was deployed becoming protected.

We demonstrated high levels of oral uptake of BCG vaccine DUs by free-ranging deer (Figures 4, 5). Despite abnormally warm and dry winter conditions during this study, it is encouraging that deer visitation and DU consumption was similar to a previous study conducted with rhodamine B biomarker instead of BCG in 2016 (46), during which winter conditions were more typical. Relative to the previous 20 years, daily temperatures were above the normal range most days and accumulated snowfall was ~70% lower than the previous low (2006–2007) (61, 62) These realities provide confidence that our methods could be successfully used in operational management even under relatively warm or dry conditions in late-winter-early spring. Another reason we targeted late winter to offer DUs to deer, besides that deer are most nutritionally stressed at this time of year in northern climates (63), is that many non-target wildlife species that may also be attracted to DUs are least active during this period, only foraging occasionally to conserve energy (64–66). Accordingly, though non-targets may have been more active during our study than during most winters, we still documented little visitation or uptake of DUs by non-targets.

The use of BCG, a live vaccine, merits additional discussion. Though it can be used to vaccinate cattle against bTB, it is not licensed or used in the United States and other countries because it makes it impossible to distinguish between vaccinated animals and those that actually have bTB using current diagnostics (29, 33, 67, 68). The same potential for false positives holds true for deer, which are routinely tested by the MDNR to assess bTB prevalence rates. For this reason, in future research we plan to incorporate a biomarker into our vaccine DUs, thus allowing managers to differentiate between vaccinated and diseased animals while also providing data on the percentage of the deer population that has been vaccinated. Depending on the biomarker, results may then be available to hunters to aid in their personal decision-making regarding consumption. Studies to date in vaccinated deer and wild boar have shown that BCG rarely persists in any tissues longer than 6–9 months post-vaccination. In these studies, BCG has been only detected in lymphoid tissue and intestinal organs, never muscle (33, 41, 55, 56, 69, 70).



5 Conclusion

For over 30 years bovine tuberculosis has been known to persist in deer and has spilled back into cattle in Michigan, (United States) (10) which results in social and economic consequences for a variety of stakeholders. Thus, additional means are needed to address the issue. At present, integrated management efforts to control the disease include maintaining restrictions on recreational baiting of deer, encouraging very liberal recreational harvest of deer, broad usage of deer control permits by landowners and agencies, fencing of stored feed and other cattle resources, and other husbandry strategies. The methods employed in this study were effective and scalable for enticing deer to consume DUs. Therefore, vaccination of deer could be considered and implemented into management as an additional measure to potentially reduce transmission of bTB to cattle and among deer to effectively reduce bTB prevalence in the area. Additionally, ongoing efforts are exploring potential applications of oral vaccines for immunizing numerous wildlife species against diseases such as plague, Lyme disease, brucellosis, chronic wasting disease, and pseudorabies (71–76) and we hope they benefit from the advancements we describe here.
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