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Introduction: Free-ranging white-tailed deer (Odocoileus virginianus) in 
northeastern lower Michigan, (United States) are a self-sustaining reservoir for 
bovine tuberculosis (bTB). Farm mitigation practices, baiting bans, and antlerless 
deer harvests have been ineffective in eliminating bTB in white-tailed deer and 
risks to cattle. The apparent prevalence has remained relatively constant in deer, 
prompting interest among wildlife researchers, managers, and veterinarians for 
an effective means of vaccinating deer against bTB. The commonly used human 
vaccine for bTB, Bacillus Calmette Guerin (BCG), is the primary candidate with 
oral delivery being the logical means for vaccinating deer.

Materials and methods: We developed vaccine delivery units and incorporated 
the biomarker Rhodamine B before delivering them to deer to assess the level 
of coverage achievable. Following deployment of Rhodamine B-laden vaccine 
delivery units on 17 agricultural study sites in Alpena County, MI in Mar/Apr 2016, 
we sampled deer to detect evidence of Rhodamine B consumption.

Results and discussion: We collected a total of 116 deer and sampled them for 
vibrissae/rumen marking and found 66.3% (n  =  77) of the deer collected exhibited 
evidence of vaccine delivery unit consumption. Understanding the level of 
coverage we achieved with oral delivery of a biomarker in vaccine delivery units 
to deer enables natural resource professionals to forecast expectations of a next 
step toward further minimizing bTB in deer.
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1 Introduction

Bovine tuberculosis (bTB) is an infectious disease caused by Mycobacterium bovis (1) and 
is maintained in several wildlife reservoirs including European badgers (Meles meles) in the 
United  Kingdom (2), France (3), and in the Republic of Ireland (4); brushtail possums 
(Trichosurus vulpecula) in New Zealand (5), cape buffalo (Syncerus caffer) in Africa (6); and 
wild boar (Sus scrofa), red deer (Cervus elaphus), and fallow deer (Dama dama) in Spain (7, 
8). In the United  States, the wildlife reservoir of bTB is free-ranging white-tailed deer 
(Odocoileus virginianus) (hereafter referred to as ‘deer’) of northeastern lower Michigan 
(NELM), United States (9). Transmission of bTB between deer and cattle in NELM is a 
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primary concern for wildlife managers, the livestock industry, and the 
public. Transmission can occur through direct cattle-to-deer contact 
and indirect contact through shared feed and water (10, 11).

Wildlife managers implemented several methods in attempts to 
decrease the incidence of bTB in deer and decrease potential risks to 
cattle. Mitigation methods directed at wildlife have included actions 
such as exclusionary fences (12), increased antlerless harvest, 
restrictions on baiting (13), and issuing disease control permits to 
landowners and United States Department of Agriculture-Wildlife 
Services (USDA-WS) by Michigan Department of Natural Resources 
(MDNR) to decrease the incidence of bTB and potential for 
transmission (14, 15). These strategies have had limited success in 
reducing the apparent prevalence of bTB thus far. The MDNR 
established Deer Management Unit 452 (DMU 452) and more recently 
the expanded DMU 487 to encompass the core area of bTB infection 
in deer and focus disease management activity. Over the past 15 years 
the apparent prevalence of bTB in DMU 452 has stalled with minimal 
fluctuation between 1 and 2% (16, 17). The continued transmission of 
bTB from deer to cattle and the stalled apparent prevalence has given 
precedent for seeking novel management strategies to combat bTB.

Oral vaccination of wildlife may be a viable strategy for disease 
management and is becoming more common for protecting wildlife, 
livestock, and people against disease transmission. For example, the 
Oral Rabies Vaccination program targeting raccoons (Procyon lotor) 
distributes nearly 10 million vaccine-laden baits across 18 primarily 
eastern states of United States annually and has been successful at 
preventing the spread of rabies (18, 19). Ongoing oral vaccination 
programs for reservoir hosts of bTB are demonstrating success in 
reducing incidence of bTB or severity of infection in the European 
badger in Ireland (20, 21) and the Eurasian wild boar in Spain (22). By 
combining depopulation efforts with oral vaccination, bTB incidence 
was significantly reduced in Brushtail possums in New Zealand (23). 
Experimental oral vaccination of red deer is proving effective and 
vaccine deployment strategies are being refined in Spain (24, 25).

Researchers have shown the bacillus Calmette-Guerin (BCG) 
vaccine reduces bTB disease severity in penned white-tailed deer which 
likely equates to decreased potential to transmit disease (26, 27). Deer 
that were orally vaccinated with BCG then intratonsilarly challenged with 
virulent M. bovis had reduced gross lesions and a BCG persistence of up 
to 12 months in lymphoid tissues (26, 27). Additionally, there is some 
evidence that deer can transmit BCG to unvaccinated deer (28, 29). The 
efficacy of BCG to be administered orally at scale to deer in NELM 
provides the capacity to make vaccination against bTB a reality. Although 
capture and vaccination of deer via injection has been deemed an option, 
it is labor intensive and costly (30).

Given the availability of a vaccine to inoculate deer against bTB, 
one primary obstacle for successful oral vaccination was the 
formulation and field delivery method of a species-specific vaccine 
delivery unit (VDU) that could be distributed and readily consumed 
by deer. Oral delivery may be  the most cost-effective and feasible 
method to maximize delivery of a vaccine to a deer population (26). 
Before a bTB vaccination system can be initiated in free-ranging deer 
in NELM, understanding the potential coverage of delivery to deer 
must be investigated.

Rhodamine B (RB) has been used as an effective biomarker for 
several oral vaccination studies due to (1): the utility of RB as a 
systemic marker in whiskers and claws (2), the rapid absorption of RB 
into keratinous tissues (3), the ease of detection of fluorescent bands 

on whiskers using a fluorescence microscope, and (4) it is 
commercially available and relatively inexpensive (31). Rhodamine B 
has proven effective in bait uptake studies of European badgers (32), 
black-tailed prairie dogs (Cynomys ludovicianus) (33), raccoons (34), 
mountain beavers (Aplodontia rufa) (35), stoats (Mustela ermine) (36) 
and wild pigs (Sus scrofa) (37).

With current deer harvest rates and the baiting ban in NELM, 
eradication of bTB is predicted unlikely in the next 30 years. Even with 
a 100% compliance rate of the baiting ban there is only an 8% chance 
of reducing the incidence of bTB without implementation of 
additional strategies (14). However, models have demonstrated a 
vaccine coverage of 50% in the deer of DMU 452 could achieve an 
86% probability of bTB eradication within 30 years (14). Thus, if 
further reduction or eradication of bTB in NELM is truly desired, 
additional management strategies must be explored and implemented. 
By distributing biomarker-laden VDUs to free-ranging deer in NELM 
it was possible to investigate the potential coverage of vaccination to 
combat bTB. The primary objective of our evaluation was to quantify 
the potential coverage of delivering pharmaceuticals orally to free-
ranging deer by quantifying uptake of RB in customized VDUs.

2 Materials and methods

2.1 Study location

We implemented our RB-VDU trial from 7 February 2016 to 26 
May 2016  in Alpena County of northeastern lower Michigan, 
United States Alpena County (439,000 ha) is the northeast county of 
DMU 452 (147,629 ha), the endemic bTB area with the highest 
apparent prevalence of bTB in Michigan deer (38). To date, bTB has 
been identified in 82 cattle herds in the area (39). At the time of the 
study, there were 189 cattle farms in Alpena County with a total of 
8,838 head of cattle (40). One-hundred and eleven (58.7%) of these 
farms were primarily beef cattle operations and another 37 farms 
(19.6%) contained mostly dairy cows. Average farm size in Alpena 
County, United  States was 61.1 ha with a total of 458 farms (40). 
Primary crops produced in Alpena County were hay and grass silage 
(8,030 ha), soybeans (2,258 ha), corn (2,146 ha) and wheat (1,152 ha) 
(40). We distributed VDUs on 25 agriculture fields consisting of crops 
including corn, wheat, alfalfa, or soybeans.

Alpena County consisted of forested land and agriculture lands 
with deer densities ranging from 10–14 deer/km2 (41). Historically, 
deer density in this area has been as high as 18 deer/km2 (42). Average 
annual temperature in the area was 6.6° C with annual rain and 
snowfall of 72.5 cm and 175.0 cm, respectively Huey. Elevation ranged 
from 150-390–m above sea level (43). Well-drained, sandy loam soils 
comprised much of the landscape and supported a variety of 
deciduous trees such as aspen (Populus spp.) and maple (Acer spp.) 
(44). Lowland conifer stands comprised of conifers such as northern 
white cedar (Thuja occidentalis) and balsam fir (Abies balsamea) were 
an important resource providing deer with thermal cover during 
winter (44).

Approximately 58% of the deer in this region of Michigan are 
migratory; most migratory deer (>80%) typically leave winter ranges 
by 1 May (45). During spring migration, migratory deer typically 
move to heavily forested areas and away from open-agriculture lands; 
however, as many as 45% of deer may establish summer ranges near 
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agriculture areas (45). Non-migratory deer in this area tend to 
establish home ranges in agriculture areas of NELM. Alfalfa fields are 
an important food resource for deer during the spring, contributing 
to significant crop loss within 90 m of field edges (46).

2.2 Vaccine delivery unit development

Based on previous work in developing VDUs for deer, 
we  determined that an alfalfa and molasses-based matrix would 
maximize our potential for targeted delivery to deer, while minimizing 
consumption by non-target species (47). We combined the alfalfa and 
molasses-based livestock feed (Chaffhaye® Dell City, TX, 
United States) with Xanthan gum and water in a ribbon mixer to 
produce a coarse material that could be  easily molded. We  hand 
molded each VDU into 17–20-g “bite size” portions to adequately 
encase the RB-containing capsule while minimizing the potential for 
spillage which could encourage visitation by nontargets. Using a 
manual capsule filling machine (CN-100CL, CapsulCN International 
CO. LTD, Ruian, Zhejiang, China), we inserted 475 mg of RB (7 mg/
kg dose for 67.8 kg deer) into 00 size gel capsules (1.17 cm x 2.02 cm), 
kept in sealed bags at room temperature until needed. This quantity 
of RB would provide sufficient marking in white-tailed deer, minimize 
any taste aversion, and was the highest quantity of RB that would 
physically fit into 00 size capsules. Once in the field, we inserted a 
single RB capsule into each VDU as we deployed them on agriculture 
fields. Ingestion of RB-laden VDU by deer causes two staining events 
(1); the oral (mouth, tongue) and internal cavity (rumen, intestine, 
and digestive tract) of deer are stained fluorescent pink for 24–36 h 
after consumption and (2) a fluorescent band appears on deer vibrissae 
and remains for at least 5 weeks post-consumption (48). The presence 
of oral, internal, or vibrissae staining allowed us to calculate the 
percentage of deer that consumed at least one VDU. We recorded total 
time (min) and cost ($ United States; adjusted to 2023 $) to construct 
VDUs for the entire process.

2.3 Vaccine delivery unit distribution and 
consumption

We distributed VDUs on 30 agriculture fields on 17 privately 
owned properties from 6 March 2016 to 26 May 2016. Specific VDU 
sites were selected using data from road surveys conducted in 2014 
by USDA-Wildlife Services during which concentrations of deer 
were recorded (P. Ryan, Wildlife Biologist, USDA APHIS WS, 
personal communication). Specific agriculture fields were chosen 
based on (1), the type of crop grown during the previous year, and 
(2) anticipated deer activity from conversations with landowners 
and proximity to vegetation types that would provide deer habitat 
components. Before VDUs were distributed, all fields considered 
were monitored with trail cameras (Reconyx, RC60, Holmen, WI, 
United  States) for thawing of snow cover and deer use and 
abundance from 7 February 2016–6 March 2016. A thawing event 
was defined as patches of soil and residual crops being exposed in 
otherwise snow-covered fields resulting from an increase in 
temperature and exposure to sun. We deployed VDUs when the first 
thawing event was observed on our VDU grids which coincided 
with increased deer use.

We established VDU grids on agricultural fields previously 
planted to wheat, soybean, alfalfa, or corn, which retained residual 
crop left after harvest. We  determined previously that selecting 
lowland conifer stands maximized potential for visitation by multiple 
deer at this time of year (47), thus situated grids adjacent to lowland 
conifer stands when possible. Each VDU grid consisted of 52.5-m x 
12.5-m plots with 100 VDUs spaced 2.5-m apart in grid format 
(Figure 1). We deployed VDUs for 4–9 consecutive nights with each 
night that VDUs were distributed being considered a VDU night and 
used for comparisons of visitation. During the first three VDU nights, 
we distributed VDUs that did not contain RB to accustom deer to visit 
grids and consume our VDUs. We checked grids once every 24 h and 
recorded all VDUs that were missing, assumed eaten and replaced. 
We recorded the number of VDUs deployed and consumed, paying 
close attention to whether RB capsules were consumed or left in the 
field (assumed detected and spit out).

2.4 White-tailed deer and non-target 
visitation

We installed three trail cameras focused on VDU grids from 
adjacent field edges and captured motion-activated and time-lapse 
imagery (1 image every 15 min). Images with the highest number of 
deer and non-target species in a single frame during a 24-h period 
were used to determine minimum number of individuals visiting 
VDU grids (Figure  2). Grid visits were recorded for deer and all 
non-target species raccoons, skunks (Mephitis mephitis), squirrels 
(Sciurus spp.), turkeys (Meleagris gallopavo), and eastern cottontail 
rabbits (Sylvilagus floridanus). We  compared visitation using trail 
camera data and the percent of VDU grid nights visited by deer and 
non-target species.

2.5 Biomarker analysis

As early as the last night of VDU distribution, USDA-Wildlife 
Services began lethally sampling deer on each Rb VDU grid under the 
direction of MDNR Disease Control Permits. We targeted selection of 
10 individual deer per site, but the final number of deer collected was 
dependent on landowner discretion and success rate. Deer collections 
were continued each night until our target number of deer was met, 
or opportunities no longer existed. All deer sampled were first 
necropsied and visually examined for internal staining of their 
digestive tract (primarily oral cavity and rumen), confirming RB 
uptake. Additionally, we collected six maxillary vibrissae (three tactile 
hairs or “whiskers” from each side of the mouth) from each deer using 
tweezers and immediately placed into a #7-coin envelope to 
be  evaluated later for detection of fluorescent markings under 
ultraviolet light (49, 50).

We conducted vibrissae analyses at the USDA/APHIS/Wildlife 
Services – National Wildlife Research Center (NWRC, Fort Collins, 
CO, U.S.A.). Vibrissae were mounted on a 75 mm x 25 mm 
microscope slide (three vibrissae on each slide) using a 
fluoromount™ aqueous mounting medium. We used a fluorescent 
microscope (TRITC, Leica, Germany) with a 100 W mercury bulb 
and RB filter block to identify fluorescent bands on each vibrissae 
indicating consumption of an RB-laden VDU (Figure 3). All VDU 
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development, deployment, and data collection were reviewed and 
approved by the Michigan State University Animal Care and Use 
Committee (AUF # 05/15–084-00; 29 April 2015; Amended 4 
January 2016).

2.6 Statistical analysis

We examined whether the probability of being marked with 
RB was influenced by sex of deer using a binomial generalized 

FIGURE 1

Layout of the 50-m by 20-m, 100-vaccine delivery unit grids placed on agriculture fields next to forest edges in 2016 simulated vaccine deployment 
against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.

FIGURE 2

Natural congregation of white-tailed deer (Odocoileus virginianus) on a thawed patch of an agricultural field during 2016 simulated vaccine 
deployment against bovine tuberculosis in white-tailed deer in northeastern lower Michigan, United States.
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linear model with the lme4 package (51) in Program R (v 4.2.0, 
The R Foundation for Statistical Computing). We considered site 
ID as a random effect to account for site-site variation. 
We  evaluated the parameter estimates and 95% confidence 
intervals (CIs) of those estimates for non-overlap of zero to 
indicate statistical and biological differences. We also calculated 
the model predicted values for the response variables and their 
95% CIs for making inferences. We presented the average number 
of each wildlife species visiting VDU grids and examined for 
non-overlap of standard errors, suggesting statistical difference in 
overall visitation.

3 Results

3.1 Vaccine delivery unit distribution and 
consumption

We distributed a total of 7,080 VDUs to free-ranging deer in 
NELM across 30 VDU grids on 17 sites during the 2016 field season. 
Overall, 3,279 non-RB VDUs were distributed and 1,878 (57.2%) were 
consumed. A total of 3,801 VDUs containing RB were distributed of 
which 2,101 (55.3%) were consumed. However, deer rejected 34.64% 
of the RB capsules; evidenced by the consumption of the VDU and 
not the RB capsule.

3.2 White-tailed deer and non-target 
visitation

With 113 VDU nights recorded from 6 March to 28 April, 
we calculated a minimum average of 11.03 (SE = 0.78) deer visiting 
sites per 24-h (Figure 4), though the highest number of deer per 24-h 

photographed on a single site was 45 deer on 5 April 2016. Turkeys 
and raccoons were the second and third most prevalent species 
visiting sites though averaged only 0.55 (SE = 0.26) and 0.30 (SE = 0.05) 
per night, respectively. Documented visitation by turkeys was limited 
to 30% (5 of 17) of sites with 87% (54 of 62) observed on one site with 
a flock of as many as 22 birds. Visitation by raccoons was more 
widespread across 76% (13 of 17) of sites, though were lower in 
number with a maximum of 5 observations on three sites. Skunks, 
squirrels, and rabbits were observed, though very rarely, on 
VDU grids.

3.3 Biomarker analysis

Overall, we sampled 116 deer from 17 sites. The number of deer 
sampled per site ranged from 1 to 13. We observed that 77 (66.3%) of 
the deer sampled were marked with RB (range = 0–100%). Of the 77 
deer marked, 6 were identified RB positive by internal staining and 71 
were identified RB positive by vibrissae marking. Although when 
excluding sites with ≤3 deer sampled, the percent marked ranged 
from 20–100%. We found there was no difference in the probability of 
being marked between males and females (β = 0.02, 95% CI = −0.80–
0.87). Model predictions indicated that males had a 0.66 probability 
(95% CI = 0.50–0.80), and females had a 0.66 (95% CI = 0.55–0.76) 
probability of being marked.

3.4 Vaccine delivery unit development and 
cost

The total time to produce 800 VDUs (average VDUs produced 
from a single 22.68 kg bag of dry product) with RB was 200 min. Time 
estimates included encapsulating RB, mixing ingredients, and forming 

FIGURE 3

Indications of consumption (A-negative; B,C-positive) of Rhodamine b in whiskers sampled from white-tailed deer (Odocoileus virginianus) during 
2016 simulated vaccine deployment against bovine tuberculosis in white-tailed deer in northeastern lower Michigan, United States.
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VDUs by hand. Based on average consumption across sites, the overall 
cost of producing and deploying VDUs was $654/site.

4 Discussion

We demonstrated that it was possible to deliver pharmaceuticals 
to the majority of free-ranging white-tailed deer visiting our selected 
agricultural fields in late winter/early spring in NELM. Specifically, 
we found the alfalfa/molasses VDUs we developed were sufficiently 
palatable to be  sought out and readily consumed by deer. Our 
distribution strategy utilizing single VDUs dispersed across an 
elongated rectangular grid design facilitated delivery to individuals 
within groups of deer while minimizing nose-to-nose contact and 
associated potential for disease transmission. By locating our grids in 
agricultural fields and adjacent to lowland conifer stands, deer 
appeared to encounter them during daily movements typical of late-
winter and early spring. Using RB, we  successfully confirmed 
consumption of ≥1 RB-laden VDUs in 66.3% of the 116 deer sampled. 
This is 16.3% above the 50% vaccination rate in simulation models 
needed to achieve an 86% probability of eradication of bTB in 30 years 
if used in conjunction with other ongoing management strategies (14).

By timing the initiation of our VDU deployment during initial 
thawing events and winter break-up (6 March 2016), we benefitted 
from seasonal concentrations of deer. Deer in Michigan demonstrate 
high site fidelity to yarding areas associated with lowland conifer 
stands (52, 53) and as environmental conditions permit, (i.e., 

decrease in snow cover and depth) deer leave their associated 
yarding areas to search for spring foods (53). As such, an increase in 
deer abundance on agriculture fields occurs during this time in 
NELM and may be a condition of the proximity of agriculture lands 
to lowland conifer stands (45). Deer metabolism also begins to 
increase with the initiation of spring (March and April) (54), 
resulting in dispersal to feed on agriculture waste grain and 
alternative agricultural foods that provide needed nutritional 
components. By deploying VDUs early in the winter break-up 
period (March and April), as opposed to May and June, we observed 
relatively more deer on our VDU grids compared to a 2015 trial (47). 
Later, deer disperse, targeting newly sprouting vegetation, especially 
in aspen/birch stands and upland mixed forest stands to meet their 
spring and summer life requisites (44, 55). These seasonal dispersals 
may suggest the appropriate time to cease targeted oral vaccinations, 
as fewer deer will encounter VDU grids, and food preferences and 
demands will likely have changed.

The timing of our simulated vaccination also benefitted from 
seasonally reduced activity and visitation by most non-target species 
except for occasional turkeys (47). Consumption of VDUs intended 
for deer has the potential to hinder the delivery of VDUs to all visiting 
deer, though complete consumption in a single night was never an 
issue. Ongoing monitoring with cameras throughout the deployment 
process could inform the number of VDUs needed to maximize 
coverage of deer visiting. Additionally, delivery of vaccine-laden 
VDUs over multiple nights, with monitoring between nights would 
alert VDU deployment crews to situations in which all VDUs were 

FIGURE 4

Mean count (with 95% CIs) of white-tailed deer (Odocoileus virginianus) and non-target species visiting simulated vaccination sites and potentially 
consuming vaccination delivery units during 2016 evaluation of oral vaccine deployment against bovine tuberculosis in white-tailed deer in 
northeastern lower Michigan, United States.
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consumed, suggesting an insufficient number of VDUs and need to 
increase numbers being delivered.

Wildlife managers must take into consideration the efficacy of the 
methods and the cost associated with an oral vaccination of deer in 
NELM. The alfalfa/molasses VDU we  developed and used was 
relatively inexpensive to produce. With an average cost to produce and 
deploy alfalfa/molasses VDUs (without vaccine) of $654 per site (for 
6 days), the use of this oral vaccination strategy on the entirety of 
DMU 452 is a real possibility. The cost of expanding this oral 
vaccination across DMU 452 (1,476 km2) would need to take into 
consideration the number of VDUs to distribute, the cost of the BCG 
vaccine, the spatial scale at which distribution would occur and the 
cost of specialized training needed to handle the BCG vaccine. The 
cost of an oral vaccination across DMU 452 would likely 
be  substantially lower than the estimated cost for other proposed 
management strategies of vaccine delivery (i.e., trap/vaccinate 
methods, $1.5 million annually) (30). We  are aware that the cost 
estimate may increase when BCG is added to the VDUs but may still 
be cost effective at 0.36 to 0.67 cents/dose (42) (M. Palmer, Veterinary 
Medical Officer, USDA ARS National Animal Disease Center).

The relatively low cost of production, relatively high consumption 
rates by deer, and minimal non-target visitation makes the alfalfa/
molasses VDU a suitable candidate to deliver the BCG vaccine to free-
ranging deer adjacent to lowland conifer, then shifting to aspen/birch 
stands during winter break-up in NELM. With the use of a biomarker 
(RB) we demonstrated that by targeting deer on agriculture fields 
during winter break-up, it may be possible to vaccinate the targeted 
≥50% of deer on the landscape. It is also possible for wildlife managers 
and others to expedite the development of VDUs and the deployment 
strategy. By mixing larger quantities of ingredients and with aid of 
off-road vehicles and mechanical feeders, managers may be able to 
decrease the time needed to distribute VDUs. Further research should 
evaluate the efficacy of BCG vaccine insertion into these VDUs and 
the viability of distributing BCG to deer of NELM. Developing this 
vaccination strategy has shown it may be a cost-effective strategy to 
vaccinate when compared to other labor-intensive strategies i.e., trap 
and vaccinate (30); and could be a significant contribution to ongoing 
wildlife disease mitigation strategies implemented in the area.

5 Conclusion

The development of our alfalfa/molasses VDU and associated 
delivery strategy may be the most scalable and effective method for 
vaccinating deer in NELM against bTB. Initiating an oral vaccination 
program during winter break-up would help maximize the number of 
deer that encounter and consume VDUs. Further, initial vaccination 
efforts should target using agriculture fields adjacent to lowland 
conifer stands at the end of winter-early spring (March). If efforts 
extend into late spring (May), a shift toward agriculture fields near 
aspen/birch stands would follow shifts in habitat use by deer. This 
continuous and adaptive strategy would allow the vaccination effort 
to target those deer with high site fidelity to lowland conifer stands 
and migratory deer moving to spring food resources in late spring. 
Bovine tuberculosis is a pervasive issue in NELM and the continued 
spillover into cattle poses great economic and social consequences for 
many stakeholders. The 66.3% coverage of free-ranging deer that 
we achieved exceeds the previously stated vaccination rate of 50% 

needed to maximize the probability of eradication of bTB in 30 years. 
Our proposed vaccination strategy could be  an additional 
management tool to combat bTB in NELM and further progress 
toward eradicating the disease.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Michigan State University 
Animal Care and Use Committee. The study was conducted in 
accordance with the local legislation and institutional requirements.

Author contributions

DD: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Writing – original draft, Writing – review 
& editing. KV: Conceptualization, Funding acquisition, Methodology, 
Project administration, Resources, Supervision, Writing – review & 
editing. ML: Conceptualization, Investigation, Methodology, Writing 
– review & editing. NS: Formal analysis, Writing – review & editing. 
HC: Conceptualization, Funding acquisition, Methodology, Project 
administration, Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. Funding 
was provided by USDA-Wildlife Services and Michigan 
State University.

Acknowledgments

We would like to thank S. Winterstein and J. Sikarskie for 
guidance and input. We  also thank USDA-Wildlife Services 
personnel, especially, P. Ryan, T. Aderman, G. Rigney, R. Schanck, 
A. Wilson, and D. Williams for helping establish relationships with 
landowners and the numerous nights sitting in blinds waiting for 
deer. We also acknowledge B. Mastenbrook, S. Schmitt, R. Mason, 
and S. Hiestand of the Michigan Department of Natural Resources-
Wildlife Division for their support, on and off the field, for this 
project. We thank G. Paytor and A. Bytof for helping complete the 
fieldwork throughout the study. Additionally, we  would like to 
extend a special thanks to all Alpena County landowners that 
participated in this project. Their kindness and cooperative spirit 
are directly responsible for the success of this study. The research 
was supported by the United States Department of Agriculture. The 
findings and conclusions in this publication are those of the authors 
and should not be construed to represent any official United States 
Government determination or policy. Mention of commercial 

https://doi.org/10.3389/fvets.2024.1354772
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Dressel et al. 10.3389/fvets.2024.1354772

Frontiers in Veterinary Science 08 frontiersin.org

products or companies does not represent an endorsement by the 
United States government.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
 1. Palmer M. Mycobacterium bovis: characteristics of wildlife reservoir hosts. 

Transbound Emerg Dis. (2013) 60:1–13. doi: 10.1111/tbed.12115

 2. Delahay RJ, Cheeseman CL, Clifton-Hadley RS. Wildlife disease reservoirs: the 
epidemiology of Mycobacterium bovis infection in the European badger (Meles 
meles) and other British mammals. Tuberculosis. (2001) 81:43–9. doi: 10.1054/
tube.2000.0266

 3. Payne A, Ruette S, Jacquier M, Richomme C, Lesellier S, Middleton S, et al. 
Estimation of bait uptake by badgers, using non-invasive methods, in the perspective of 
Oral vaccination against bovine tuberculosis in a French infected area. Front Vet Sci. 
(2022) 9:787932. doi: 10.3389/fvets.2022.787932

 4. Byrne A, Kenny K, Fogarty U, O’Keeffe J, More S, McGrath G, et al. Spatial and 
temporal analyses of metrics of tuberculosis infection in badgers (Meles meles) from the 
Republic of Ireland: trends in apparent prevalence. Prev Vet Med. (2015) 122:345–54. 
doi: 10.1016/j.prevetmed.2015.10.013

 5. Nugent G, Buddle B, Knowles G. Epidemiology and control of Mycobacterium bovis 
infection in brushtail possums (Trichosurus vulpecula), the primary wildlife host of 
bovine tuberculosis in New  Zealand. N Z Vet J. (2015) 63:28–41. doi: 
10.1080/00480169.2014.963791

 6. Wielgus E, Caron A, Bennitt E, De Garine-Wichatitsky M, Cain B, Fritz H, et al. 
Inter-group social behavior, contact patterns and risk for pathogen transmission in cape 
buffalo populations. J Wildl Manag. (2021) 85:1574–90. doi: 10.1002/jwmg.22116

 7. Naranjo V, Gortazar C, Vicente J, de la Fuente J. Evidence of the role of European 
wild boar as a reservoir of Mycobacterium tuberculosis complex. Vet Microbiol. (2008) 
127:1–9. doi: 10.1016/j.vetmic.2007.10.002

 8. Aranaz A, de Juan L, Montero N, Sanchez C, Galka M, Delso C, et al. Bovine 
tuberculosis (Mycobacterium bovis) in wildlife in Spain. J Clin Microbiol. (2004) 
42:2602–8. doi: 10.1128/JCM.42.6.2602-2608.2004

 9. O'Brien DJ, Schmitt SM, Fitzgerald SD, Berry DE, Hickling GJ. Managing the 
wildlife reservoir of Mycobacterium bovis: the Michigan, USA, experience. Vet Microbiol. 
(2006) 112:313–23. doi: 10.1016/j.vetmic.2005.11.014

 10. Palmer MV, Kanipe C, Lombard JE, Boggiatto PM. Bovine tuberculosis at the 
Interface of cattle, wildlife, and humans. Tuberculosis. (2023) 2023:829–46. doi: 
10.1007/978-3-031-15955-8_40

 11. Lavelle MJ, Kay SL, Pepin KM, Grear DA, Campa H, VerCauteren KC. Evaluating 
wildlife-cattle contact rates to improve the understanding of dynamics of bovine 
tuberculosis transmission in Michigan, USA. Prev Vet Med. (2016) 135:28–36. doi: 
10.1016/j.prevetmed.2016.10.009

 12. Lavelle MJ, Campa HI, LeDoux K, Ryan PJ, Fischer JW, Pepin KM, et al. Deer 
response to exclusion from stored cattle feed in Michigan, USA. Prev Vet Med. (2015) 
121:159–64. doi: 10.1016/j.prevetmed.2015.06.015

 13. Cosgrove MK, O'Brien DJ, Ramsey DS. Baiting and feeding revisited: modeling 
factors influencing transmission of tuberculosis among deer and to cattle. Front. Vet. Sci. 
(2018) 5:306. doi: 10.3389/fvets.2018.00306

 14. Ramsey DSL, O'Brien DJ, Cosgrove MK, Rudolph BA, Locher AB, Schmitt SM. 
Forecasting eradication of bovine tuberculosis in Michigan white-tailed deer. J Wildl 
Manag. (2014) 78:240–54. doi: 10.1002/jwmg.656

 15. VerCauteren KC, Lavelle MJ, Campa H 3rd. Persistent spillback of bovine 
tuberculosis from White-tailed deer to cattle in Michigan, USA: status, strategies, and 
needs. Front. Vet. Sci. (2018) 5:301. doi: 10.3389/fvets.2018.00301

 16. O’Brien DJ, Thacker TC, Salvador LC, Duffiney AG, Robbe-Austerman S, 
Camacho MS, et al. The devil you know and the devil you don’t: current status and 
challenges of bovine tuberculosis eradication in the United States. Ir Vet J. (2023) 76:16. 
doi: 10.1186/s13620-023-00247-8

 17. Okafor CC, Grooms DL, Bruning-Fann CS, Averill JJ, Kaneene JB. Descriptive 
epidemiology of bovine tuberculosis in Michigan (1975–2010): lessons learned. Vet. 
Med. Int. (2011) 2011:874924. doi: 10.4061/2011/874924

 18. Chipman RB, Gilbert AT, Slate D. Wildlife rabies Management in the new World: 
prevention, control and elimination in Mesocarnivores In: CE Rupprecht, editor. History 
of rabies in the Americas: From the pre-Columbian to the present, volume I: Insights to 

specific Cross-cutting aspects of the disease in the Americas. Berlin: Springer (2023). 
143–98.

 19. Slate D, Algeo TP, Nelson KM, Chipman RB, Donovan D, Blanton JD, et al. Oral 
rabies vaccination in North America: opportunities, complexities, and challenges. PLoS 
Negl Trop Dis. (2009) 3:e549. doi: 10.1371/journal.pntd.0000549

 20. Gormley E, Ní Bhuachalla D, Fitzsimons T, O'Keeffe J, McGrath G, Madden JM, 
et al. Protective immunity against tuberculosis in a free-living badger population 
vaccinated orally with Mycobacterium bovis Bacille Calmette–Guérin. Transbound 
Emerg Dis. (2022) 69:e10–9. doi: 10.1111/tbed.14254

 21. Gormley E, Corner LA. Pathogenesis of Mycobacterium bovis infection: the badger 
model as a paradigm for understanding tuberculosis in animals. Front. Vet. Sci. (2018) 
4:247. doi: 10.3389/fvets.2017.00247

 22. Díez-Delgado I, Sevilla IA, Romero B, Tanner E, Barasona JA, White AR, et al. 
Impact of piglet oral vaccination against tuberculosis in endemic free-ranging wild boar 
populations. Prev Vet Med. (2018) 155:11–20. doi: 10.1016/j.prevetmed.2018.04.002

 23. Nugent G, Yockney IJ, Whitford EJ, Cross ML, Aldwell FE, Buddle BM. Field trial 
of an aerially-distributed tuberculosis vaccine in a low-density wildlife population of 
brushtail possums (Trichosurus vulpecula). PLoS One. (2016) 11:e0167144. doi: 10.1371/
journal.pone.0167144

 24. Thomas J, Risalde MÁ, Serrano M, Sevilla I, Geijo M, Ortíz JA, et al. The response 
of red deer to oral administration of heat-inactivated Mycobacterium bovis and 
challenge with a field strain. Vet Microbiol. (2017) 208:195–202. doi: 10.1016/j.
vetmic.2017.08.007

 25. Martinez-Guijosa J, Casades-Marti L, González-Barrio D, Aranaz A, Fierro Y, 
Gortázar C, et al. Tuning oral-bait delivery strategies for red deer in Mediterranean 
ecosystems. Eur J Wildl Res. (2020) 66:51. doi: 10.1007/s10344-020- 
01389-8

 26. Palmer MV, Thacker TC. Use of the human vaccine, Mycobacterium bovis bacillus 
calmette guérin in deer. Front. Vet. Sci. (2018) 5:244. doi: 10.3389/fvets.2018.00244

 27. Palmer MV, Thacker TC, Waters WR, Robbe-Austerman S. Oral vaccination 
of white-tailed deer (Odocoileus virginianus) with Mycobacterium bovis Bacillus 
Calmette-Guerin (BCG). PLoS One. (2014) 9:e97031. doi: 10.1371/journal.
pone.0097031

 28. Nol P, Rhyan JC, Robbe-Austerman S, McCollum MP, Rigg TD, Saklou NT, 
et al. The potential for transmission of BCG from orally vaccinated white-tailed 
deer (Odocoileus virginianus) to cattle (Bos taurus) through a contaminated 
environment: experimental findings. PLoS One. (2013) 8:e60257. doi: 10.1371/
journal.pone.0060257

 29. Palmer MV, Thacker TC, Waters WR. Vaccination of white-tailed deer (Odocoileus 
virginianus) with Mycobacterium bovis bacillus Calmette Guerin. Vaccine. (2007) 
25:6589–97. doi: 10.1016/j.vaccine.2007.06.056

 30. Cosgrove MK, Campa H, Schmitt SM, Marks DR, Wilson AS, O'Brien DJ. Live-
trapping and bovine tuberculosis testing of free-ranging white-tailed deer for targeted 
removal. Wildl Res. (2012) 39:104. doi: 10.1071/WR11147

 31. Fisher P. Review of rhodamine B as a marker for wildlife studies. Wildl Soc Bull. 
(1999) 27:318–29.

 32. Southey A, Sleeman D, Gormley E. Sulfadimethoxine and rhodamine B as oral 
biomarkers for European badgers (Meles meles). J Wildl Dis. (2002) 38:378–84. doi: 
10.7589/0090-3558-38.2.378

 33. Fernandez JR-R, Rocke TE. Use of rhodamine B as a biomarker for oral plague 
vaccination of prairie dogs. J Wildl Dis. (2011) 47:765–8. doi: 10.7589/0090-3558- 
47.3.765

 34. Fry TL, Atwood T, Dunbar M. Evaluation of rhodamine B as a biomarker for 
raccoons. Human-wildlife. Interactions. (2010) 4:14. doi: 10.26077/t3rz-dh25

 35. Lindsey GD. Rhodamine B: a systemic fluorescent marker for studying mountain 
beavers (Aplodontia rufa) and other animals. Northwest Sci. (1983) 57:16–21.

 36. Spurr E. Rhodamine B as a systemic hair marker for assessment of bait acceptance 
by stoats (Mustela erminea). N Z J Zool. (2002) 29:187–94. doi: 10.1080/03014223. 
2002.9518302

https://doi.org/10.3389/fvets.2024.1354772
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1111/tbed.12115
https://doi.org/10.1054/tube.2000.0266
https://doi.org/10.1054/tube.2000.0266
https://doi.org/10.3389/fvets.2022.787932
https://doi.org/10.1016/j.prevetmed.2015.10.013
https://doi.org/10.1080/00480169.2014.963791
https://doi.org/10.1002/jwmg.22116
https://doi.org/10.1016/j.vetmic.2007.10.002
https://doi.org/10.1128/JCM.42.6.2602-2608.2004
https://doi.org/10.1016/j.vetmic.2005.11.014
https://doi.org/10.1007/978-3-031-15955-8_40
https://doi.org/10.1016/j.prevetmed.2016.10.009
https://doi.org/10.1016/j.prevetmed.2015.06.015
https://doi.org/10.3389/fvets.2018.00306
https://doi.org/10.1002/jwmg.656
https://doi.org/10.3389/fvets.2018.00301
https://doi.org/10.1186/s13620-023-00247-8
https://doi.org/10.4061/2011/874924
https://doi.org/10.1371/journal.pntd.0000549
https://doi.org/10.1111/tbed.14254
https://doi.org/10.3389/fvets.2017.00247
https://doi.org/10.1016/j.prevetmed.2018.04.002
https://doi.org/10.1371/journal.pone.0167144
https://doi.org/10.1371/journal.pone.0167144
https://doi.org/10.1016/j.vetmic.2017.08.007
https://doi.org/10.1016/j.vetmic.2017.08.007
https://doi.org/10.1007/s10344-020-01389-8
https://doi.org/10.1007/s10344-020-01389-8
https://doi.org/10.3389/fvets.2018.00244
https://doi.org/10.1371/journal.pone.0097031
https://doi.org/10.1371/journal.pone.0097031
https://doi.org/10.1371/journal.pone.0060257
https://doi.org/10.1371/journal.pone.0060257
https://doi.org/10.1016/j.vaccine.2007.06.056
https://doi.org/10.1071/WR11147
https://doi.org/10.7589/0090-3558-38.2.378
https://doi.org/10.7589/0090-3558-47.3.765
https://doi.org/10.7589/0090-3558-47.3.765
https://doi.org/10.26077/t3rz-dh25
https://doi.org/10.1080/03014223.2002.9518302
https://doi.org/10.1080/03014223.2002.9518302


Dressel et al. 10.3389/fvets.2024.1354772

Frontiers in Veterinary Science 09 frontiersin.org

 37. Webster SC, Cunningham FL, Kilgo JC, Vukovich M, Rhodes OE Jr, Beasley JC. 
Effective dose and persistence of rhodamine-B in wild pig vibrissae. Wildl Soc Bull. 
(2017) 41:764–9. doi: 10.1002/wsb.834

 38. Carstensen M, O'Brien DJ, Schmitt SM. Public acceptance as a determinant of 
management strategies for bovine tuberculosis in free-ranging U.S. wildlife. Vet 
Microbiol. (2011) 151:200–4. doi: 10.1016/j.vetmic.2011.02.046

 39. MDARD. Bovine tuberculosis eradication program quarterly update in: Development 
MDoAaR. (2023).

 40. Agriculture USDo. National Agricultural Statistics Service. (2002). Available at: http://
wwwnassusdagov/Data_and_Statistics/Quick_Stats/indexasp Accessed May 18, 2007).

 41. O'Brien DJ, Schmitt SM, Rudolph BA, Nugent G. Recent advances in the 
management of bovine tuberculosis in free-ranging wildlife. Vet Microbiol. (2011) 
151:23–33. doi: 10.1016/j.vetmic.2011.02.022

 42. Cosgrove MK, Campa H, Ramsey DSL, Schmitt SM, O'Brien DJ. Modeling 
vaccination and targeted removal of white-tailed deer in Michigan for bovine 
tuberculosis control. Wildl Soc Bull. (2012) 36:676–84. doi: 10.1002/wsb.217

 43. Hughey BD. Are there "hot spots" of bovine tuberculosis in the free-ranging white-
tailed deer (Odocoileus virginianus) herd of northeastern Michigan? East Lansing: 
Michigan State University (2003).

 44. Felix AB, Campa H, Millenbah KF, Winterstein SR, Moritz WE. Development of 
landscape-scale habitat-potential models for forest wildlife planning and management. 
Wildl Soc Bull. (2004) 32:795–806. doi: 10.2193/0091-7648(2004)032%5B0795:D
OLHMF%5D2.0.CO;2

 45. Sitar K. Seasonal movements, habitat use patterns, and population dynamics of 
white-tailed deer in an agricultural region of northern lower Michigan: MS thesis. East 
Lansing, Michigan, USA: Michigan State University (1996).

 46. Braun KF. Ecological factors influencing white-tailed deer damage to agricultural 
crops in northern lower. Michigan: Michigan State University. Department of Fisheries 
and Wildlife (1996).

 47. Dressel D. Development of strategies to orally deliver vaccine for bovine 
tuberculosis to White-tailed deer of northeastern lower. Michigan: Michigan State 
University (2017).

 48. Phillips GE, Goldade DA, KC VerCauteren, Ott TL, Wagner DC. Iophenoxic acid 
and rhodamine B as biomarkers of bovine tuberculosis vaccine bait uptake by white-tailed 
deer. Proceedings of the vertebrate Pest conference (2014).

 49. Fisher P, Algar D, Sinagra J. Use of rhodamine B as a systemic bait marker for feral 
cats (Felis catus). Wildl Res. (1999) 26:281–5. doi: 10.1071/WR98041

 50. Weerakoon MK, Price CJ, Banks PB. Hair type, intake, and detection method 
influence rhodamine B detectability. J Wildl Manag. (2013) 77:306–12. doi: 10.1002/
jwmg.459

 51. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models using 
lme4. arXiv. (2014) 2014:14065823. doi: 10.48550/arXiv.1406.5823

 52. Ozoga JJ. Variations in microclimate in a conifer swamp deeryard in northern 
Michigan. J Wildl Manag. (1968) 32:574. doi: 10.2307/3798938

 53. Verme LJ. Movements of white-tailed deer in upper Michigan. J Wildl Manag. 
(1973) 37:545–52. doi: 10.2307/3800320

 54. Moen AN. Seasonal changes in heart rates, activity, metabolism, and  
forage intake of white-tailed deer. J Wildl Manag. (1978) 42:715–38. doi: 
10.2307/3800763

 55. Kohn BE, Mooty JJ. Summer habitat of white-tailed deer in north-Central 
Minnesota. J Wildl Manag. (1971) 35:476–87. doi: 10.2307/3799701

https://doi.org/10.3389/fvets.2024.1354772
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1002/wsb.834
https://doi.org/10.1016/j.vetmic.2011.02.046
http://wwwnassusdagov/Data_and_Statistics/Quick_Stats/indexasp
http://wwwnassusdagov/Data_and_Statistics/Quick_Stats/indexasp
https://doi.org/10.1016/j.vetmic.2011.02.022
https://doi.org/10.1002/wsb.217
https://doi.org/10.2193/0091-7648(2004)032%5B0795:DOLHMF%5D2.0.CO;2
https://doi.org/10.2193/0091-7648(2004)032%5B0795:DOLHMF%5D2.0.CO;2
https://doi.org/10.1071/WR98041
https://doi.org/10.1002/jwmg.459
https://doi.org/10.1002/jwmg.459
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.2307/3798938
https://doi.org/10.2307/3800320
https://doi.org/10.2307/3800763
https://doi.org/10.2307/3799701

	Use of rhodamine B as a biomarker in a simulated oral vaccine deployment against bovine tuberculosis in white-tailed deer
	1 Introduction
	2 Materials and methods
	2.1 Study location
	2.2 Vaccine delivery unit development
	2.3 Vaccine delivery unit distribution and consumption
	2.4 White-tailed deer and non-target visitation
	2.5 Biomarker analysis
	2.6 Statistical analysis

	3 Results
	3.1 Vaccine delivery unit distribution and consumption
	3.2 White-tailed deer and non-target visitation
	3.3 Biomarker analysis
	3.4 Vaccine delivery unit development and cost

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References



