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The Mycobacterium tuberculosis complex (MTBC) species includes both M. tuberculosis, the primary cause of human tuberculosis (TB), and M. bovis, the primary cause of bovine tuberculosis (bTB), as well as other closely related Mycobacterium species. Zoonotic transmission of M. bovis from cattle to humans was recognized more than a century ago, but transmission of MTBC species from humans to cattle is less often recognized. Within the last decade, multiple published reports from around the world describe human-to-cattle transmission of MTBC. Three probable cases of human-to-cattle MTBC transmission have occurred in the United States since 2013. In the first case, detection of active TB disease (M. bovis) in a dairy employee in North Dakota prompted testing and ultimate detection of bTB infection in the dairy herd. Whole genome sequencing (WGS) demonstrated a match between the bTB strain in the employee and an infected cow. North Dakota animal and public health officials concluded that the employee's infection was the most likely source of disease introduction in the dairy. The second case involved a Wisconsin dairy herd with an employee diagnosed with TB disease in 2015. Subsequently, the herd was tested twice with no disease detected. Three years later, a cow originating from this herd was detected with bTB at slaughter. The strain in the slaughter case matched that of the past employee based on WGS. The third case was a 4-month-old heifer calf born in New Mexico and transported to Texas. The calf was TB tested per Texas entry requirements and found to have M. tuberculosis. Humans are the suspected source of M. tuberculosis in cattle; however, public health authorities were not able to identify an infected human associated with the cattle operation. These three cases provide strong evidence of human-to-cattle transmission of MTBC organisms and highlight human infection as a potential source of introduction of MTBC into dairy herds in the United States. To better understand and address the issue, a multisectoral One Health approach is needed, where industry, public health, and animal health work together to better understand the epidemiology and identify preventive measures to protect human and animal health.
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INTRODUCTION

The primary causative agents of human and bovine tuberculosis (bTB) in North America, Mycobacterium tuberculosis and Mycobacterium bovis, respectively, are included in the Mycobacterium tuberculosis complex (MTBC). Other members of the MTBC include Mycobacterium orygis, Mycobacterium caprae, Mycobacterium microti, Mycobacterium pinnipedii, Mycobacterium mungi, and Mycobacterium suricattae (1). The MTBC species are so closely related that they are now considered a single species, M. tuberculosis, with variants (1, 2).

Worldwide, tuberculosis is the leading cause of human deaths by any single infectious agent and responsible for approximately 1.2 M deaths in HIV-negative people in 2019 (3). Tuberculosis was a leading cause of human morbidity and mortality in the United States at the beginning of the twentieth century. A study conducted in 1912 reported that 66% of New York children diagnosed with tuberculosis (TB) in 1910 were infected with M. bovis (4). Based on the transmission of M. bovis to children through milk, multiple jurisdictions enacted laws requiring pasteurization. Cincinnati was the first city to establish pasteurization requirements in 1897; New York City followed in 1898 (5). Michigan became the first state to require pasteurization of milk in 1948 and all states have since followed suit. In addition to milk, meat from M. bovis-affected cattle is also a potential risk for human infection. Accordingly, the Federal Meat Inspection Act of 1906 (6, 7) gave the U.S. Department of Agriculture (USDA) the authority to inspect cattle before, during, and after slaughter as another tool for preventing zoonotic transmission of M. bovis. Lesions detected during this inspection, or entire carcasses if necessary, could be removed from the food chain. Not only did this reduce the risk of human infection, but also cattle with bTB could be identified and trace-back investigations to the herd of origin allowed for identification of bTB-infected herds. Slaughter inspection is the primary means of bTB surveillance in the United States today.

In addition to implementing these two mitigation strategies to reduce human exposure to M. bovis, state and federal authorities designed and implemented the U.S. Cooperative State-Federal Bovine TB Eradication Program to reduce the prevalence in cattle populations. The program officially began in 1917; at that time, approximately 1 in 20 cattle were infected with M. bovis (8). Reviews of the program and its progress have been published (9–12). Current estimates of animal- and herd-level prevalence of M. bovis in the United States are <0.002 and <0.006%, respectively (12). The partnership between State and Federal Animal Health Officials to conduct testing, share data, and conduct disease investigations has been critical to these advancements. In other parts of the world, including parts of Mexico and Central and South America, M. bovis infection rates in cattle and other hoof stock are much higher and serve as an important source for human disease (13). Additionally, consumption of unpasteurized dairy products remains a primary cause of human infections with M. bovis in North America (14–16).

Despite the early success of the program in the United States, the number of newly identified bTB-affected herds each year has remained relatively steady for the past 30 years (17). The advent of whole genome sequencing (WGS) has markedly advanced our ability to link sources of infection based on genetic similarities. For example, in Michigan WGS routinely supports wildlife as a source of infection. However, for cases outside of Michigan, even after extensive epidemiological investigations, including WGS and trace-back of purchased cattle, the source of disease and method of introduction into a herd is determined only about 40% of the time (17). Without a source of infection, risk mitigation, and disease eradication remain elusive.

Humans are considered the primary host for M. tuberculosis and animals are considered accidental hosts (18, 19). Human-to-animal transmission of MTBC organisms, primarily M. tuberculosis, is well-documented in many countries around the world. Many of these reports confirm finding M. tuberculosis in tissues and fluids from cattle (20–32) and also other animals, including dogs (33), non-human primates (34), elephants (35, 36), and parrots (37, 38). Most reports of cattle with M. tuberculosis are from countries where human M. tuberculosis prevalence is very high and likely to have been the source of introduction into the cattle populations.

With the technology now available to obtain DNA sequences of M. bovis isolates found in U.S. cattle, it is easier to discern the origin of certain M. bovis strains. This information may provide possible modes of transmission based on the most common ancestor in the genomic database and similarity of DNA sequences over time. Sharing isolate DNA sequence data between animal and public health will further our understanding of the complex transmission of MTBC organisms between humans and animals.

The objectives of this paper are to present the identified cases of human-to-cattle MTBC transmission in the United States and to highlight the importance of a multisectoral One Health approach in detecting and addressing human-to-cattle transmission of these important human and animal pathogens.



MATERIALS AND METHODS


Case Selection

Records from the 174 bTB affected livestock herds identified in the USA between 1998 and 2020 were reviewed. As part of the State Federal Cooperative Bovine Tuberculosis program, each herd had been extensively investigated under that cooperative umbrella and if possible, the likely source of the infection was identified and investigated. Also included in this review were 422 records for tuberculous confirmed animals between 2001 and 2020 not associated with a herd, such as feedlot and dairy heifer development facilities.

Inclusion criteria were as follows: All Mycobacterium tuberculosis cases detected in livestock; and zoonotic tuberculosis (all were M. bovis) cases where humans associated with livestock were identified with active tuberculosis prior to the detection within the herd.



Public Health Investigations

Public health authorities in the U.S. investigate all reported cases of TB disease in humans to ensure patients quarantine until non-infectious and receive and complete appropriate antimicrobial treatment. Contact investigations are routinely performed when patients have pulmonary TB and are considered infectious. Close contacts are screened for exposure risk and tested to determine their TB infection and disease status. The public health investigation may identify animals (especially livestock and captive wildlife) with an epidemiological link to the infectious patient. In North Dakota and Wisconsin, the public health agency alerts their animal health partners and a One Health investigation may be deemed necessary. All information on the human cases contained in this paper was collected during the normal process that occurs in these states when humans with TB are detected.



Phylogenetic Analysis

Whole genome sequences were obtained from both animal health and public health investigations. NVSL's in-house vSNP pipeline was used for the analysis (see https://github.com/USDA-VS/vSNP). vSNP is a reference based, two-step pipeline. Briefly in step one, sequences were aligned to a reference; those identified as M. bovis were aligned to the reference genome AF2122/97 (GenBank accession NC_002945.4), and those identified as M. tuberculosis were aligned to the reference genome H37Rv (GenBank accession NC_000962.3). The alignment was performed using Burrows-Wheeler Aligner (BWA) (39) and SNPs were called using Freebayes (40). The variant call format (vcf) files created in step one were then added to a database of vcf files and step two was initiated which filters or flags unreliable and low quality variant calls, as well as groups sequences into user defined clades according to relatedness by identifying common SNPs. For each user defined group, step two outputs SNP tables in Excel, an aligned FASTA file and phylogenetic trees constructed with RAxML (41) using the aligned whole-genome SNP sequences under a GTR-CAT model of substitution and a maximum-likelihood algorithm. The annotated and position referenced SNP tables allow for quick error identification and correction. The trees were then manually compared to the SNP table to ensure accuracy of the model.

Tree visualization, annotation, and editing was performed with FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and iTOL (42). Supplementary File 1 lists the accession numbers for the publicly available sequences from previous studies (17, 43, 44).




RESULTS

Three cases met the criteria for inclusion, two M. bovis affected dairy herds, and one M. tuberculosis infected 4-month-old calf at a dairy heifer development facility. Those cases are described in detail below.


Case 1: North Dakota Dairy Herd

In October 2013, the North Dakota Department of Agriculture (NDDA), State Board of Animal Health was notified by the North Dakota Department of Health (NDDOH) that an employee at a North Dakota dairy was diagnosed with pulmonary TB with cavitary lung lesions. The case-patient, a man born in Mexico, had been recently diagnosed with another medical condition that likely suppressed his immune system resulting in active TB disease. The case-patient worked for the dairy for at least 3 years prior to his diagnosis. During this time, he worked for 9 consecutive months then returned to Mexico for the remaining 3 months each year. During his employment, the case-patient worked with all ages of dairy cattle. NDDOH tested three household contacts to the case-patient. All were latently infected with TB (LTBI) and were treated prophylactically with a 4-month course of antibiotics per CDC guidelines to prevent future disease.

The North Dakota operation housed 400 dairy cattle and 160 beef cattle. Beef and dairy heifers were often commingled for a few months each year. While the operation had no record of TB skin testing in the dairy or beef herds in the recent past, cull dairy and beef cattle from this operation were slaughtered at abattoirs with high granuloma submission rates for TB surveillance.

After meeting with the NDDOH's TB controller and state animal health officials, the herd owner agreed to herd testing in November 2013. North Dakota Department of Agriculture veterinarians conducted whole-herd testing in consultation with the USDA. All cows and heifers 6 months of age and older were tested using standard protocol of the caudal fold tuberculin (CFT) test in series with the comparative cervical tuberculin (CCT) test.

A 19-month-old pregnant heifer (ND1) was declared a reactor based on CCT testing. Upon necropsy, multiple micro abscesses were identified in a normal appearing mediastinal lymph node that was culture-positive for M. bovis at USDA's National Veterinary Services Laboratories (NVSL). Ten additional cows were CCT-negative and sent to slaughter in WI. Samples were collected from all 10 cows and although no gross lesions were identified, samples were submitted for culture at NVSL. Two of the 10 cows (ND2 and ND3) were determined to be infected with M. bovis. Microscopic granulomas in a lymph node that contained acid-fast bacteria from ND2 were PCR positive for MTBC but no mycobacteria were identified on culture. Representative, normal appearing lymph nodes from the head and thorax were submitted from ND3; these tissues were histologically negative for evidence of mycobacterial infection, but M. bovis was isolated from culture. Tissue from the post-mortem exam and the ear tags were DNA tested to confirm they were from the same animal and no errors were made during sampling, labeling, or processing. Over the course of testing, approximately 40 cattle were removed from the herd and no additional infected cattle identified.

Whole genome sequencing was conducted and the infected pregnant heifer (ND1) had the identical strain to the dairy employee with active TB disease (Figure 1; see Supplementary File 1 for SNP table). The isolate from ND3 had seven single nucleotide polymorphisms (SNPs) compared with the isolates from ND1 and the case-patient. Mycobacterium bovis was not detected in the beef cattle. The infected dairy cattle were born and raised on the dairy operation. Two herds with fence line contact were tested and no infected animals were detected. Additionally, surveillance was conducted on barn cats, wild rodents, and hunter harvested deer with no disease detected. North Dakota Game and Fish Department conducted surveillance in the fall of 2014 on hunter-harvested deer and no lesions were identified. After a thorough investigation, no other possible sources of M. bovis were found.


[image: Figure 1]
FIGURE 1. Maximum likelihood phylogenetic tree illustrating the genetic relationship between M. bovis isolates from a cattle herd in North Dakota (United States) and a human. The color key indicates the origin of the cattle from which M. bovis was isolated: green, Mexico; blue, United States; and black, cattle whose origin could not be traced (unknown). The human isolate is shown in red. Sequences are identified using the following syntax: NCBI SRA accession number_year of isolation_ production type (dairy, fed, cattle [unknown])_geographical origin of the animal (state, country or unknown)_country of detection. The scale bar represents a branch length of 10 SNPs. The tree is rooted to the reference genome M. bovis AF2122/97.




Case 2: Wisconsin Dairy Herd

Similar to the identification of the North Dakota herd, the Wisconsin Department of Agriculture, Trade and Consumer Protection (DATCP) was contacted in late April 2015 by the Wisconsin Department of Health Services (WIDHS) about a case-patient with TB disease that worked on a dairy from January to March 2015. The case-patient reportedly became ill in March 2015 before seeking medical care in early April. The case-patient presented in the emergency room with night sweats, cough, and fever. Sputum smears were positive for acid fast bacteria and nucleic acid amplification test (NAAT) was positive for MTBC. Culture revealed the case-patient was infected with M. bovis. The case-patient was placed in respiratory isolation and started on a standard four-drug regimen (45). After drug susceptibility testing was complete and pyrazinamide (PZA) resistance detected, PZA was discontinued. Due to severe cavitary disease, the case-patient was treated with TB medications for a full year, with directly observed therapy for the entire course. The case-patient was released from isolation in July 2015 when determined to no longer be contagious. The individual is believed to have become infected while previously living in a Latin-American country where M. bovis infections of humans and cattle are prevalent. Public health conducted a routine contact investigation that included TB risk assessment and testing of close contacts to the patient. No additional cases of infectious TB were identified in household or farm employee contacts.

In May 2015, DATCP conducted herd testing, in accordance with USDA guidance, of the 1,500-head herd. Like the ND herd, all cows and heifers 6 months of age and older were testing using the CFT test and CCT-test in series, with no infected animals detected. A single CCT-suspect cow from this first test was euthanized and necropsied with no lesions identified. In September 2015, the herd was tested a second time and was again test negative for bTB with no CCT-positive animals detected. In September 2018, slaughter plant surveillance detected tuberculosis in a carcass from a cow that traced back to this herd, and M. bovis was isolated. DATCP conducted another round of whole-herd testing using the CFT and CCT tests in series beginning in October 2018. Seven infected cows were identified during this initial test based on culture of M. bovis. Two additional infected cattle were detected during herd testing in March 2019, one infected cow was identified at slaughter in April 2020, and one cow was detected following herd testing in June 2020. Since the detection of the herd as infected, more than 1,500 cows have been examined for bTB by either necropsy or slaughter surveillance. One of the infected cows was test-negative and detected at slaughter. Additionally, surveillance was conducted on wildlife surrounding the premises and included white tailed deer (n = 232), raccoons (n = 10), and opossums (n = 6). One dairy that had heifers housed on the same premises as heifers from the affected dairy including fence line contact will be tested a total of three annual tests (2/3 have been completed and were negative).

At the time of this writing, the herd has had a total of 12 cows, including the slaughter case, detected as infected with M. bovis; and the isolates were within a 1–4 SNP difference from the human isolate (Figure 2; see Supplementary File 1 for SNP table). The public health follow-up with farm employees continues until the farm is released from quarantine. Testing of source herds for purchased cattle added to the Wisconsin herd were not conducted since the epidemiologic investigation and WGS supported the human case-patient as the source of introduction into the herd.


[image: Figure 2]
FIGURE 2. Maximum likelihood phylogenetic tree illustrating the genetic relationship between M. bovis isolates a herd in Wisconsin (United States) and a human. The color key indicates the origin of the cattle from which M. bovis was isolated: green, Mexico and blue, United States. The human isolate is shown in red. Sequences are identified using the following syntax: NCBI SRA accession number_year of isolation_ production type (dairy, fed, event-roping)_geographical origin of the animal (state, country)_country of detection. The scale bar represents a branch length of 15 SNPs. The tree is rooted to the reference genome M. bovis AF2122/97.




Case 3: Texas Dairy Heifer

In early 2018, a 1-day-old heifer calf from a dairy in New Mexico was transported to Texas where import regulations require post-import TB testing of cattle younger than 2 months of age that move into the state. The heifer was raised at a facility in Texas and was TB test positive in April 2018 at approximately 4 months of age. The heifer was euthanized and necropsied in late April 2018, and tissue samples were sent to NVSL for additional TB testing. There were no gross or microscopic lesions suggestive of MTBC infection. Mycobacterium tuberculosis was cultured from the retropharyngeal lymph node collected at necropsy and results were reported in June 2018. The heifer calf isolate grouped with sublineage 4.2.2 (43) and is in NCBI as accession SRR12481506.

The Texas Department of State Health Services (DSHS) conducted a source case investigation to determine if an infectious TB suspect had been identified by public health; however, a source case was not identified. Personnel from DSHS discussed the situation with dairy management, and a dairy employee was identified who exhibited signs and symptoms of TB but was no longer employed at the dairy. Whole genome sequencing of human cases was just being implemented by the Centers of Disease Control and Prevention, and consequently, the previous human cases in this area had not been sequenced. However, both the calf and three adults in the region that were diagnosed in 2017 and 2018 (46) had a matching, rather rare spoligotype for Texas, with an octal code 007000024000000. No employees were tested, but DSHS conducted symptom screening and provided education for the current employees. We were unable to retrospectively obtain WGS from any of the Texas human cases to include in this report.




DISCUSSION

The three cases presented here are the first formal reports of MTBC transmission from humans to cattle in the United States since 1968 (47). In both the North Dakota and Wisconsin cases, the human TB case-patients were exposed to cattle on the operation prior to or at the time bTB was discovered in the cattle. In the North Dakota case, bTB was detected in three dairy cattle within 2 months after the human was diagnosed; in the Wisconsin herd, it was 3 years between the human TB detection and the herd detection.

When bTB-affected herds in the United States are identified, state, and federal animal health agencies conduct epidemiologic investigations to determine the probable source of disease and trace any animals that left the herd to control disease spread. Historically, in the United States the most common sources for bTB infection in cattle have been other infected cattle. The exception to this is in several counties in Michigan where bTB is endemic in the wild white-tailed deer population. Investigations in Michigan have identified deer as the most common source of infection in cattle (48). Animal health authorities conduct interviews with herd owners to determine all potential routes of exposure, including sources of all purchased cattle over a multiyear period and any contact with cattle from other operations, including fence-line contact. These exposures are investigated, and all cattle contacts are tested to determine their bTB status per Bovine tuberculosis eradication uniform methods and rules (49). Additionally, most adult cattle that leave dairies undergo inspection at slaughter for bTB, which is the method by which most infected herds are identified.

Inspection of carcasses at slaughter, or slaughter surveillance has been an effective method of detecting bTB in cattle in the United States. This is highlighted by the WI herd being detected by slaughter surveillance and subsequently, having a test-negative, infected cow that was detected at slaughter. Both the ND and WI herds sent animals to slaughter prior to bTB detection and they continue to do so on a routine basis, providing additional surveillance for bTB. Although infected animals can be missed with slaughter surveillance, 47% of bTB affected herds are detected through slaughter surveillance, excluding herds in the endemic are of Michigan and a localized outbreak in Minnesota (17, 50).

The results of the North Dakota investigation suggest it is highly unlikely that cattle in the herd could have transmitted M. bovis to the human. The progression of disease in ND1 appeared to be relatively recent given the finding of M. bovis in a single mediastinal lymph node. In the Wisconsin case, the case-patient was diagnosed with TB within 2–3 months of employment. Although M. bovis infections in humans have been reported to progress from infection to clinical disease within a few months, more often this progression in humans takes much longer (51, 52). Most of the knowledge of TB in humans is based on infection with M. tuberculosis but it might not be the same for M. bovis infections.

Additionally, the ND patient's housemates were all tested and considered as LTBI, while the farm family were all negative for bTB. If the cattle were the source of the human infection, one would expect the farm family members to be exposed and potentially infected. The housemates of the patient were exposed to the patient and so it was expected that some or all of them would be infected. None of the patient's housemates were actively shedding M. bovis and considered as LTBI.

The North Dakota dairy herd has been tested 9 times since 2013, with only the three infected cows detected at the first herd test, despite this additional testing. Only one of those three infected cows (ND1) had a small gross lesion associated with bTB infection. The WGS of the M. bovis strain from the North Dakota case-patient and ND1 were an exact match. Significant epidemiological evidence supports the transmission of M. bovis from the employee to the heifer. Evidence includes the degree of illness in the employee with active TB disease (e.g., lung cavitation); the very small lesion in the infected heifer, possibly indicating recent infection; the lack of movement of animals on or off the farm; and the fact that the employee was born in Mexico, a TB-endemic country, and returned annually. Based on the epidemiological and laboratory evidence, the human was considered the most likely source of disease in the cattle by both animal and public health officials investigating the case.

One of the three bTB-infected cattle, ND2 was PCR positive but culture negative, and no isolate was available for WGS. The last cow, ND3, had normal appearing lymph nodes that were histologically negative but culture positive. The WGS revealed 7 SNP changes from the case-patient and ND1 strain. It is difficult to explain this finding based on the current data but we believe the human patient was likely infected with this strain variation. Humans and cattle have been found to be infected with multiple strains of MTBC, so it is possible the human was infected with more than 1 strain but only 1 was isolated. Unless a more closely related strain is identified in the future, the source of infection for ND3 will remain unknown. Based on the small size of the lesions, however, it is unlikely that ND3 was shedding M. bovis. An evaluation of the phylogenetic tree (and Supplementary File 1, SNP Table) shows that both ND1 and ND3 share a common ancestor with other Mexican cattle in the region that the dairy worker was known to previously reside and visit on an annual basis. This provides further support that the initial exposure of the case-patient was likely in their home country.

The Wisconsin case report provides the strongest epidemiologic evidence for human-to-cattle transmission, as the case-patient was diagnosed 3 years before the herd was detected. The individual was a very recent addition to the dairy's workforce and was diagnosed with TB disease within 3 months of beginning employment. Collectively, this provides strong evidence that the case-patient's exposure to M. bovis occurred prior to employment on the dairy. All cattle having potential contact with the case-patient were tested 2 and 6 months after the employee was no longer working on the dairy, and bTB was not detected. It is highly unlikely that infection was present and circulating in the herd and transmitted from cattle to the case-patient. Further, the WGS from the infected cows had at least 1 SNP change difference from the human and most recent common ancestor, or root sequence, suggesting the cattle isolates were closely related, direct descendants of the human isolate.

Results of testing of other dairy employees and family members continue to be negative since the initial tests in 2015. If the dairy cattle were the source of infection, we would have expected other employees or family members to be infected. The public health investigators were adamant that the employee with TB disease was very sick at the time of diagnosis and could not have progressed to this stage of disease in two months. They were confident the employee was infected prior to entering the dairy's workforce.

Investigators also found no evidence suggesting latent infection in the Wisconsin cattle. Three of the 12 infected cows were purchased additions (WI2, WI3, WI4), while the remaining cows were born and raised on the operation. One of the purchased cows (WI2) was brought on the operation in January 2015, roughly the same time the case-patient began employment. This cow was test negative in May and September 2015 suggesting she was not infected at the time of introduction into the herd. In October 2018, WI2 was found to be infected. The other two purchased cows were brought into the herd in 2016 after the case-patient was no longer present. Their infections are consistent with cattle-to-cattle transmission within the herd. Other than these two cows, the remaining 10 infected cows were all test negative at least once during the 2015 testing.

For both the North Dakota and Wisconsin cases, WGS supports that the TB case-patients were infected in their home country, possibly through contact with infected cattle or consumption of raw dairy products, and subsequently infected cattle on these farms after their disease became active. Others have reported similar scenarios where M. bovis infection makes the complete cycle from cow to human and back to cow (20).

While the Texas M. tuberculosis case lacks a confirmed case of human TB directly linking a human to the calf, the epidemiologic investigation and evidence of the matching spoligotype circulating in the local community strongly supports human to cattle transmission. Furthermore, a review of the literature found that, with one reported exception, humans are the direct source of M. tuberculosis infection for cattle. There is one report of a calf from an experimentally infected cow that was infected via colostrum or milk (53). To our knowledge, that has not been replicated in a naturally infected dairy. This is the first modern reported case M. tuberculosis infection in a U.S. bovine.

In addition to the three cases presented here, there have been at least 10 other U.S. bovine cases (i.e., affected herds) since 2009 that investigators were very suspicious of human-to-cattle M. bovis transmission as the source of introduction into these herds. These suspicions were based on both epidemiologic data collected, and WGS conducted by animal health officials, but all lacked the active, prospective identification of human cases.

Often, lesions are not present in young cattle diagnosed with M. tuberculosis (54–56). Although cattle without gross lesions are not considered a risk for transmission of disease to cattle or humans, M. tuberculosis has been found in cows' milk (57–59) and in granulomatous lesions from infected cattle, suggesting infected cattle may be a risk to other cattle and humans (23). Published reports suggest that humans are the primary source of M. tuberculosis infections in cattle with transmission occurring via the respiratory route (60). Although evidence for direct human-to-cattle transmission is not always present, M. tuberculosis has been found in cattle in multiple countries. Worldwide, human-to-cattle transmission of M. tuberculosis has been documented more frequently than M. bovis, likely due to the increased prevalence of M. tuberculosis in humans. More evaluations are needed to determine the importance of livestock in the transmission of M. tuberculosis between cattle and humans. The U.S has been characterizing MTBC isolates in livestock for over 40 years, and the last documented case of M. tuberculosis that occurred in U.S. livestock was a llama in 1991, associated with exotic animal trade (unpublished data).

Human-to-cattle transmission of M. bovis has infrequently been reported (20, 28, 47, 61–63) and there is only a single report of human-to-cattle M. orygis transmission (64). The finding of human-to-cattle transmission of M. bovis in the United States may be related to the increased risk of M. bovis infection among non-U.S.-born livestock workers compared to U.S.-born workers.

The prevalence of M. bovis in humans in the United States has declined from at least 10% of MTBC cases in 1900 to <2% of all MTBC cases in 2005 (65). Another publication demonstrated that human cases of M. bovis in the United States were more likely to be of Hispanic/Latino origin and born outside the United States (66). More recently, Scott et al. (67) reported human M. bovis prevalence in the United States with a similar prevalence of 1.3–1.6% of all MTBC cases, and a higher prevalence in children, Hispanics/Latinos, and females.

Although the number of human cases of MTBC infection in the United States has decreased about 90% since 1953 (68), some areas of the United States have reported an increase, especially along the southern U.S. border. A review of pediatric tuberculosis cases in San Diego, CA, from 1980 to 1997 revealed M. bovis was responsible for 10.8% of all TB cases and 33.9% of culture-positive cases (14). Hispanics represented 78.9% of the cases. More than half the M. bovis culture-positive case-patients (55.2%) had only extra-pulmonary bTB. This study highlights the concern of foodborne exposure via unpasteurized dairy products. Since dairy products appear to be the main source of human M. bovis infection in Mexico (17), efforts to eradicate bTB from the Mexican dairy industry must be strengthened to improve human and animal health in both the United States and Mexico.

Although the North Dakota and Wisconsin herds were most likely infected via the respiratory route, given active pulmonary disease in the workers, other publications suggest that extrapulmonary infections are more common with M. bovis infection. The authors concluded that the prevalence of extra-pulmonary disease in young, U.S.- or Mexican-born Hispanic/Latino populations suggested recent infection due to foodborne exposure (66). Extra-pulmonary disease was nine times more frequent among those with M. bovis than those with M. tuberculosis. Since transmission via urine has been reported in the literature in M. bovis cases (55), this possible extrapulmonary route of disease spread should be investigated when testing high-risk groups.

The median herd size of U.S. dairies has increased from 80 cows in 1987 to 1,300 cows in 2017 (69). The increase in the average size of dairy operations over the past few decades, in terms of the number of cows per herd, has resulted in dramatic needs for on-farm labor. Non-U.S.-born employees make up a significant portion of the workforce on U.S. dairy farms (70). A 2015 National Milk Producers Federation survey of 1,000 dairies (>50 cows) across the United States reported that 93% of operations hired outside labor and over 51% of employees were immigrants (71). A 2007 Wisconsin survey of dairy farms revealed that 40% of hired labor were immigrants; of these, 88.5% were from Mexico and most of the remainder of employees were from Central and South America (72). Based on the higher risk of MTBC infection in many non-U.S.-born employees compared with U.S. born workers, the Centers for Disease Control and Prevention recommends TB screening testing the high-risk groups (45).

Access to medical care can be challenging for non-U.S.-born employees. Often English language skills are limited, and employees may not have the documentation necessary to reside legally in the United States (71). A pilot project developed at the University of Wisconsin-Eau Claire School of Nursing was developed to immerse nursing students into Hispanic and rural culture. The focus of the program is to provide preventive healthcare and routine health screenings to a population that might not otherwise have access. Tuberculosis screening is included as one of the health screenings offered (73). Although this is a pilot project, it serves as a model that could be used in developing health-care programs that improve dairy employee health and safety.

The case reports presented here provide additional epidemiological support for human-to-cattle MTBC transmission and were largely the result of strong working relationships between animal health and public health in both North Dakota and Wisconsin. The communication and collaboration between animal health and public health officials to investigate cases of zoonotic diseases are crucial for gathering the information necessary to evaluate risk and identify effective preventive measures. While the actions of these two states can serve as a model, there are collaborative opportunities to establish additional best practices for issues important to both animal and human health.

Currently, the U.S. Cooperative State-Federal Bovine TB Eradication Program does not include mitigation strategies to address the risk of human introduction of MTBC into U.S. cattle herds, and these findings could change the paradigm of the program. A collaborative One Health approach is needed to address the health of the dairy workers and the animals. The U.S. government has defined One Health as “a collaborative, multisectoral, and transdisciplinary approach—working at the local, regional, national, and global levels—with the goal of achieving optimal health outcomes recognizing the interconnection between people, animals, plants, and their shared environment.” (74). In response, the U.S. dairy industry convened a multisectoral working group of state and federal animal and public health officials to address this challenge.



CONCLUSION

This is this first published report using epidemiological and genotype evidence to establish human-to-cattle M. bovis transmission in the United States. This is also the first report of M. tuberculosis infection of cattle in the United States. In order to advance eradication of bTB in the U.S. cattle herd, the program must incorporate and address humans as another potential source of M. bovis or other MTBC species for cattle. This effort can only be achieved with a collaborative One Health approach that includes federal and state animal, public health, and wildlife agencies, livestock industries, producers, and healthcare workers and is focused on safeguarding both human and animal health.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Ethical review and approval was not required for the animal study because this is a case series involving client owned cattle and is not a research project. Written informed consent for participation was not obtained from the owners because Regulatory procedures were performed that didn't necessarily require written consent. Written consent was obtained for animals removed based on results of regulatory testing.



AUTHOR CONTRIBUTIONS

JL, TD, CY, and SR-A contributed to the conception of the paper. EP, SG-B, RK, JT-K, BC, SK, DP, SR, WH, TT, and SR-A performed the investigations. JL, EP, TD, and SR-A wrote the first draft. CP constructed the phylogenetic trees. All authors contributed to manuscript revisions, read, and approved the submitted version.



ACKNOWLEDGMENTS

The authors thank the dairy producers for their cooperation in these investigations and federal, state, and local animal and public health officials for conducting the investigations and herd testing. We also thank Dr. Brian McCluskey, Anne Berry, and Mary Foley for technical assistance, and Dr. Kathy Orloski for manuscript review.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.691192/full#supplementary-material



REFERENCES

 1. Garcia-Betancur JC, Menendez MC, Del Portillo P, Garcia MJ. Alignment of multiple complete genomes suggests that gene rearrangements may contribute towards the speciation of Mycobacteria. Infect Genet Evol. (2012) 12:819–26. doi: 10.1016/j.meegid.2011.09.024 

 2. Riojas MA, Mcgough KJ, Rider-Riojas CJ, Rastogi N, Hazbon MH. Phylogenomic analysis of the species of the Mycobacterium tuberculosis complex demonstrates that Mycobacterium africanum, Mycobacterium bovis, Mycobacterium caprae, Mycobacterium microti and Mycobacterium pinnipedii are later heterotypic synonyms of Mycobacterium tuberculosis. Int J Syst Evol Microbiol. (2018) 68:324–32. doi: 10.1099/ijsem.0.002507

 3. WHO. Global Tuberculosis Report 2020. Geneva: World Health Organization (2020). Available online at: https://apps.who.int/iris/bitstream/handle/10665/336069/9789240013131-eng.pdf (accessed May 23, 2021).

 4. Park WH, Krumwiede C. The relative importance of the bovine and human types of tubercle bacilli in the different forms of tuberculosis: (Final summary of cases investigated.). J Med Res. (1912) 27:109–14.

 5. Steele JH. History, trends, and extent of pasteurization. J Am Vet Med Assoc. (2000) 217:175–8. doi: 10.2460/javma.2000.217.175

 6. USDA. Federal Meat Inspection Act. USDA Food Safety Inspection Service (updated January 21, 2016; cited 2021) (2021). Available online at: https://www.fsis.usda.gov/policy/food-safety-acts/federal-meat-inspection-act (accessed March 31, 2021).

 7. USDA. Our History. USDA Food Safety Inspection Service (updated February 21, 2018; cited 2022) (2021). Available online at: https://www.fsis.usda.gov/about-fsis/history (accessed March 31, 2021).

 8. United States Department of Agriculture. (1956). The Yearbook of Agriculture 1956: Animal Diseases. Washington, DC: Gov't Print. Ofc.

 9. Essey MA, Koller MA. Status of bovine tuberculosis in North America. Vet Microbiol. (1994) 40:15–22. doi: 10.1016/0378-1135(94)90043-4

 10. Olmstead AL, Rhode PW. An impossible undertaking: the eradication of bovine tuberculosis in the United States. J Econ Hist. (2004) 64:734–72. doi: 10.1017/S0022050704002955

 11. Palmer MV, Waters WR. Bovine tuberculosis and the establishment of an eradication program in the United States: role of veterinarians. Vet Med Int. (2011) 2011:816345. doi: 10.4061/2011/816345

 12. Naugle AL, Schoenbaum M, Hench CW, Henderson OL, Shere J. Bovine tuberculosis eradication in the United States. In: Thoen CO, Steele JH, Kaneene JB, editors. Zoonotic Tuberculosis. Chichester: Wiley; Blackwell (2014). p. 235–51. doi: 10.1002/9781118474310.ch21

 13. Thoen CO, Steele JH, Kaneene JB. Zoonotic Tuberculosis: Mycobacterium bovis and Other Pathogenic Mycobacteria. Chichester: John Wiley and Sons (2014). doi: 10.1002/9781118474310

 14. Dankner WM, Davis CE. Mycobacterium bovis as a significant cause of tuberculosis in children residing along the United States-Mexico border in the Baja California region. Pediatrics. (2000) 105:E79. doi: 10.1542/peds.105.6.e79

 15. Anonymous. Human tuberculosis caused by Mycobacterium bovis–New York City, 2001-2004. Morbid Mortal Week Rep. (2005). 52:605–8.

 16. Rodwell TC, Kapasi AJ, Moore M, Milian-Suazo F, Harris B, Guerrero LP, et al. Tracing the origins of Mycobacterium bovis tuberculosis in humans in the USA to cattle in Mexico using spoligotyping. Int J Infect Dis. (2010) 14:e129–35. doi: 10.1016/j.ijid.2009.11.037

 17. Orloski K, Robbe-Austerman S, Stuber T, Hench B, Schoenbaum M. Whole genome sequencing of Mycobacterium bovis isolated from livestock in the United States, 1989-2018. Front Vet Sci. (2018) 5:253. doi: 10.3389/fvets.2018.00253

 18. Steele JH. Human tuberculosis in animals. In: Steele JH, Stoenner H, Kaplan W, Torten M, editors. CRC Handbook Series in Zoonoses. Section A: Bacterial, Rickettsial, and Mycotic Diseases. Vol. II. Boca Raton, FL: CRC Press, Inc. (1980). p. 141–59.

 19. Thoen C, Steele JH. Mycobacterium bovis Infections in Animals and Humans. Ames, IA: Iowa State University Press (1995).

 20. Fritsche A, Engel R, Buhl D, Zellweger JP. Mycobacterium bovis tuberculosis: from animal to man and back. Int J Tuberc Lung Dis. (2004) 8:903–4.

 21. Ocepek M, Pate M, Zolnir-Dovc M, Poljak M. Transmission of Mycobacterium tuberculosis from human to cattle. J Clin Microbiol. (2005) 43:3555–7. doi: 10.1128/JCM.43.7.3555-3557.2005

 22. Prasad HK, Singhal A, Mishra A, Shah NP, Katoch VM, Thakral SS, et al. Bovine tuberculosis in India: potential basis for zoonosis. Tuberculosis (Edinb). (2005) 85:421–8. doi: 10.1016/j.tube.2005.08.005

 23. Chen Y, Chao Y, Deng Q, Liu T, Xiang J, Chen J, et al. Potential challenges to the stop TB plan for humans in China; cattle maintain M. bovis and M tuberculosis. Tuberculosis (Edinb). (2009) 89:95–100. doi: 10.1016/j.tube.2008.07.003

 24. Romero B, Rodríguez S, Bezos J, Díaz R, Copano MF, Merediz I, et al. Humans as source of Mycobacterium tuberculosis infection in cattle, Spain. Emerg Infect Dis. (2011) 17:2393–5. doi: 10.3201/eid1712.101476

 25. Gumi B, Schelling E, Berg S, Firdessa R, Erenso G, Mekonnen W, et al. Zoonotic transmission of tuberculosis between pastoralists and their livestock in South-East Ethiopia. Ecohealth. (2012) 9:139–49. doi: 10.1007/s10393-012-0754-x

 26. Krajewska M, Kozińska M, Zwolska Z, Lipiec M, Augustynowicz-Kopeć E, Szulowski K. Human as a source of tuberculosis for cattle. first evidence of transmission in Poland. Vet Microbiol. (2012). 159:269–71. doi: 10.1016/j.vetmic.2012.04.001

 27. Špičić S, Duvnjak S, DeŽdek D, Kompes G, Habrun B, Cvetnić Z, et al. Molecular epidemiology of Mycobacterium tuberculosis transmission between cattle and man - a case report. Vet Arhiv. (2012) 82:303–10.

 28. Ameni G, Tadesse K, Hailu E, Deresse Y, Medhin G, Aseffa A, et al. Transmission of Mycobacterium tuberculosis between farmers and cattle in central Ethiopia. PLoS ONE. (2013) 8:e76891. doi: 10.1371/journal.pone.0076891

 29. Malama S, Munyeme M, Mwanza S, Muma JB. Isolation and characterization of non tuberculous mycobacteria from humans and animals in Namwala District of Zambia. BMC Res Notes. (2014) 7:622. doi: 10.1186/1756-0500-7-622

 30. Mittal M, Chakravarti S, Sharma V, Sanjeeth BS, Churamani CP, Kanwar NS. Evidence of presence of Mycobacterium tuberculosis in bovine tissue samples by multiplex PCR: possible relevance to reverse zoonosis. Transbound Emerg Dis. (2014) 61:97–104. doi: 10.1111/tbed.12203

 31. Hlokwe TM, Said H, Gcebe N. Mycobacterium tuberculosis infection in cattle from the Eastern Cape Province of South Africa. BMC Vet Res. (2017) 13:299. doi: 10.1186/s12917-017-1220-3

 32. Adesokan HK, Akinseye VO, Streicher EM, Van Helden P, Warren RM, Cadmus SI. Reverse zoonotic tuberculosis transmission from an emerging Uganda I strain between pastoralists and cattle in South-Eastern Nigeria. BMC Vet Res. (2019) 15:437. doi: 10.1186/s12917-019-2185-1

 33. Parsons SD, Warren RM, Ottenhoff TH, Gey Van Pittius NC, Van Helden PD. Detection of Mycobacterium tuberculosis infection in dogs in a high-risk setting. Res Vet Sci. (2012) 92:414–9. doi: 10.1016/j.rvsc.2011.03.026

 34. Shipley ST, Coksaygan T, Johnson DK, Mcleod CG Jr, Detolla LJ. Diagnosis and prevention of dissemination of tuberculosis in a recently imported rhesus macaque (Macaca mulatta). J Med Primatol. (2008) 37(Suppl 1):20–4. doi: 10.1111/j.1600-0684.2007.00266.x

 35. Mikota SK, Peddie L, Peddie J, Isaza R, Dunker F, West G, et al. Epidemiology and diagnosis of Mycobacterium tuberculosis in captive Asian elephants (Elephas maximus). J Zoo Wildl Med. (2001) 32:1–16. doi: 10.1638/1042-7260(2001)032[0001:EADOMT]2.0.CO;2

 36. Payeur JB, Jarnagin JL, Marquardt JG, Whipple DL. Mycobacterial isolations in captive elephants in the United States. Ann N Y Acad Sci. (2002) 969:256–8. doi: 10.1111/j.1749-6632.2002.tb04388.x

 37. Hoop R. K. (2002). Mycobacterium tuberculosis infection in a canary (Serinus canana L.) and a blue-fronted Amazon parrot (Amazona amazona aestiva). Avian Dis. 46:502–4. doi: 10.1637/0005-2086(2002)046[0502:MTIIAC]2.0.CO;2

 38. Schmidt V, Schneider S, Schlomer J, Krautwald-Junghanns ME, Richter E. Transmission of tuberculosis between men and pet birds: a case report. Avian Pathol. (2008) 37:589–92. doi: 10.1080/03079450802428901

 39. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics. (2009) 25:1754–60. doi: 10.1093/bioinformatics/btp324

 40. Garrison E, Marth G. Haplotype-based variant detection from short-read sequencing. arXiv:1207.3907 (2012).

 41. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics. (2014) 30:1312–3. doi: 10.1093/bioinformatics/btu033

 42. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v4: recent updates and new developments. Nucleic Acids Res. (2019) 47:W256–9. doi: 10.1093/nar/gkz239

 43. Coll F, Mcnerney R, Guerra-Assuncao JA, Glynn JR, Perdigao J, Viveiros M, et al. A robust SNP barcode for typing Mycobacterium tuberculosis complex strains. Nat Commun. (2014) 5:4812. doi: 10.1038/ncomms5812

 44. Broeckl S, Krebs S, Varadharajan A, Straubinger RK, Blum H, Buettner M. Investigation of intra-herd spread of Mycobacterium caprae in cattle by generation and use of a whole-genome sequence. Vet Res Commun. (2017) 41:113–28. doi: 10.1007/s11259-017-9679-8

 45. CDC. Recommendations for prevention and control of tuberculosis among foreign-born persons. Report of the Working Group on Tuberculosis among Foreign-Born Persons. Centers for Disease Control and Prevention. MMWR Recomm Rep. (1998) 47:1–29.

 46. Edriss H, Lee M, Nugent K. Mycobacterium tuberculosis in a calf in West Texas: a rare pathology. Southwest Respir Crit Care Chron. (2020) 8:63–7. doi: 10.12746/swrccc.v8i33.643

 47. Baldwin JH. Pulmonary bovine tuberculosis in an owner and in his dairy herd. Cornell Vet. (1968) 58:81–7.

 48. Salvador LCM, O'brien DJ, Cosgrove MK, Stuber TP, Schooley AM, Crispell J, et al. Disease management at the wildlife-livestock interface: using whole-genome sequencing to study the role of elk in Mycobacterium bovis transmission in Michigan, USA. Mol Ecol. (2019) 28:2192–205. doi: 10.1111/mec.15061

 49. USDA. Bovine Tuberculosis Eradication Uniform Methods and Rules, APHIS 91-4, 91-45-011. (2005). Available online at: https://www.aphis.usda.gov/animal_health/animal_diseases/tuberculosis/downloads/tb-umr.pdf (accessed May 21, 2021).

 50. Ahola S. 2019 National bovine tuberculosis eradication program update. In: United States Animal Health Association Annual Meeting. Washington, DC (2019).

 51. Sjögren I, Hillerdal O. Bovine tuberculosis in man–reinfection or endogenous exacerbation. Scand J Respir Dis. (1978) 59:167–70.

 52. Davidson JA, Loutet MG, O'connor C, Kearns C, Smith RMM, Lalor MK, et al. Epidemiology of Mycobacterium bovis disease in humans in England, Wales, and Northern Ireland, 2002–2014. Emerg Infect Dis. (2017) 23:377–86. doi: 10.3201/eid2303.161408

 53. Griffith AS. Human tubercle bacilli in the milk of a vaccinated cow. J Pathol Bacteriol. (1912) 17:323–8. doi: 10.1002/path.1700170304

 54. Lesslie IW. Tuberculosis in attested herds caused by the human type tubercle bacillus. Vet Rec. (1960) 72:218–24.

 55. Huitema H. The eradication of bovine tuberculosis in cattle in the Netherlands and the significance of man as a source of infection for cattle. Select Pap R Netherl Tubercul Assoc. (1969) 12:62–7.

 56. Ibrahim S, Abubakar UB, Danbirni S, Usman A, Ballah FM, Kudi AC, et al. Molecular identification of Mycobacterium tuberculosis transmission between cattle and man: a case report. J Microbiol Exp. (2016) 3:00091. doi: 10.15406/jmen.2016.03.00091

 57. Srivastava K, Chauhan DS, Gupta P, Singh HB, Sharma VD, Yadav VS, et al. Isolation of Mycobacterium bovis and M. tuberculosis from cattle of some farms in north India–possible relevance in human health. Indian J Med Res. (2008) 128:26–31.

 58. Bezerra AV, Dos Reis EM, Rodrigues RO, Cenci A, Cerva C, Mayer FQ. Detection of Mycobacterium tuberculosis and Mycobacterium avium complexes by real-time PCR in bovine milk from Brazilian dairy farms. J Food Prot. (2015) 78:1037–42. doi: 10.4315/0362-028X.JFP-14-365

 59. Bhanurekha V, Gunaseelan L, Pawar G, Nassiri R, Bharathy S. Molecular detection of Mycobacterium tuberculosis from bovine milk samples. J Adv Vet Anim Res. (2015) 2:80–3. doi: 10.5455/javar.2015.b44

 60. Lepper AWD, Corner LA. Naturally occuring mycobacterioses of animals. In: Ratledge C, Stanford J, editors. The Biology of Mycobacteria, Vol. 2, Immunological and Environmental Aspects. London: Academic Press (1983). p. 417–521.

 61. Tice FJ. Man, a source of bovine TB in cattle. Cornell Vet. (1944) 34:363–5.

 62. Black H. The association of tuberculosis in man with a recurrent infection in a dairy herd. N Z Vet J. (1972) 20:14–5. doi: 10.1080/00480169.1972.33991

 63. Alemayehu R, Girmay M, Gobena A. Bovine tuberculosis is more prevalent in cattle owned by farmers with active tuberculosis in central Ethiopia. Vet J. (2008) 178:119–25. doi: 10.1016/j.tvjl.2007.06.019

 64. Dawson KL, Bell A, Kawakami RP, Coley K, Yates G, Collins DM. Transmission of Mycobacterium orygis (M. tuberculosis complex species) from a tuberculosis patient to a dairy cow in New Zealand. J Clin Microbiol. (2012) 50:3136–8. doi: 10.1128/JCM.01652-12

 65. Hlavsa MC, Moonan PK, Cowan LS, Navin TR, Kammerer JS, Morlock GP, et al. Human tuberculosis due to Mycobacterium bovis in the United States, 1995-2005. Clin Infect Dis. (2008) 47:168–75. doi: 10.1086/589240

 66. Lobue PA, Betacourt W, Peter C, Mosert KS. Epidemiology of Mycobacterium bovis disease in San Diego County, 1994-2000. Int J Tuberc Lung Dis. (2003) 7:180–5.

 67. Scott C, Cavanaugh JS, Pratt R, Silk BJ, Lobue P, Moonan PK. Human tuberculosis caused by Mycobacterium bovis in the United States, 2006-2013. Clin Infect Dis. (2016) 63:594–601. doi: 10.1093/cid/ciw371

 68. CDC. TB Incidence in the United States, 1953-2019. (2020). Available online at: https://www.cdc.gov/tb/statistics/tbcases.htm (accessed March 31, 2021).

 69. Macdonald JM, Law J, Mosheim R. Consolidation in U.S. Dairy Farming. USDA (2020).

 70. Harrison J, McReynolds J, O'kane T, Valentine B. “Hired labor on Wisconsin dairy farms: trends and implications. In: Jesse E, editor. Status of Wisconsin Agriculture, 2008. Madison, WI: University of Wisconsin (2008). p. 58–68.

 71. Adcock F, Anderson D, Rosson P. The economic impacts of immigrant labor on U.S. dairy farms. In: Center for North American Studies Report. Center for North American Studies (2015).

 72. Harrison J, Lloyd S, O'kane T, Turnquist A. Immigrant labor holds 40 percent market share. In: Hoard's Dairyman. (2009). p. 749–50.

 73. Schiller L. Nurses Reaching into the Rural Community - What's Happening at UWEC? Univeristy of Wisconsin-Eau Claire (2015). Available online at: http://umash.umn.edu/wp-content/uploads/2015/09/nursing-schiller.pdf (accessed March 31, 2021).

 74. USDA. (2020). One Health 2020. USDA One Health. (updated November 18, 2020; cited 2020). Available online at: https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/sa_one_health (accessed March 31, 2021).

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.

Copyright © 2021 Lombard, Patton, Gibbons-Burgener, Klos, Tans-Kersten, Carlson, Keller, Pritschet, Rollo, Dutcher, Young, Hench, Thacker, Perea, Lehmkuhl and Robbe-Austerman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Human-to-Cattle Mycobacterium tuberculosis Complex Transmission in the United States



		Introduction



		Materials and Methods



		Case Selection



		Public Health Investigations



		Phylogenetic Analysis







		Results



		Case 1: North Dakota Dairy Herd



		Case 2: Wisconsin Dairy Herd



		Case 3: Texas Dairy Heifer







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Veterinary Science

Human-to-Cattle Mycobacterium
tuberculosis Complex Transmission
in the United States





OPS/images/fvets-08-691192-g001.gif
B






OPS/images/fvets-08-691192-g002.gif
IS s s 5
[——
[A————
A————

o [A———

Pmp—
o———
———
P ——
xS
s 2 e s 8
I
S ———










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





