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Accuracy of two point-of-care 
tests for Rapid Diagnosis of Bovine 
tuberculosis at Animal Level using 
non-invasive Specimens
Holden V. Kelley1,2,12, Sarah M. Waibel3,12, Sabeen Sidiki2, Cristina tomatis-Souverbielle4, 
Julia M. Scordo1,2, W. Garret Hunt5, N. Barr6, R. Smith6, Sayeed N. Silwani1,2, James J. Averill6, 
Susan Baer7, Janet Hengesbach7, Vedat O. Yildiz8, Xueliang pan8, Wondwossen A. Gebreyes3,9, 
Joan-Miquel Balada-Llasat9,10, Shu-Hua Wang9,11* & Jordi B. torrelles1,2*

Bovine tuberculosis (BTB) testing in cattle requires a significant investment of time, equipment, 
and labor. Novel, rapid, cheaper and accurate methods are needed. The Alere Determine TB 
lipoarabinomannan antigen (LAM-test) is a World Health Organization-endorsed point-of-care urine 
test designed to detect active TB disease in humans. The Lionex Animal TB Rapid Test (Lionex-test) is 
a novel animal specific TB diagnostic blood test. An animal level analysis was performed using urine 
(n = 141) and milk (n = 63) samples from depopulated BTB-suspected cattle to test the accuracy of 
the LAM-test when compared to results of positive TB detection by any routine BTB tests (BOVIGAM, 
necropsy, histology, culture, PCR) that are regularly performed by the United States Department of 
Agriculture (USDA). The agreement between the urine LAM-test and USDA standard tests were poor at 
varying testing time points. The same milk samples did not elicit statistically significant agreement with 
the Lionex-test, although positive trends were present. Hence, we cannot recommend the LAM-test as 
a valid BTB diagnostic test in cattle using either urine or milk. The Lionex-test’s production of positive 
trends using milk samples suggests larger sample sizes may validate the Lionex-test in accurately 
diagnosing BTB in cattle using milk samples, potentially providing a quick and reliable field test for BTB.

Bovine tuberculosis (BTB) is a zoonotic disease caused by the bacterium Mycobacterium bovis1,2. The Cooperative 
State-Federal TB Eradication Program, including the United States Department of Agriculture (USDA), state 
animal health agencies, and US livestock producers, have nearly eliminated M. bovis infection from cattle in the 
US3,4. Although inspectors test more than one million animals a year for BTB and have taken steps to eradicate 
this disease, M. bovis is still present5. Globally, M. bovis is typically spread from cattle to cattle but in the US, wild-
life (e.g. white tail deer, elk, bison, badgers, etc.) more frequently infect cattle, particularly in Michigan, which is 
the focus of this study5,6. Thus, domestic cattle and wildlife pose a potential threat to human health5,6. Indeed, BTB 
is typically transmitted from cattle to humans primarily through consumption of unpasteurized dairy products or 
occasionally contaminated meats2,7,8. Current diagnostic testing and eradication protocols along with pasteuriza-
tion have caused the prevalence of BTB to drop significantly in the US as well as in other developed countries9,10. 
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In 2016, the World Health Organization (WHO) estimated 147,000 cases of zoonotic TB with 12,500 deaths11. 
Globally, however, the median proportion of M. bovis cases of the total TB cases reported in humans ranges from 
15.4 to 26.1% in African countries like Ethiopia, Nigeria, and Tanzania1.

Diagnosis of BTB is difficult since animals with disease often do not show signs until the infection has reached 
an advanced stage8,9. In some countries, delay in BTB diagnosis may increase transmission rates from animals 
to humans. BTB eradication programs in developed countries like the US include comprehensive screening of 
imported and domestic cattle, tracking cattle movement between farms, euthanizing skin test-positive animals 
(reactors), inspecting meat at slaughter plants, pasteurizing dairy products, and performing positive sample trace-
backs. If M. bovis is detected in a particular cow from a farm, then all cattle are quarantined and screened for M. 
bovis infection. If infection is confirmed in any of the tested cattle, then whole herd depopulation is performed 
or individual testing and removal is implemented8,9. This method of surveillance and control drives a substantial 
economic burden. Within the last 10 years, the USDA-Animal and Plant Health Inspection Service (APHIS) 
program has directed $342 million of its budget on US BTB surveillance and control4. This does not include the 
cost of indemnity payments to farmers, cleaning and disinfection of infected farms, or wildlife surveillance in 
BTB-infected regions. Likewise, in 2013, the UK government spent £99 million on BTB with 35.6% of cost going 
towards cattle compensation costs12. These labor and cost intensive approaches to reduce the prevalence will not 
be feasible in developing regions/countries.

Current detection methods rely on moderately sensitive, expensive, and labor intensive intradermal tubercu-
lin tests13,14, delayed culturing processes, BOVIGAM (IFN-γ release assay in blood), and/or PCR testing. Present 
screening methods include the Caudal Fold Tuberculin test (CFT) which is read at 72 h ± 6 h. If the animal 
responds to the CFT, then this test is followed by the Comparative Cervical Tuberculin test (CCT) also read at 
72 h ± 6 h as a confirmatory test. The CCT must be administered by a state or federal veterinarian trained in the 
application of the test. If required, follow-up CCT testing must be performed within 10 days of the initial CFT 
in cattle, or the veterinarian must wait 60 days after the injection of the CFT before a follow-up CCT re-testing 
to avoid desensitization3. An animal is considered a reactor if it shows a response to the aforementioned official 
TB tests and is classified as a reactor by the testing, accredited, veterinarian or designated TB epidemiologist3. An 
animal can also be considered a reactor upon slaughter inspection, necropsy, histology, PCR, and/or culture by 
the federal or state veterinarian performing or supervising3. Compounding this issue is the reluctance of farmers 
to slaughter suspect BTB cattle for post-mortem testing (necropsy or histology) given the low prevalence of BTB 
in US cattle and subsequent high rate of false positives. Thus a simple, easy-to-use, cost-effective, and rapid diag-
nostic test for BTB is in needed to combat this disease.

The Alere Determine TB LAM Ag (LAM-test, Waltham, MA, USA) is a point-of-care (POC) rapid test that 
uses the Mycobacterium tuberculosis complex lipoarabinomannan (LAM) antigen excreted in urine to detect 
active TB disease in humans15–18. Since M. bovis is part of the M. tuberculosis complex and contains LAM, in this 
study we determined if LAM could also be detected in the urine and milk of cattle to diagnose BTB.

The Lionex Animal TB Rapid Tuberculosis Test (Lionex-test, Braunschweig, Germany) is another rapid TB 
test that uses whole blood, serum, or plasma to detect three unique M. tuberculosis complex antigens19. One of 
these antigens is an M. tuberculosis cell wall complex carbohydrate antigen, while the other two are patented, 
proprietary targets. This study determined if the Lionex-test could detect M. bovis in milk19.

Michigan is one of the few US states with a known, sustained BTB reservoir in white-tailed deer and ongo-
ing BTB outbreaks in cattle. Michigan has spent over $160 million in recent years to control BTB without suc-
cessfully eradicating this disease from the known deer reservoir20. In this study, in collaboration with Michigan 
Department of Agriculture and Rural Development (MDARD), we tested specimens from cattle suspected to 
have BTB derived from depopulated Michigan cattle during a BTB outbreak from 2014–2015. Tissue, blood, 
milk (from dairy herd), and urine specimens were collected from suspect cows for BOVIGAM, necropsy, histol-
ogy, culture, and PCR at a Michigan slaughter plant or at the Michigan State University Veterinary Diagnostic 
Laboratory (MSUVDL). We performed an animal level analysis using milk and urine samples to determine the 
efficacy of the LAM-test and Lionex-test. Our results revealed the potential of the LAM-test and Lionex- test as 
a POC tests for BTB.

Results
LAM-test. Samples were collected from 190 animals. Due to contamination or no paired USDA testing 
results, 30 animals were excluded from analysis. Urine (n = 141) and milk (n = 63) samples were collected, fro-
zen, transported to The Ohio State University, thawed, and then tested from 160 BTB-suspected animals, with 
54 animals contributing both urine and milk samples (Fig. 1). For the purpose of this study, the LAM-test was 
performed in urine and milk (e.g. milk plasma phase) samples (Fig. 2A). This test was first proven to detect 
LAM from M. tuberculosis complex strains in laboratory setting, including attenuated (H37Ra), virulent (H37Rv, 
Erdman), hypervirulent (HN878) M. tuberculosis and importantly for this study, M. bovis (BCG) species (Fig. 2B).

For the purpose of this study, an animal with USDA positive BOVIGAM, necropsy, histopathology, culture, 
and/or PCR results was considered to have positive BTB status. The proportion of positive and negative results 
for BTB in the animals studied was 103 (73%) and 38 (27%), respectively. Subsequently, LAM-tests were per-
formed in 141 urine samples and results read at 25 min. Of these, 29.1% (41/141) tested positive when read at 
25 min, and 80.9% (114/141) tested positive when read at 1 or 24 h; results from 1 and 24 h were identical, and 
were therefore interchangeable for the purpose of data analysis. All of the animals received at least two of the 
USDA standard tests to determine BTB positivity (BOVIGAM, necropsy, histology, culture, PCR). BOVIGAM 
was used in only 31 animals. Of the standard BTB tests performed by USDA in urine collected animals, 6 animals 
were tested by only one test, 31 animals were tested by two tests, 36 animals were tested by three tests, 68 animals 
were tested by four tests, and no animals received all five tests. These USDA standard tests combined were used to 
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determine overall BTB results of animals and subsequently the sensitivity and relative specificity of the LAM-test 
and Lionex-test. See Supplemental Table S1 for the detailed testing performed per each animal studied.

At 25 min read, the urine LAM-test exhibited low sensitivity (30.1%), high relative specificity (73.7%) based on 
the BTB status. The LAM-test sensitivity, when compared to USDA diagnostic tests performed ranged from 6.3 
to 40.3% (Table 1). The LAM-test relative specificity ranged from 72.2 to 84.6% (Table 1). Overall, the LAM-test 
had poor agreements with BTB status and USDA diagnostic tests, with kappa values of 0.025 for BTB status, and 
a range from −0.084 to 0.114 for individual USDA diagnostic test.

The 1 and 24 h reading reverted the trend observed at 25 min, showing high sensitivity (80.6%), low relative 
specificity (18.40%), yet had poor agreements with both BTB and USDA diagnostic tests. The sensitivity for each 
test increased to range from 77.3 to 93.8% and the relative specificity ranged from 0 to 16.7%. The kappa values 
were −0.01 for BTB status, with a range from −0.085 to −0.012 for individual USDA diagnostic test.

Similarly, at 25 min read, the milk LAM-test presented low sensitivity (4.4%), moderate relative specificity 
(87.5%), and overall had no significant agreements with BTB and USDA diagnosis tests (kappa values −0.033 to 
0.118) (Table 2).

Milk samples read at 1 and 24 h maintained low sensitivity (6.5%), high relative specificity (87.5%) (Table 2), 
and no significant agreements with BTB and USDA diagnosis tests with kappa values at −0.156 to 0.118.

Overall, for urine and milk samples, reading the LAM-test at 25 min yielded low sensitivity and high relative 
specificity. This trend was maintained for milk samples when read at 1 h and 24 h. Alternatively, reading urine 
samples at 1 and 24 h significantly improved the sensitivity but lowered the relative specificity.

Lionex-test. Lionex testing (Fig. 2C) was performed in 29 of the collected milk samples and read for Lionex+ 
and Lionex+1–3 results. Of these, 90.0% (26/29) tested positive for Lionex+ and 24.1% (7/29) tested positive for 
Lionex+1–3. In general, Lionex+ kappa values showed no agreement (−0.158 to 0.139), with overall sensitivity 
of 91.7% and relative specificity of 20% (Table 3). The sensitivity and relative specificity ranged between 87.5 to 
100%, and 0 to 20%, respectively. For Lionex+1–3, with overall sensitivity of 16.7% and relative specificity of 40%, 
there was no significant agreement with BTB and USDA diagnosis tests. The sensitivity ranged from 12.5 to 50% 
while relative specificity ranged from 0 to 50%, respectively (Table 3).

190 Animals

30 Excluded due to contamination or 
no USDA tested

160 Animals tested

Urine LAM-test 
(n=141)

Urine alone 
(n=87)

Milk alone 
(n=9)

Urine & Milk 
(n=54)

Milk Lionex-test 
(n=63)

BOVIGAM (*)
(n=31)

Necropsy
(n=133)

Histology
(n=160)

Culture
(n=108)

PCR
(n=28)

USDA
tests

Lab
tests

Defined as BTB posi�ve animal if one or more of the USDA diagnos�c test gave posi�ve results

Figure 1. Number of animals included in this study and lab and USDA tests performed. In this study, urine 
and/or milk was obtained from 190 animals suspicious of having BTB. Of these, 160 animals were post-mortem 
tested using at least one of the USDA standard BTB test (BOVIGAM, Necropsy, Histology, culture and/or PCR). 
For the purpose of this study, an animal with USDA positive BOVIGAM, necropsy, histopathology, culture, 
and/or PCR results was considered to have positive BTB status. Urine and milk were used from these animals 
to test the accuracy of the LAM-test, and milk to test the accuracy of the Lionex-test when compared to the 
USDA standard tests performed for this study. In figure: (*) The bovine interferon gamma assay may be used in 
cattle herds only, and only when approved by the Chief State Animal Health Official and AVIC as an official test 
for use in the State and with the concurrence of the DTE and the VS Regional Tuberculosis Epidemiologist, as 
outlined in Part III, A.4. of ref. 3.
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Discussion
Currently there is a lack of accurate, field deployable standard field tests for veterinarians to establish quickly 
in the field if an animal is truly infected with M. bovis and/or has active BTB. Additional methods include 
post-mortem testing (necropsy, histology), methods that are challenging to perform and/or require time and 
expertise, or are costly (i.e. BOVIGAM, culture, PCR). In an attempt to address if two point of care tests could be 
useful to diagnose BTB, we evaluated the efficacy of the Alere Determine LAM TB Urine Antigen Test (LAM-test, 
initially designed for human TB) and Lionex Animal TB Rapid Blood Test (Lionex-test) in accurately diagnosing 
BTB in cattle using urine and milk samples, two non-invasive and easily obtainable samples. The goal was to 
validate these rapid, field-based, easy-to-use, and relatively low cost (~$3.5/test USD) diagnostic tests for BTB 
surveillance in the US and their potential suitability in high BTB endemic countries. Better POC testing in the 
field for BTB could fulfill significant agricultural and public health needs, enable rapid detection, and aid in pre-
venting transmission of BTB between animals and from animals to humans. However, our comparisons between 
the LAM-test (using urine or milk) and USDA standard diagnostic tests yielded poor agreement. The same milk 
samples did not elicit significant agreement with the Lionex-test (n = 29), although positive trends were present. 
Though kappa values were low for Lionex+ readings, high sensitivities for necropsy, histology, culture, and PCR 
(91.7%, 91.3%, 87.5%, 90.9%, respectively) suggest the validity of this test needs to be further studied. These 
trends dissipate when the test was read for Lionex+1–3 results (Table 3). Due to the overall poor agreement 
from the results (kappa value <0.2), increasing the sample size may not likely demonstrate the utility of the 
LAM-test and Lionex-test. Further studies will need to address modifications on these two diagnostic test meth-
ods to improve their sensitivity and relative specificity (>80%). These may include performing the test in the field 
as true POC (where urine/milk is collected vs. using frozen samples) and comparing to post-mortem evaluation 
and gold standard culture and PCR, study location (BTB endemic vs. non-endemic area), sample transport and 
preparation, and evaluate test’s performance dependency on the nature of M. tuberculosis complex strains, among 
others.

In our study, we first validated in the lab setting that the LAM-test can detect LAM from different M. tuber-
culosis complex species, including M. bovis. In this regard, it is not exactly described the nature of the LAM 
epitopes(s) that this test recognizes, but it is reported that detects mannose-capped LAM (or ManLAM) from M. 
tuberculosis complex (which includes M. tuberculosis and M. bovis among other species) at 97% relative specific-
ity16,17. Urine spiked with in-house purified M. bovis BCG LAM was detected by the LAM-test at similar levels 

Figure 2. Examples of positive and negative test results for the LAM-test and Lionex-test. (A) The LAM-
test has two zones, the control zone, which always shows a purple positive band and the testing zone, where 
when a purple band appears indicates a positive result for LAM detection in the analyzed specimen. (B) M. 
tuberculosis complex LAM (5 μg) was spiked in 1 ml urine of urine and LAM-test performed to determine if 
this test can detect LAM from M. tuberculosis complex including attenuated (H37Ra), virulent (H37Rv, Erdman) 
and hypervirulent (HN878) strains of M. tuberculosis and M. bovis BCG. A positive result is considered by 
band intensity values read between +1 (minimum) and +4 (maximum). (C) The Lionex-test has two zones, 
the control zone marked by a C and the testing zone marked by a T. Within the testing zone there are three 
M. tuberculosis complex antigens, each of them defined by a positive purple band if antibodies against these 
antigens are present in the sample being tested. One strong line appears in the Test zone together with the 
control line (positive result). Two strong bands appear in the test zone together with the control line (positive 
result). No bands present in the test zone and a band alone appears in the control line (negative result).
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Type of Test

Urine LAM 25 min Urine LAM 1 hr/24 hr

Negative Positive Negative Positive

BOVIGAM

13 Negative 11 (84.6) 2 (15.4) 0 (0) 13 (100)

16 Positive 15 (93.8) 1 (6.3) 1 (6.3) 15 (93.8)

Necropsy

44 Negative 32 (72.7) 12 (27.3) 7 (15.9) 37 (84.1)

72 Positive 43 (59.7) 29 (40.3) 17 (23.6) 55 (76.4)

Histology

42 Negative 31 (73.8) 11 (26.2) 7 (16.7) 35 (83.3)

98 Positive 68 (69.4) 30 (30.6) 20 (20.4) 78 (79.6)

Culture

36 Negative 26 (72.2) 10 (27.8) 6 (16.7) 30 (83.3)

62 Positive 43 (69.4) 19 (30.7) 11 (17.7) 51 (82.3)

PCR

0 Negative 0 (0) 0 (0) 0 (0) 0 (0)

22 Positive 15 (68.2) 7 (31.8) 5 (22.7) 17 (77.3)

BTB Status

38 Negative 28 (73.7) 10 (26.3) 7 (18.4) 31 (81.6)

103 Positive 72 (69.9) 31 (30.1) 20 (19.4) 83 (80.6)

Table 1. Performance of the LAM-test in urine against USDA reference tests. *Note: Comparison of LAM-
test results (at 25 min and 1 h & 24 h) performed in urine samples with the other USDA tests results obtained 
from the same animals. Breakdown of true positive and negative LAM-tests, as well as false positive and false 
negative LAM-test results. Includes physical number of tests performed for each category along with percentage 
of total number in parentheses. Results suggest not only low sensitivity at 25 min due to high number of false 
negative LAM-tests, but also overly sensitive at 1 h or 24 h, with an increase in false positive LAM-test results 
when compared to the tests performed by USDA. For the purpose of this study, an animal with USDA positive 
necropsy, histopathology, culture, and/or PCR results was considered to have positive BTB-status, and positive 
BOVIGAM as exposed/infected. An animal was considered to have a negative BTB status, if this tested negative 
on all USDA tests performed.

Type of Test

Milk LAM 25 min Milk LAM 1 h/24 h

Negative Positive Negative Positive

BOVIGAM

1 Negative 1 (100) 0 (0) 1 (100) 0 (0)

6 Positive 6 (100) 0 (0) 6 (100) 0 (0)

Necropsy

22 Negative 20 (90.9) 2 (9.1) 20 (90.9) 2 (9.1)

40 Positive 38 (95) 2 (5) 37 (92.5) 3 (7.5)

Histology

21 Negative 19 (90.5) 2 (9.5) 19 (90.5) 2 (9.5)

41 Positive 39 (95.1) 2 (4.9) 38 (92.7) 3 (7.3)

Culture

20 Negative 18 (90) 2 (10) 18 (90) 2 (10)

10 Positive 8 (80) 2 (20) 8 (80) 2 (20)

PCR

0 Negative 0 (0) 0 (0) 0 (0) 0 (0)

26 Positive 25 (96.2) 1 (3.9) 24 (92.3) 2 (7.7)

BTB Status

16 Negative 14 (87.5) 2 (12.5) 14 (87.5) 2 (12.5)

46 Positive 44 (95.7) 2 (4.4) 43 (93.5) 3 (6.5)

Table 2. Performance of the LAM-test in milk against USDA reference tests. *Note: Comparison of LAM-test 
results (at 25 min and 1 h & 24 h) performed in milk samples with the other USDA tests results obtained from 
the same animals. Breakdown of true positive and negative LAM-tests, as well as false positive and false negative 
LAM-test results. Includes physical number of tests performed for each category along with percentage of total 
number in parentheses. Results suggest low sensitivity at both 25 min and 1 h or 24 h. For the purpose of this 
study, an animal with USDA positive necropsy, histopathology, culture, and/or PCR results was considered to 
have positive BTB-status, and positive BOVIGAM as exposed/infected. An animal was considered to have a 
negative BTB status, if this tested negative on all USDA tests performed.
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(+3 band intensity) as we observed for purified LAMs from several M. tuberculosis laboratory strains (attenuated 
H37Ra, virulent H37Rv, virulent Erdman, and hypervirulent HN878), which gave a band intensity of +4. Thus, this 
test should be suitable to detect M. bovis LAM in urine.

Because the LAM-test was originally designed for human use, test results were read at the 
manufacturer-recommended 25 min, but also at 1 and 24 h to determine if efficacy varied as time-after-exposure 
progressed. Results at the 25 min differed from results at 1 and 24 h, however, 1 and 24 h results showed no differ-
ence. Our LAM-test results, for urine and milk samples, produced inconsistent results at the various time inter-
vals studied. The high negative-to-positive conversion rate between time points may suggest that the LAM-test 
is reactive to additional unidentified microbial antigens found in the cattle’s urine and/or there is an increase of 
unspecific binding overtime. Based on these results, the LAM-test does not appear to be an effective test for BTB 
using urine. Interestingly, by extending the reading time to 1 h, increased positive results were obtained. Thus, the 
LAM-test could be potentially considered as a screening test, which positiveness will need to be confirmed by a 
more specific test.

The original Lionex-test was developed for the detection of human TB19; however, the one used in this study 
was specifically designed for BTB. The Lionex-test detects antibodies present in blood, serum, and plasma against 
three different antigens of the M. tuberculosis complex cell wall. These antigens are ManLAM, a mixture of recom-
binant cell wall proteins (non-specified by the company), and a third non-disclosed proprietary antigen. Since the 
majority of antigens in the Lionex-test are of proprietary knowledge, we relied on the company quality controls 
of this test, which is commercially available and sold for the detection of BTB in animals19. Thus, a Lionex-test 
positive result is defined as any detection of antibodies against any of the three antigens present in this test. Given 
this fact, there are a total of 7 different possible positive results for this test, with there being 3 single positive 
results (1; 2; or 3) and 4 combination positive results (1 and 2; 1 and 3; 2 and 3; and 1, 2, and 3). Despite the num-
ber of possibilities, there were only 2 combinations that were observed on the samples studied. Lionex+ result 
was defined when a milk sample on the Lionex-test gave positive at least for one of the three antigens. However, 
positive results for antigen 1 and 2 always displayed together. Lionex+1–3 result was defined when a milk sam-
ple on the Lionex-test gave positive for all three antigens at the same time. No other combinations were present 
from all samples tested. These specific combinations might suggest an interrelationship between the different 
antigens. This finding could be specific to M. bovis or other members of the M. tuberculosis complex. Moreover, 
Mycobacterium avium subspecies paratuberculosis or Johnes disease is of particular concern given that the 2007 
Dairy HAHMS study found approximately at least one cow positive for Johnes in 68% of US dairy herds21. It is 
unknown if the Lionex-test could be cross-reacting with these bacteria and may warrant further investigation to 
clarify the relationship.

Type of Test

Milk Lionex + Milk Lionex+1–3

Negative Positive Negative Positive

BOVIGAM

0 Negative 0 (0) 0 (0) 0 (0) 0 (0)

2 Positive 0 (0) 2 (100) 1 (50.0) 1 (50.0)

Necropsy

5 Negative 1 (20.0) 4 (80.0) 2 (40.0) 3 (60.0)

24 Positive 2 (8.3) 22 (91.7) 20 (83.3) 4 (16.7)

Histology

6 Negative 1 (16.7) 5 (83.3) 3 (50.0) 3 (50.0)

23 Positive 2 (8.7) 21 (91.3) 19 (82.6) 4 (17.4)

Culture

3 Negative 0 (0) 3 (100) 1 (33.3) 2 (67.7)

8 Positive 1 (12.5) 7 (87.5) 7 (87.5) 1 (12.5)

PCR

0 Negative 0 (0) 0 (0) 0 (0) 0 (0)

11 Positive 1 (9.1) 10 (90.9) 8 (72.3) 3 (27.3)

BTB Status

5 Negative 1 (20) 4 (80) 2 (40) 3 (60)

24 Positive 2 (8.3) 22 (91.7) 20 (83.3) 4 (16.7)

Table 3. Performance of the Lionex-test in milk against USDA reference tests. *Note: Comparison of Lionex-
test results performed in milk samples with the other USDA tests results obtained from the same animals. 
Tests were categorized into two categories, Lionex+ and Lionex+1–3. Lionex+ indicates at least one antibody 
was present in the milk sample, eliciting at least one visible antigen line on the test. Lionex+1–3 indicates that 
all three specific antibodies were present in the milk sample, eliciting three visible antigens on the test card. 
Neither Lionex+ or Lione+1–3 analysis elicited statistically significant results. However, Lionex+ true positive 
trends suggest future studies of larger sample sizes may further validate this assay. For the purpose of this study, 
an animal with USDA positive necropsy, histopathology, culture, and/or PCR results was considered to have 
positive BTB-status, and positive BOVIGAM as exposed/infected. An animal was considered to have a negative 
BTB status, if this tested negative on all USDA tests performed.

https://doi.org/10.1038/s41598-020-62314-2


7Scientific RepoRtS |         (2020) 10:5441  | https://doi.org/10.1038/s41598-020-62314-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

These study presented several limitations. It could have benefited from being able to have all comparative 
tests performed on each animal to increase the accuracy of the diagnosis. Unfortunately, there were a variety of 
challenges with sample collection which impacted the number of milk samples available for the LAM-test and 
Lionex-test testing. This study also would have benefited from a larger negative control sample size, i.e. healthy, 
certified BTB free cattle from the same region of the cattle suspected of BTB to evaluate the true specificity of the 
tests. Additional comparisons were made between tests with theoretical negative control samples and the levels 
of agreement dramatically improved, especially for the Lionex-test. These results, however, were not included in 
this study due the concerns of artificially increasing the pool of negative BTB samples to benefit the statistics. A 
concern is the issue with BTB serology sensitivity. The Lionex-test is a serological test and its sensitivity for BTB 
could greatly vary depending on the circumstances (e.g. number of infected animals, previous CFT/CCT tests, 
BCG vaccination, duration and extent of the infection, etc.)22,23. For example, the interval of time between a stim-
ulus (e.g. infection, CFT test-PPD administration) and the sampling to perform the Lionex-test could be impor-
tant because the anamnestic response is better between 8 days and 28 days24–27. As the Lionex-test was mainly 
designed for blood, serum and plasma samples (from cattle with active BTB disease), in future studies will be also 
necessary to compare sensitivity results of the Lionex-test on milk with the Lionex-test on blood compared to the 
standard USDA diagnostic tests.

Another limitation is that the LAM-test and the Lionex-test were performed using frozen samples and thus, it 
may have an impact on the performance of these tests. Freeze/thaw may alter the detection of LAM in urine/milk 
by the LAM-test, and may also alter the functionality of antibodies detected by the Lionex-test in milk.

This study was carried out in a highly infected population where the positive predicted values (PPV) of 
the necropsy and histological USDA tests were accurate. However, caution must be taken defining the status 
based only on these tests in a low prevalence population3. The BOVIGAM test sometimes also shows a high 
false positive rate for potential exposure/infection (e.g. due to herds exposed to environmental non-tuberculous 
mycobacteria)3,4. Thus, combined necropsy, histology and BOVIGAM PPVs can become poor in low prevalence 
populations and thus, PCR or culture should be used on these populations to confirm the BTB status of the ani-
mal. Indeed, in our study we did not have any animal that just received the BOVIGAM test alone, and the ones 
that received this test, their result was confirmed by other USDA diagnostic tests (Table 1, see as examples, ani-
mals 120–126). Conversely, there were 7 animals (Table 1, animals 2, 5, 8, 11, 15, 17, and 36) that gave BOVIGAM 
negative, but tested positive by other USDA diagnostic tests. In this instance, these animals were diagnosed as 
BTB positive based on their culture positive result. In this regard, animals in this study were already selected 
for slaughtering as suspicious of having BTB, thus the majority of diagnostic tests performed by USDA in these 
animals were post-mortem.

Hence, additional studies in BTB endemic areas are needed to provide more thorough data about the use of 
the LAM-test (in urine and milk) and Lionex-test (in milk) in the field. Furthermore, future studies will need to 
compare the effectiveness of the Lionex-test to currently used CFT screening test and CCT confirmatory test in 
dairy cattle, as well as BOVIGAM. This is also true for the LAM-test. If either test is to become the new means of 
testing for BTB in cattle, then it must be compared to USDA and European Union’s current standards; otherwise, 
it will fail to gain traction. This study was unable to conduct these comparisons because the samples for testing 
were collected during herd depopulations.

Under our experimental conditions and following manufacturer’s guidelines, the LAM-test is not considered 
valid for accurate diagnosis of BTB in cattle using milk or urine samples. The use of the LAM-test for BTB diag-
nosis in urine and milk samples will need further evaluation, as a recent report indicate that enzymatic treatments 
of LAM-spiked urine and milk could increase the efficiency of the LAM-test in detecting LAM in these samples28. 
This is an active research in our laboratories.

Though the Lionex-test did not produce statistically significant results, the trends observed may suggest the 
Lionex-test in milk was in closer agreement to the USDA standard diagnostic testing performed. The Lionex-test, 
however, showed some trends suggesting that the easily obtainable milk samples may be a viable option for 
non-invasive, rapid diagnosis of Mycobacterium bovis infection in cattle. Further studies will need to be per-
formed to verify that the Lionex-test is up to this challenge.

Methods
Animals. The study was conducted using animals recruited from depopulated, BTB-suspected cattle in 
northeastern Michigan which experienced a BTB outbreak in 2015. This BTB area formed by Alcona, Alpena, 
Montmorency, Oscoda and Presque Isle County is classified as a Modified Accredited Zone (a State or zone of a 
State that must have had a TB prevalence less than 0.1% of the total number of cattle and bison herds for the most 
recent year) by the USDA Bovine Tuberculosis Eradication Uniform Methods and Rules3. Samples were collected 
from 190 animals. Due to contamination or no USDA diagnostic testing, 30 animals were excluded from analy-
sis. Urine (n = 141) and milk (n = 63) samples were collected, frozen, transported to The Ohio State University, 
thawed, and then tested from 160 BTB-suspected animals, with 54 animals contributing both urine and milk 
samples (Supplemental Table S1). BTB infection was determined using lung tissue culture, histology, necropsy, 
BOVIGAM, and PCR methods at MSUVDL. Negative control milk samples came from a local Ohio dairy that 
was certified BTB free. To obtain negative control urine samples, urine was obtained from the bladder from BTB 
free cattle. All samples were filter-sterilized using low protein binding 0.2 μm filter-membranes, aliquoted and 
frozen at −80 °C until processing.

Alere determine LAM TB Urine or milk Antigen Test (LAM-test). The LAM-test (Alere Determine, 
Alere, Waltham, MA) is an immunochromatographic test for the qualitative detection of LAM antigen of myco-
bacteria in urine29,30. The LAM-test employs highly purified antibodies specific to the major lipoglycan antigen 
of the Genus Mycobacterium, LAM. Although this test was originally designed for human TB detection using 
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urine16,31, here we evaluated this test for the diagnosis of BTB in cattle using urine and milk. To analyze milk 
samples, 1 ml of milk was centrifuged for 10 min at 5,000 × g to obtain the milk plasma phase (supernatant) for 
the testing.

Prior to testing, specimens were removed from −80 °C storage, and thawed on ice. Following the manufac-
turer instructions, 60 μl of urine or milk (plasma phase) was added into the sample pad on the test strip and kept 
at room temperature for 25 min before the first reading. For the purpose of this study, band intensity was not 
taken into consideration when determining positive results; if a band appeared, the test strip was considered 
positive (Fig. 1A). Test strips were read again at 1 and 24 h to determine if additional incubation time positively 
or negatively altered the performance of this test. All test results were interpreted according to the commercial 
LAM-test test manual.

To show that the LAM-test can detect M. bovis LAM, 1 ml of urine from healthy animals was spiked with 0.05 
μg of purified LAM from different M. tuberculosis complex strains [attenuated H37Ra, virulent H37Rv and Erdman, 
hypervirulent HN878 M. tuberculosis strains and M. bovis BCG (BCG) strain] obtained as we described32–34. 
Strains within the M. tuberculosis complex have a unique mannose-capped LAM (or ManLAM), where M. tuber-
culosis, M. bovis and M. bovis BCG ManLAMs have similar (no identical) structures35.

The lionex bovine TB-ST Rapid Test (Lionex-Test). The Lionex-test is a lateral flow immuno-chromatogra- 
phic, membrane-based screening test for the rapid detection of antibodies (IgG/IgM/IgA) in whole blood, plasma,  
or serum of animals (Lionex diagnostic and therapeutic GmbH Company, Germany)19. This test contains a membrane  
coated with: i) a special antibody binding protein, conjugated to colloidal gold particles (conjugate); ii) three 
test lines, two lines consisting of two specific recombinant antigens from M. bovis, and the third containing a 
highly purified mycobacterial cell wall antigen (LAM); and iii) a control line consisting of an antibody binding  
protein, indicating that the test has been properly performed. The sensitivity and relative specificity of the 
Lionex-test was measured by the manufacturer using specific antigens from M. bovis in blood from cattle. The 
manufacturer-stated specificity of the Lionex-test was more than 95% and the sensitivity 74.29%19.

To test the milk, 20 µl of milk plasma phase, obtained by centrifugation as above indicated, was added to the 
Lionex-test well making sure to avoid the milk fat; and immediately followed by 2 drops of the diluent buffer 
provided. After 5 min, an additional drop of the diluent was added to the sample well, followed by a 20 min incu-
bation at room temperature.

Following the manufacturer instructions, a Lionex-test positive result is when a band appears within the test-
ing area (T) next to the ‘1’ [detecting antibodies against an M. tuberculosis cell wall complex carbohydrate anti-
gen, LAM), ‘2’ or ‘3’ (detecting antibodies against a mixture of recombinant antigens) indicators alone, or when 
multiple bands appear in combination (Fig. 1B). Negative results are when bands do not appear next to ‘1, 2 or 3’ 
indicators. The ‘C’ band corresponds to the test’s internal positive control and always need to appear to validate 
the test (Fig. 1B). Given the numerous positive combinations from the Lionex-test, multiple definitions were 
created to interpret the results. A negative result was defined as a milk sample that did not elicit appearance of any 
of the three antigen indicators (‘1, 2, or 3’) contained on the Lionex-test. Lionex+ was defined as a milk sample 
that tested positive for at least one of the three antigen indicators. However, indicator ‘1’ and ‘2’ always appeared 
together and became the modified definition for Lionex+. Lionex+1–3 was defined as a milk sample that tested 
positive for all three antigen indicators. Additional combinations were explored but failed to yield results.

Tissue necropsy, histology, culture, BOVIGAM, PCR. All these USDA diagnostic tests were performed 
by the USDA National Veterinary Services Laboratories following their standard test procedures. Necropsy was 
performed by visual examination of tissues to determine BTB by a USDA accredited veterinarian. Tissue samples 
were collected from BTB-suspected and subsequently ground, digested, and concentrated for histologic exami-
nation. After the animal was sacrificed, tissue samples were cut to 2 mm thick subsample and immediately fixed 
in formalin to preserve cellular detail. One-part tissue to 10 parts formalin was used to adequately fix tissue36,37. 
Formalin-fixed tissues were processed and stained with hematoxylin and eosin. Any granulomatous lesions were 
then stained with a modified acid fast procedure and an auramine orange/acridine orange procedure36,37. Positive 
fluorescence required further examination via Zeihl-Neelsen staining methods38.

Fresh tissues for culture of mycobacteria were first screened for visible lesions. Tissues were decontaminated 
with a sodium hydroxide solution to remove fungal and bacterial contaminants. Samples were then processed 
and cultured using the mycobacterial growth indicator tube (MGIT) system (Becton Dickinson, Franklin Lakes, 
NJ). Media was prepared according to manufacturer’s guidelines, with the addition of erythromycin 6.0 μg/mL. 
Subsequent inoculations, acid-fast stains, and observations also followed manufacturer’s guidelines39.

A commercial BOVIGAM TB Kit (Applied Biosystems, Foster City, CA), was used to test blood samples in 
this study. Briefly, blood samples were incubated overnight with antigens, such as tuberculin purified protein 
derivative (PPD), to stimulate lymphocytes to produce IFN-γ. IFN- γ in the plasma supernatants of each blood 
aliquot was then further determined using a sandwich ELISA. IFN- γ present in the sample bound to anti-bovine 
IFN- γ monoclonal antibodies and was further visualized with a secondary anti-IFN- γ antibody labeled with 
an enzyme that generated a color signal. Color development was proportional to the amount of bound IFN- γ40.

Acid-fast bacilli stain and PCR were performed on tissue specimens in addition to histopathology and 
PCR41,42. PCR tests were conducted according to the original procedure developed for M. bovis identification, 
with incorporation of subsequent modifications. Briefly, a crude tissue extract was prepared from two paraffin 
sections (5 μm each) that were placed in a 1.5 ml microcentrifuge tube and pelleted by centrifugation at 16,000 
× g for 1 min, followed by the addition of 200 μl water containing 0.5% Tween 20. The tube was then subjected to 
two cycles of a 10 min boil followed by snap freezing (ethanol on dry ice). After a third 10 min boil the sample was 
centrifuged at 3000 × g for 20 min and 10 μl of the supernatant was used for each PCR test.
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For the purpose of this study, an animal with USDA positive BOVIGAM, necropsy, histopathology, culture, 
and/or PCR results was considered to have positive BTB status. An animal was considered BTB negative when it 
did not test positive on any of these five USDA diagnostic tests reported. These combined USDA diagnostic tests 
were used to determine overall BTB results of animals and subsequently the sensitivity and relative specificity 
of the LAM-test and Lionex-test. Sensitivity analysis (true positive rate) measured the proportion of correctly 
identified positives by any of the five USDA diagnostic test reported. As all the samples originated from a BTB 
suspected population, specificity as such could not be estimated because the studied population could not be 
guaranteed of being truly BTB free despite negative reference tests. Thus, the proportion of samples that tested 
negative by any of the five USDA diagnostic test reported were used to define the relative specificity.

Data analysis. Data analyses were conducted using SAS (9.4, SAS Inst. Inc., NC, US). Test sensitivity (pro-
portion of positive result found among infected animals) and relative specificity (proportion of negative result 
among non- infected animals) of the LAM-test on urine and milk, and the Lionex-test on milk, were estimated 
based on the BTB status and five individual USDA diagnostic tests. The agreement among different diagnostic 
tests was evaluated using Cohen’s Kappa coefficient.

Ethics approval and consent to participate. Under The Ohio State University Institutional Animal Care 
and Use Committee (IACUC) waiver and permission, all samples were obtained post-mortem during a depopu-
lation of cattle suspected to be infected by M. bovis performed by the Michigan Department of Agriculture and 
Rural Development, and the Diagnostic Center for Population and Animal Health at Michigan State University 
under USDA supervision.

Data availability
All data generated and/or analyzed during the current study are available in this published article.

Received: 5 June 2019; Accepted: 11 March 2020;
Published: xx xx xxxx

References
 1. El-Sayed, A., El-Shannat, S., Kamel, M., Castañeda-Vazquez, M. A. & Castañeda-Vazquez, H. Molecular Epidemiology of 

Mycobacterium bovis in Humans and Cattle. Zoonoses Public. Health 63, 251–264 (2016).
 2. Müller, B. et al. Zoonotic Mycobacterium bovis-induced tuberculosis in humans. Emerg. Infect. Dis. 19, 899–908 (2013).
 3. USDA. Bovine Tuberculosis Eradication Program - Uniform Methods and Rules, https://www.aphis.usda.gov/animal_health/animal_

diseases/tuberculosis/downloads/tb-umr.pdf (2005).
 4. USDA-APHIS. National Tuberculosis Eradication Program., https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-

disease-information/cattle-disease-information/national-tuberculosis-eradication-program (2018).
 5. CDC. Mycobacterium bovis (Bovine Tuberculosis) in humans, https://www.cdc.gov/tb/publications/factsheets/general/mbovis.pdf 

(2012).
 6. Davies, P. D. Tuberculosis in humans and animals: are we a threat to each other? J. R. Soc. Med. 99, 539–540 (2006).
 7. USDA. Assessment of Pathways for the Introduction and Spread of Mycobacterium bovis in the United States, 2009-2011, www/aphis.

gov/animal_health/emergingissues/downloads/bovine_tb-pathways_20090307.pdf (2015).
 8. USDA/APHIS. Questions and Answers: Bovine Tuberculosis, http://www.aphis.usda.gov/publications/animal_health/content/

printable_version/faq_bovine_tb_pdf (2014).
 9. Olmstead, A. & W. Rhode, P. An Impossible Undertaking: The Eradication of Bovine Tuberculosis in the United States. Vol. 64 (2004).
 10. Hlavsa, M. C. et al. Human Tuberculosis due to Mycobacterium bovis in the United States, 1995-2005. Clin. Infect. Dis. 47, 168–175 

(2008).
 11. World Health Organization (WHO), F. a. A. O. o. t. U. N. F. a. W. O. f. A. H. O. WHO: Roadmap for zoonotic tuberculosis, https://apps.who.

int/iris/bitstream/handle/10665/259229/9789241513043-eng.pdf;jsessionid=58EAB8A434CF492FAB51D585FE0F3BE1?sequence=1 
(2017).

 12. Affairs, U. G.-D. f. E. F. R. The strategy for achievnig officially bovine tuberculosis free status of England, https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_data/file/300447/pb14088-bovine-tb-strategy-140328.pdf (2014).

 13. Whipple, D. L. et al. Comparison of the sensitivity of the caudal fold skin test and a commercial gamma-interferon assay for 
diagnosis of bovine tuberculosis. Am. J. Vet. Res. 56, 415–419 (1995).

 14. Norby, B. et al. The sensitivity of gross necropsy, caudal fold and comparative cervical tests for the diagnosis of bovine tuberculosis. 
J. Vet. Diagn. Invest. 16, 126–131 (2004).

 15. Kerkhoff, A. D., Wood, R., Vogt, M. & Lawn, S. D. Prognostic value of a quantitative analysis of lipoarabinomannan in urine from 
patients with HIV-associated tuberculosis. PLoS One 9, e103285 (2014).

 16. Lawn, S. D., Kerkhoff, A. D., Vogt, M. & Wood, R. Diagnostic accuracy of a low-cost, urine antigen, point-of-care screening assay for 
HIV-associated pulmonary tuberculosis before antiretroviral therapy: a descriptive study. Lancet Infect. Dis. 12, 201–209 (2012).

 17. Dheda, K., Ruhwald, M., Theron, G., Peter, J. & Yam, W. C. Point-of-care diagnosis of tuberculosis: Past, present and future. 
Respirology 18, 217–232 (2013).

 18. Peter, J. G. et al. Diagnostic accuracy of a urine lipoarabinomannan strip-test for TB detection in HIV-infected hospitalised patients. 
Eur. Respir. J. 40, 1211–1220 (2012).

 19. Lionex. Lionex Diagnosis and Therapeutics: Lionex LIO-Detect-TB test insert, www.lionex.de-https://lionex.de/wp-content/
uploads/2018/12/LIODetect_TB-ST_EN_3010_Instructions-for-use_Rev.3.pdf (2015).

 20. Issues, M. E. D. Bovine tuberculosis, https://www.michigan.gov/emergingdiseases/0,4579,7-186-76711_78153-,00.html (2019).
 21. USDA-APHIS. Johne’s Disease, https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Control-

and-Eradication/Jones-Disease (2019).
 22. Lyashchenko, K. et al. Association of tuberculin-boosted antibody responses with pathology and cell-mediated immunity in cattle 

vaccinated with Mycobacterium bovis BCG and infected with M. bovis. Infect. Immun. 72, 2462–2467 (2004).
 23. Palmer, M. V. et al. Effects of different tuberculin skin-testing regimens on gamma interferon and antibody responses in cattle 

experimentally infected with Mycobacterium bovis. Clin. Vaccine Immunol. 13, 387–394 (2006).
 24. Roupie, V. et al. Evaluation of mycobacteria-specific gamma interferon and antibody responses before and after a single intradermal 

skin test in cattle naturally exposed to M. avium subsp. paratuberculosis and experimentally infected with M. bovis. Vet. Immunol. 
Immunopathol. 196, 35–47 (2018).

https://doi.org/10.1038/s41598-020-62314-2
https://www.aphis.usda.gov/animal_health/animal_diseases/tuberculosis/downloads/tb-umr.pdf
https://www.aphis.usda.gov/animal_health/animal_diseases/tuberculosis/downloads/tb-umr.pdf
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/national-tuberculosis-eradication-program
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/national-tuberculosis-eradication-program
https://www.cdc.gov/tb/publications/factsheets/general/mbovis.pdf
http://www.aphis.usda.gov/publications/animal_health/content/printable_version/faq_bovine_tb_pdf
http://www.aphis.usda.gov/publications/animal_health/content/printable_version/faq_bovine_tb_pdf
https://apps.who.int/iris/bitstream/handle/10665/%20259229/9789241513043-eng.pdf;jsessionid=58EAB8A434CF492FAB51D585FE0F3BE1?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/%20259229/9789241513043-eng.pdf;jsessionid=58EAB8A434CF492FAB51D585FE0F3BE1?sequence=1
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/300447/pb14088-bovine-tb-strategy-140328.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/300447/pb14088-bovine-tb-strategy-140328.pdf
http://www.lionex.de-https://lionex.de/wp-content/uploads/2018/12/LIODetect_TB-ST_EN_3010_Instructions-for-use_Rev.3.pdf
http://www.lionex.de-https://lionex.de/wp-content/uploads/2018/12/LIODetect_TB-ST_EN_3010_Instructions-for-use_Rev.3.pdf
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Control-and-Eradication/Jones-Disease
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/nvap/NVAP-Reference-Guide/Control-and-Eradication/Jones-Disease


1 0Scientific RepoRtS |         (2020) 10:5441  | https://doi.org/10.1038/s41598-020-62314-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 25. Waters, W. R., Maggioli, M. F., McGill, J. L., Lyashchenko, K. P. & Palmer, M. V. Relevance of bovine tuberculosis research to the 
understanding of human disease: historical perspectives, approaches, and immunologic mechanisms. Vet. Immunol. Immunopathol. 
159, 113–132 (2014).

 26. Waters, W. R. et al. Effects of Serial Skin Testing with Purified Protein Derivative on the Level and Quality of Antibodies to Complex 
and Defined Antigens in Mycobacterium bovis-Infected Cattle. Clin. Vaccine Immunol. 22, 641–649 (2015).

 27. Waters, W. R. et al. Virulence of two strains of Mycobacterium bovis in cattle following aerosol infection. J. Comp. Pathol. 151, 
410–419 (2014).

 28. Garcia, J. I. et al. Improved Alere Determine Lipoarabinomannan Antigen Detection Test for the Diagnosis of Human and Bovine 
Tuberculosis by Manipulating Urine and Milk. Sci. Rep. 9, 18012 (2019).

 29. Shah, M. et al. Quantitative analysis of a urine-based assay for detection of lipoarabinomannan in patients with tuberculosis. J. Clin. 
Microbiol. 48, 2972–2974 (2010).

 30. Shah, M. et al. Diagnostic accuracy of a urine lipoarabinomannan test for tuberculosis in hospitalized patients in a High HIV 
prevalence setting. J. Acquir. Immune. Defic. Syndr. 52, 145–151 (2009).

 31. Lawn, S. D. Point-of-care detection of lipoarabinomannan (LAM) in urine for diagnosis of HIV-associated tuberculosis: a state of 
the art review. BMC. Infect. Dis. 12, 103 (2012).

 32. Torrelles, J. B. et al. Truncated structural variants of lipoarabinomannan in Mycobacterium leprae and an ethambutol-resistant strain 
of Mycobacterium tuberculosis. J. Biol. Chem. 279, 41227–41239 (2004).

 33. Torrelles, J. B. et al. Identification of Mycobacterium tuberculosis clinical isolates with altered phagocytosis by human macrophages 
due to a truncated lipoarabinomannan. J. Biol. Chem. 283, 31417–31428 (2008).

 34. Torrelles, J. B. et al. Isolation of a distinct Mycobacterium tuberculosis mannose-capped lipoarabinomannan isoform responsible for 
recognition by CD1b-restricted T cells. Glycobiology 22, 1118–1127 (2012).

 35. Turner, J. & Torrelles, J. B. Mannose-capped lipoarabinomannan in Mycobacterium tuberculosis pathogenesis. Pathog Dis 76 (2018).
 36. VerCauteren, K. C. et al. Surveillance of coyotes to detect bovine tuberculosis, Michigan. Emerg. Infect. Dis. 14, 1862–1869 (2008).
 37. Mote, R. F., Muhm, R. L. & Gigstad, D. C. A staining method using acridine orange and auramine O for fungi and mycobacteria in 

bovine tissue. Stain. Technol. 50, 5–9 (1975).
 38. Schmitt, S. M. et al. Bovine tuberculosis in free-ranging white-tailed deer from Michigan. J. Wildl. Dis. 33, 749–758 (1997).
 39. Robbe-Austerman, S., Bravo, D. M. & Harris, B. Comparison of the MGIT 960, BACTEC 460 TB and solid media for isolation of 

Mycobacterium bovis in United States veterinary specimens. BMC veterinary Res. 9, 74 (2013).
 40. Biosystems, A. BOVIGAM TB KIT, https://assets.thermofisher.com/TFS-Assets/GSD/Flyers/bovigam-tb-flyer.pdf (2019).
 41. Taylor, G. M., Worth, D. R., Palmer, S., Jahans, K. & Hewinson, R. G. Rapid detection of Mycobacterium bovis DNA in cattle lymph 

nodes with visible lesions using PCR. BMC Vet. Res. 3, 12 (2007).
 42. Miller, J. M., Jenny, A. L. & Payeur, J. B. Polymerase chain reaction detection of Mycobacterium tuberculosis complex and 

Mycobacterium avium organisms in formalin-fixed tissues from culture-negative ruminants. Vet. Microbiol. 87, 15–23 (2002).

Acknowledgements
We thank the veterinarians and laboratory technologist at Michigan State University for their assistance 
in collecting the samples, along with Dr. Jean Ray and Dr. Suelee Robbe-Austerman with the USDA for the 
assistance with the methodology outlined in this manuscript. The project described was supported in part by 
The Robert J. Kleberg, Jr. and Helen C. Kleberg Foundation (JBT), and Award Number UL1TR001070 from the 
National Center for Advancing Translational Sciences awarded to The Ohio State University (X.P., G.H., J.M.B.L., 
G.W., S.W., J.B.T.). The content is solely the responsibility of the authors and does not necessarily represent the 
official views of the National Center for Advancing Translational Sciences or the National Institutes of Health.

Author contributions
H.V.K., S.W., S.S., C.T.S., J.M.S., W.G.H., N.B., R.S., S.N.S., J.J.A., S.B., J.H., V.O.Y., X.P., W.A.G., J.M.B.L., S.H.W. 
and J.B.T. made substantial contributions to the conception or design of the work; the acquisition of samples, 
analysis, and/or interpretation of data. H.V.K. and S.W. wrote the manuscript draft; S.H.W. and J.B.T. edited the 
manuscript and/or revised it critically for important intellectual content. W.G.H., W.A.G., J.M.B.L., S.H.W., J.B.T. 
obtained funding for this study.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62314-2.
Correspondence and requests for materials should be addressed to S.-H.W. or J.B.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-62314-2
https://assets.thermofisher.com/TFS-Assets/GSD/%20Flyers/bovigam-tb-flyer.pdf
https://doi.org/10.1038/s41598-020-62314-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Accuracy of Two Point-of-Care Tests for Rapid Diagnosis of Bovine Tuberculosis at Animal Level using Non-Invasive Specimens ...
	Results
	LAM-test. 
	Lionex-test. 

	Discussion
	Methods
	Animals. 
	Alere determine LAM TB Urine or milk Antigen Test (LAM-test). 
	The lionex bovine TB-ST Rapid Test (Lionex-Test). 
	Tissue necropsy, histology, culture, BOVIGAM, PCR. 
	Data analysis. 
	Ethics approval and consent to participate. 

	Acknowledgements
	Figure 1 Number of animals included in this study and lab and USDA tests performed.
	Figure 2 Examples of positive and negative test results for the LAM-test and Lionex-test.
	Table 1 Performance of the LAM-test in urine against USDA reference tests.
	Table 2 Performance of the LAM-test in milk against USDA reference tests.
	Table 3 Performance of the Lionex-test in milk against USDA reference tests.




