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Abstract Tuberculosis is a significant problem globally

for domestic animals as well as captive and free ranging

wild life. Rapid point of care (POC) serology kits are well

suited for the diagnosis of TB in wild animals. However,

wild animals are invariably exposed to environmental non-

pathogenic mycobacterium species with the development

of cross reacting antibodies. In the present study, POC TB

diagnosis kit was developed using a combination of

pathogenic Mycobacteria specific recombinant antigens

and purified protein derivatives of pathogenic and non-

pathogenic Mycobacteria. To benchmark the TB antibody

detection kit, particularly in respect to specificity which

could not be determined in wildlife due to the lack of

samples from confirmed uninfected animals, we first tested

well-characterized sera from 100M. bovis infected and 100

uninfected cattle. Then we investigated the kit’s perfor-

mance using sera samples from wildlife, namely Sloth

Bears (n = 74), Elephants (n = 9), Cervidae (n = 14),

Felidae (n = 21), Cape buffalo (n = 2), Wild bear (n = 1)

and Wild dog (n = 1).In cattle, a sensitivity of 81% and a

specificity of 90% were obtained. The diagnostic sensi-

tivity of the kit was 94% when the kit was tested using

known TB positive sloth bear sera samples. 47.4% of the

in-contact sloth bears turned seropositive using the rapid

POC TB diagnostic kit. Seropositivity in other wild ani-

mals was 25% when the sera samples were tested using the

kit. A point of care TB sero-diagnostic kit with the com-

bination of proteins was developed and the kit was vali-

dated using the sera samples of wild animals.
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Introduction

Tuberculosis (TB) is an emerging zoonotic disease of captive

and free-ranging wildlife species with severe consequences

in biodiversity and species conservation. Tuberculosis bac-

teria has awidewild life host rangewhich includes Elephants

[1–3], SlothBears [4, 5], ArabianOryx [6],White tailedDeer

[7], Reindeer [8], European Badgers [7, 9, 10], Cervids [8],

Rhinoceros [11], Lion [12], Badgers [13] and non-humane

primates [2, 14]. So far 60 different wild mammal species

were proven to be infected with TB [15, 16]. TB in wild

animals is an emerging global concern as some of the wild

species were proven to bemaintenance and reservoir host for

TB [17, 18]. Interspecies transmission of TB at wildlife-

livestock-human interface poses public health, conservation

and economic threats. Ante-mortern diagnosis of TB in wild

life is difficult due to the subclinical nature of the infection

and limited choice of diagnostic tests for wild life [19].
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Gold standard TB diagnostic test in humans is

Mycobacterial culture. However, difficulties in sample

collection, long incubation period, cumbersome sample

processing and sample transport methods render the test

impractical for implementation in wild life. Cell mediated

immune (CMI) response based diagnostic methods such as

skin testing or interferon-gamma release assays are the

commonly employed TB surveillance assays in domestic

animals. However, CMI based assays require species

specific reagents and skin testing is not practical in wild

animals. In this context, sero-diagnosis of TB is an alter-

native in wild life with a scope for improvement in assay

sensitivity and specificity [20]. Rapid pen-side sero-diag-

nostic kits are preferred for TB diagnosis in wild animals as

they are simple, inexpensive, rapid and relatively non-in-

vasive diagnostic methods. Moreover, the sero-diagnostic

method does not require bio-containment facility, unlike

the Mycobacteria detection by culture methods [21].

Multi-antigen print immunoassay (MAPIA) is being used

as an appropriate tool for the identification of sero-dominant

antigens of TB organism. The MAPIA methodology was

adopted in various animal species such as Cattle [22, 23],

Elephants [7], Reindeer [8] and European Badgers [24] for

determining antigen recognition patterns of serum samples.

Early Secretory Protein-6 (ESAT-6) and culture filtrate

protein-10 (CFP-10) are the immuno-dominant antigenic

candidates in Elephants [25]. However, the immuno-biology

of TB may vary with different species and is poorly under-

stood in wild life. Therefore, sensitivity of the assay can be

compromised if only a limited number of antigens are used in

the development of sero-diagnostic assays. At the same time

wild animals are invariably exposed to environmental non-

pathogenic Mycobacterial species [26] and various atypical

mycobacterium species outside the Mycobacterium tuber-

culosis complex. Wild animals can mount an antibody

response to environmental Mycobacterium resulting in false

positivity in TB diagnosis [27].

The present study was aimed at developing a Rapid TB

antibody detection kit using recombinant fusion protein of

ESAT-6::CFP-10 along with purified protein derivatives

(PPDs) ofM.bovis for the improved diagnostic sensitivity and

also with PPDs of M. avium for assessing the diagnostic

specificity. To the best of our knowledge, this is the first report

on the development and evaluation of a point of care kit using

the above combination of antigens for the diagnosis of TB.

Materials and Methods

Immunochemicals and Reagents

Purified protein derivatives of Mycobacterium bovis

(BoPPD) and Mycobacterium avium sub species avium

(AvPPD) were procured from Prionics AG (Wagistrasse,

Schlieren-Zurich, Switzerland). Wild animal sera samples

were sourced from various zoos, rescue centers and temple

elephants around India. Bovine positive and negative ref-

erence sera were from Animal and Plant Health Agency

(APHA), UK.

Cloning and Expression of Recombinant ESAT-

6::CFP-10 Fusion Protein

Coding sequence of ESAT-6 and CFP-10 of M. tubercu-

losis was synthesized as fusion gene construct (GenScript,

USA). The gene construct was cloned into prokaryotic

expression vector pET28a (Novagen) and the plasmid

clone was used to transform chemically competent E. coli

BL21 DE3 cells (Invitrogen). The protein expression was

induced in the E. coli clone using 1 mM IPTG for over-

night at 25 �C. The HIS6 tagged ESAT-6::CFP10 fusion

protein was purified from the soluble fraction of the bac-

terial lysate using Ni–NTA agarose (immobilized metal

affinity chromatography). Briefly, a 5 ml Ni–NTA agarose

column was equilibrated with 10 column volumes of tris

buffered saline (TBS) and the soluble fraction of the bac-

terial lysate was passed through the column and the column

was washed with 20 column volumes of TBS containing

50 mM imidazole and the recombinant protein was eluted

using 500 mM imidazole. The pooled protein fractions

were dialyzed against PBS (pH 7.4) and purity of the

protein was assessed using SDS-PAGE. The protein was

identified in a western blot using anti-His antibody.

LPS Removal from the Purified TB Antigens

LPS from recombinant fusion protein ESAT-6::CFP-10

was removed using Triton X100 as per the procedure [22].

Briefly, Triton X -100 was added to the protein sample to

a final concentration of 1% (v/v) and incubated at 4 �C for

1 h with continuous mixing. The sample was centrifuged at

7500 rpm for 10 min at 30 �C and the upper miceller phase

was collected without disturbing the LPS rich middle and

lower phase. Triton X -100 was added again to the upper

phase to a final concentration of 0.5% (v/v) and the

remaining steps were repeated as mentioned above. Then,

the recombinant protein was analysed in SDS-PAGE and

western blot.

Characterization of Recombinant Protein

The ESAT-6::CFP-10 fusion protein was characterized

using reference culture positive and culture negative sera

samples in immuno-blot. Identity of the protein was further

established by LC–MS/MS analysis of the trypsin-treated

protein sample.
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Lateral Flow Assay (LFA) Design and Manufacture

LFA Design and Principle

Immuno-chromatographic strip test was designed as a two

module system using the combination of recombinant

fusion protein, BoPPD and AvPPD. BoPPD was used in the

test line 1 and the recombinant fusion protein was used in

the test line 2of test module 1. Similarly, AvPPD and

recombinant fusion protein was used in the test lines 1 and

2, respectively, of module 2. The conjugate pad of the

assay kits contained gold conjugated protein G and strep-

tavidin. The protein G could bind to antibodies from wide

range of animals. The immune complex migrated along the

membrane due to the capillary activity and the TB specific

antibodies were trapped by the proteins in the test lines 1

and 2. Streptavidin gold was trapped by the biotin in the

control line. Colour development in the test line 1 of the

module 1 or test line 2 (either of the modules) indicated the

presence of antibodies against pathogenic Mycobacteria

whereas the development of colour in test line 1 of the

module 2 indicated the presence of antibodies against

environmental non-pathogenic Mycobacteria (Fig. 1).

Gold Conjugation of Protein G Antibodies and Streptavidin

Gold conjugation of the protein G and streptavidin was

performed using gold chloride (Sigma Aldrich, USA) as

per the method described [28]. Briefly, the proteins were

mixed with 50-nm gold solution and pH of the solution was

adjusted to 7.2 with 50 mM potassium carbonate (pH 9.6)

to achieve a final concentration of 15 lg/ml. The unbound

protein G from the gold conjugate solution was removed by

washing with 15% bovine serum albumin solution. The

gold coupled proteins were resuspended in 2% BSA in

10 mM sodium carbonate (pH 9.6) and stored in a refrig-

erator until further use. The Protein G-coupled gold particle

was diluted in dye dilution buffer containing 1% casein and

100 mM sodium phosphate (pH 7). The diluted gold

solution was spread onto conjugation pad presoaked in

pretreatment buffer containing 1% NP-40, 20mMEDTA,

0.25% L-7600, 1% polyvinylpyrrolidone, 10 mM sodium

phosphate and 0.1% sodium azide (pH 7.0); dried in a

lyophilizer; stored in a low-humidity room until further

use.

LFA Lamination Assembly and Manufacture

The assay membrane and pads were cut as 4.2 mmwide and

60 mm long composite strips using MDI strip cutter Model-

M 70 to fit in a plastic assay device that provides the metrics

for even flow of analytes and reagent buffer. The strips were

laminated on a 300 mm 9 60 mm plastic backing consists

of a nitrocellulose detection strip in the middle, flanked at

one end by a sample pad followed by conjugation pad and at

the other end by an absorption pad. The completely lami-

nated strips were cut into 4.2 mm-wide strips and were

housed manually into plastic casing and packed in dehu-

midified room in an aluminum-plastic pouchwith a desiccant

to ensure the longevity of the product.

Validation of the Assay Kits

Diagnostic Sensitivity and Specificity of the Assay

17 samples from Sloth Bears with confirmed TB based on

the postmortem lesions and acid fast staining which were

tuberculosis specific were used for the study. Diagnostic

sensitivity of the assay was determined using these known

positive sera samples of Sloth Bears (N = 17).

Considering the difficulty in determining the TB infec-

tion status in wild animals using other tests such as skin test

or IGRA, TB positive and negative bovine sera samples

were used to estimate the diagnostic sensitivity and

specificity of the assay. For this purpose, 200 cattle sera

were obtained from APHA, UK (100 from skin-test posi-

tive cattle with culture confirmed M. bovis infection and

100 from TB-free animals). The cattle sera samples were

designated negative on the basis of IFN c release assay

(IGRA) and skin test results.

Fig. 1 LFA kit modules. In kit

module 1, the test line 1 was

printed with BoPPD and the test

line 2 was printed with

recombinant ESAT6::CFP10.

Whereas in kit module 2, the

test line 1 was printed with

AvPPD and the test line 2 was

printed with recombinant

ESAT6::CFP10
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Additional Sera Samples from Sloth Bears and Other Wild

Animals

Sloth Bear sera samples (n = 74, including the 17 from

animals with confirmed TB, referred to in the previous

paragraph) were from Wildlife SOS, India and 48 sera

samples from other wild animals such as Elephants

(n = 9), Felidae (n = 21), Cervidae (n = 14), Cape Buf-

faloes(n = 2), Wild dog (n = 1) and Wild Bear (n = 1)

were collected from captive animals housed in various

zoological parks and temples in India. 17 of those Sloth

Bears died later due to TB as described above. The

remaining 57Sloth Bear sera samples were from in-contact

animals with unknown disease status. The other wild ani-

mals were with unknown status for TB infection.

Screening of the Study Sera Samples and Interpretation

Sera samples and the LFA kits were brought to room tem-

perature and a drop of sera sample (approximately 5 ll) was
drawn using a disposable dropper. The sample was placed

onto the sample pad (middle of sample well ‘S’) by holding

the dropper vertically and avoiding air bubbles. Addition-

ally, two drops of sample buffer (PBS) was added to the

sample well to enable sample flow, through the membrane.

The results were read in the results window after 10 min.

Sera samples with positive line in either of the test lines

(T1 and T2) of test kit 1 or both the test lines in test kit 1 was

considered as seropositive against tuberculosis. Positive line

for the recombinant fusion proteinwas the indication of sero-

positivity against pathogenicMycobacteria. Development of

positive line only for theAvPPD (Kit 2—T1)was interpreted

as sero-reactivity against non-tuberculous mycobacteria.

However, for the routine testing positive line only for T1 of

kit 1 (BoPPD) warrants the use of kit 2.

Batch Quality Control for Assembled LFA

Every batch of the kit was checked for its performance

using known positive and negative sera.

Batch Signal Strength

The signal strength of the device was considered sufficient

when apparently visible lines developed with 5 ll of

known positive sera.

Batch Reactivity

Aliquots of positive and negative reference sera samples of

SlothBear (n = 4), Elephant sera samples (n = 4) and bovine

sera samples (n = 4)were stored in-20� Cand each batch of

the LFA kits were tested with these reference sera samples.

Batch Specificity

Cross reactivity of every batch of LFA kits were tested

with reference sera samples of other animal diseases such

as Infectious Bovine Rhinotrachitis, Foot and Mouth Dis-

ease, Leptospirosis and PPR.

Ethics Statement

The study did not involve any experimental animal usage.

The study was conducted using the sera samples available

in the repository of Wildlife SOS, India. Testing of bovine

sera samples were performed at APHA, UK using the

samples available in their repository.

Results

Cloning and Expression of Recombinant Protein

The genetically fused coding sequences of ESAT6 and CFP

10 were cloned into prokaryotic expression vector and the

ESAT6::CFP10 fusion protein was expressed as double His6
tagged protein and the positive clones were selected based on

the identification of 28 kDa protein band in the immuno-blot

using anti-His antibody. The recombinant proteinwas purified

using Ni–NTA agarose column and the purified protein was

verified by SDS-PAGE followed by staining with Coomassie

brilliant blue. Protein estimation was done using BCA kit and

the protein was aliquoted and stored at -80 �C. The protein
yield was approximately 20 mg/lt of shake flask culture.

Characterization of Recombinant Protein

Each batch of the ESAT6::CFP10 recombinant protein was

verified in SDS-PAGE for purity and the protein was also

subjected to immune-blot using anti-His antibody, TB pos-

itive cattle sera and TB negative cattle sera. The immuno-

blots using anti-His antibody and TB positive reference sera

produced a protein band of * 28 kDa as shown in Supple-

mentary Fig. I and II whereas the TB negative reference

sera did not react with the recombinant protein. In the

MALDI TOF analysis, the fusion protein had 100% amino

acid identity with the available ESAT-6 and CFP-10 amino

acid sequences of M. tuberculosis and M. bovis.

Kit assembly and Batch Release Criteria

Line drawing and LFA kit assembly was carried out as

mentioned in the methods section. Batch quality of the kits

was assessed using reference positive and negative sera

samples. The following parameters were assessed for batch
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clearance: 1. Reference positive sera developed lines with

the recombinant fusion protein and BoPPD (Fig. 2 Panel

A); 2. Reference culture negative sera developed only the

control lines (Fig. 2 Panel B); 3. Rabbit hyper-immune sera

against PPD of M. avium developed specific line with

AvPPD (Fig. 2 Panel C). Additionally a visible control line

should appear in all the tests. All the batches of the LFA

kits were cleared based on the above mentioned batch

release criteria.

Interpretation of Result Using the LFA Kits

Reactivity of the kit was verified against sera samples from

various wild life species as mentioned in the materials and

methods sections. Antibody responses against the recom-

binant fusion protein, BoPPD and AvPPD were assessed

using the kit. Reactivity of the sera samples against the

recombinant fusion protein or BoPPD or both was con-

sidered positive test result in the LFA. Reactivity against

AvPPD alone in the absence of any positive lines against

ESAT6::CFP10 and BoPPD was classified as antibody

response against non-pathogenic Mycobacteria.

Application of the Kit for Cattle Samples

To benchmark test performance, particularly in respect to

specificity, which is very challenging to determine in

wildlife species without samples from confirmed unin-

fected animals, we tested well characterized samples from

GB cattle (100 skin test positive cattle with culture-con-

firmed bovine TB and 100 from TB-free cattle). The results

of these experiments are presented in Tables 1 and 2.

Applying the interpretation criteria as stipulated above, we

estimated test sensitivity and specificity to be 81%

(71.93–88.16% at 95% CI) and 90% (82.38–95.10% at

95% CI), respectively in cattle (Tables 1 and 2).

Diagnostic Sensitivity in Wildlife Species

Given the constraints of working with wild life and the low

number of samples typically available for any study, the

present kit was evaluated using a total of 74 Sloth Bear sera

samples and 48 sera samples from other wild life species.

17 out of the 74 Sloth Bears were confirmed for tubercu-

losis based on post mortem granuloma lesions and acid fast

bacillias shown in Fig. 3. The post mortem granuloma

samples were also confirmed in PCR for Mycobacteria.

These 17 Sloth Bear sera were considered as known pos-

itive samples to estimate diagnostic sensitivity of the rapid

wild TB kit. 16/17 of these sera samples gave positive

responses using the LFA kit which indicated 94% diag-

nostic sensitivity (71.31–99.85% at 95% CI; Fig. 4 - I).

We next assessed the complete set of 122 wildlife

samples including the 17 samples described in the previous

paragraph. The Reactivity of these wild animal sera sam-

ples (n = 122) against recombinant fusion protein, BoPPD

and AvPPD is provided in Fig. 5. Twenty seven out of the

57 live-in-contact Sloth Bear sera samples were positive

using the LFA kit indicating 47.4% (Fig. 4 - II) positivity

for TB. This experiment was conducted in a Bear rescue

center where TB is prevalent. None of these in-contact

sloth bears showed any obvious symptoms of TB. However

27 of these animals were diagnosed positive by the kit.

These animals were followed subsequently and seven of

these positive animals (7 out of 27) died so far. All these

seven animals showed typical TB granulomas

Fig. 2 Panel A: a1: Reference

positive sera in Kit1 developed

positive lines for Fusion protein

and BoPPD. a2.: Reference

positive sera in Kit2 developed

positive line only in Fusion

protein. b1 and b2: Reference

negative sera developed only

control lines. c1 and c2: Avian

PPD immunized sera developed

only control lines in Kit1 and

developed line for Avian PPD in

Kit2
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(subsequently confirmed in the lab test also) during post

mortem examination indicating that the kit detected these

asymptomatic TB positive animals.

Sera samples from Elephants (n = 9), Felidae (n = 21),

Cervidae (n = 14), Cape Buffaloes (n = 2), Wild Bear

(n = 1) and Wild Dog (n = 1) were also tested and the

seropositivity in these animals was 25%. Reactivity of

individual antigens in the LFA kit for the sera samples

from Sloth Bears (n = 74), Elephants (n = 9), Felidae

(n = 21), Cervidae (n = 14), Cape Buffaloes (n = 2),

Wild Bear (n = 1) and Wild Dog (n = 1) were presented

in Table 3.

1. 19.67% of all samples tested (n = 122) produced

positive lines for the recombinant ESAT6::CFP10

fusion protein as well as BoPPD.

2. 18.85% were reactive against one of these two proteins

in the LFA.

3. 4.91% of samples were reactive against all the three

proteins in the test (ESAT6::CFP10, BoPPD and

AvPPD).

4. One of the negative wild animal samples (negative by

the kit of the present study) produced visible line for

AvPPD alone (one out of 66 negative samples).

Therefore, these animals were seropositive against

pathogenic mycobacteria (Sr. No. 1 and 2 of the above

combination), environmental mycobacteria (Sr. No. 4) and

a combination of pathogenic and non-pathogenic

mycobacteria (Sr. No. 3).

Apart from the above mentioned combination of results,

other interesting combinations of sero-reactivity were also

observed. Two of the positive samples were reactive

against the BoPPD and AvPPD with no visible line for the

fusion protein. Similarly, one of the positive samples pro-

duced visible lines for the fusion protein and AvPPD.

Table 1 Interpretation of results and result summary of known positive cattle sera using the LFA kit

S. no. Fusion protein BoPPD AvPPD Interpretation Number of reactive

sera/total TB

positive cattle sera

Conclusion based on the

LFA kit

1 Positive line Positive line Positive line TB sero-positive 15 out of 100 TB seropositive (81 out

of 100 samples)2 Positive line Positive line Negative line 15 out of 100

3 Negative line Positive line Negative line 41 out of 100

4 Positive line Negative line Negative line 0 out of 100

5 Positive line Negative line Positive line 2 out of 100

6 Negative line Positive line Positive line TB sero-positive/inconclusive 8 out of 100

7 Negative line Negative line Positive line TB sero-negative (positive for

environmental mycobacteria)

3 out of 100 TB seronegative (19 out

of 100 samples)

8 Negative line Negative line Negative line TB sero-negative 16 out of 100

The sera samples (n = 100) were from cattle which turned positive in skin test and IGRA. The estimated sensitivity of the LFA kit was 81%

(71.93–88.16% at 95% CI) in cattle

Table 2 Interpretation of results and result summary of known negative cattle sera using the LFA kit

S. no Fusion protein BoPPD AvPPD Interpretation Number of reactive

sera/total TB negative

cattle sera

Conclusion based on the

LFA kit

1 Positive line Positive line Positive line TB sero-positive – TB sero-positive (10 out

of 100 samples)2 Positive line Positive line Negative line 1 out 100

3 Negative line Positive line Negative line 3 out 100

4 Positive line Negative line Negative line 3 out 100

5 Positive line Negative line Positive line 2 out 100

6 Negative line Positive line Positive line TB sero-positive/Inconclusive 1 out 100

7 Negative line Negative line Positive line TB sero-negative (positive for

environmental mycobacteria)

6 out of 100 TB sero-negative (90

out 100 samples)

8 Negative line Negative line Negative line TB sero-negative 84 out of 100

The sera samples (n = 100) were from cattle which turned negative in skin test and IGRA. The estimated specificity of the LFA kit was 90%

(82.38–95.10% at 95% CI) in cattle
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Based on the above results, it was decided that the Kit 1

(with BoPPD and recombinant protein) was to be used

routinely for the sero-diagnosis of TB. The Kit 2 would be

used whenever the kit 1 produced visible line against

BoPPD alone which was 12.29% of our study samples.

Advantage of Using Combination of TB Specific

Proteins Over Single Proteins

Using both the fusion protein and BoPPD, sensitivity of the

kit had increased considerably. 41.07% of the positive sera

(or 18.85% of the total wild animal sera samples tested)

produced line for only one of the two antigens.

1. 26.78% of the positive sera had produced line for PPD

of M. bovis alone

2. 14.28% of the positive sera had produced line for

recombinant ESAT6::CFP10 fusion protein alone.

Specificity of the diagnostic method was assessed using

AvPPD. Only two out of 124 wild animal sera generated

positive lines both in BoPPD and AvPPD without any line

development for the fusion protein. Cross reactivity with

the environmental Mycobacteria is not ruled out in these

animals. In such cases, the test may be repeated after some

Fig. 3 Postmortem

confirmation of TB specific

granuloma lesions in Sloth Bear

lungs. Arrows indicate the

pustular lesions

Fig. 4 Venn diagram depicting

the reactivity of Sloth Bear sera

samples against BoPPD, ESAT-

6::CFP-10 and AvPPD using the

LFA kit. I: Sera from TB

positive sloth bear (n = 17).

The LFA kit had 94%

diagnostic sensitivity

(71.31–99.85% at 95% CI); II:

sera from in-contact Sloth Bear

(n = 57)

Fig. 5 Venn diagram depicting the reactivity towards BoPPD,

ESAT-6::CFP-10, AvPPD using the LFA kit for all the wild animals

sera samples (n = 122) of the present study
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time using fresh sera and the diagnostic decision can be

arrived based on the reactivity against ESAT6::CFP10.

Additionally, the diagnostic decision can be based on the

disease prevalence and local rules of the country wherein

the requirement of ‘ruling out’ or ‘ruling in’ of TB in wild

animals can determine the diagnostic decision.

Discussion

India is endemic for tuberculosis and the disease is

prevalent in humans, domestic and wild animals. The

populations of TB susceptible wild animals such as ele-

phants, bears and boar are high in Asian and African

countries. However, the data on TB epidemiology is lim-

ited in these countries with a severe effect on the man-

agement and control of TB [18, 29]. In developing

countries both zoonosis and reverse zoonosis of TB are

common; Mycobacterium species isolates from animals

include M. tuberculosis and M. bovis in India and other

developing countries [30–32]. M. tuberculosis also infects

animals with similar virulence like M. bovis. The antigen

complements of both organisms are almost completely

identical. Thus a test detecting M. bovis will also detect M.

tuberculosis, i.e. bovine PPD responses will also detect M.

tuberculosis and human PPD will detect M. bovis infection.

Indeed in early bovine TB control programs for cattle,

human PPD was used successfully. As bothM. tuberculosis

and M. bovis can infect animals including wild life and

cause severe pathogenesis a differential diagnosis between

M. bovis and M. tuberculosis is not required nor is possible

given the degree of antigen identity between these two

pathogens. Wild-animals infected with either of the species

are culled or segregated depending on the country’s law.

Aim of the current kit is to identify animals which are

sero-positive for pathogenic TB (which includes M.

tuberculosis and M. bovis) and help in the zoo or wild-life

authorities to make appropriate decision or to study the TB

sero-prevalence of tuberculosis in wild life.

Additionally, differentiating the pathogenic Mycobateria

from environmental Mycobateria (such as M. avium sub sp.

avium) is more important in the context of animal infec-

tions. Genome wide sequence search of M. avium subsp.

paratuberculosis and M. avium subsp. avium revealed

absence of any sequences with similarity to ESAT 6 and

CFP 10 and the proteins were useful for the specific

diagnosis of tuberculousMycobacteria [33]. These proteins

or their peptides had been used in IGRAs for the specific

diagnosis of Tuberculosis [23]. The degree of specificity in

general of these two antigens is high and they are also the

mainstay of TB diagnosis both in cattle and humans

[34–36]. Thus, many of the FDA and OIE approved kits

such as QuantiFERON� and BOVIGAM� 2G uses ESAT6

and CFP10 peptides due to their proven ability to differ-

entiate pathogenic TB (M. tuberculosis and M. bovis) from

environmentalMycobacteria and BCG [37].Mycobacterial

species like M. marinum or M. klansasii express almost

identical homologues of ESAT6 and CFP 10 [38, 39].

Table 3 Interpretation of results and result summary of sera samples from wild animals (n = 122) using the LFA kit

S.

no.

Fusion

protein

BoPPD AvPPD Interpretation Number of reactive

sera/total positive seraa

(percentage within positive

seraa)

Number of non-reactive

sera/total negative seraa

(percentage within negative

seraa)

Overall

percentage out

of 122 samples

(%)

1 Positive

line

Positive

line

Positive

line

TB sero-positive 6/56 (10.71%) – 4.91

2 Positive

line

Positive

line

Negative

line

24/56 (42.85%) – 19.67

3 Negative

line

Positive

line

Negative

line

15/56 (26.78%) – 12.29

4 Positive

line

Negative

line

Negative

line

8/56 (14.28%) – 6.55

5 Positive

line

Negative

line

Positive

line

1/56 (1.78%) – 0.81

6 Negative

line

Positive

line

Positive

line

TB sero-positive/

Inconclusive

2/56 (3.57%) – 1.63

7 Negative

line

Negative

line

Positive

line

TB sero-negtive

(positive for

environmental

mycobacteria)

– 1/66 (1.51%) 0.81

8 Negative

line

Negative

line

Negative

line

TB sero-negtive – 65/66 (98.48) 53.27

aThe sera samples were declared positive and negative based on the present LFA kit
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However, infection with these Mycobacteria is rare (both in

humans and animals) and therefore, not considered to be

major confounders. These two bacilli can also cause

pathology and have zoonotic potential and removal of

animals infected with these species will be advantageous.

However, and most importantly, the homology (and

therefore cross-reactivity) of M. bovis/M. tuberculosis

ESAT6 and CFP10 compared to other more prevalent

environmental Mycobacteria like M. avium sub sp. avium

or M. avium sub sp. paratuberculosis is low.

Tuberculin skin testing and IGRA are the common TB

diagnostic methods in domestic animals and humans.

However, point of care serology assays are more practical

for TB diagnosis in wild animals. To improve the sensi-

tivity of detecting intracellular bacteria such as TB using

sero-diagnostic kits, cocktails of antigens are required

[40, 41]. At the same time, cross reactivity in antibody

response due to the exposure to environmental Mycobac-

teria should also be taken care of while selecting the

antigens for serology [42].

In the present study, BoPPD was used for increasing the

sensitivity of the assay and AvPPD was used to mitigate

against the cross reactivity from environmental bacteria.

Tuberculosis antigen recognition pattern varies from spe-

cies to species in serological assays. ESAT 6 or ESAT

6::CFP 10 fusion proteins were the earliest and most fre-

quently recognized antigens in elephants infected with

tuberculosis. The antibody response against the proteins

was much earlier than the diagnosis by detecting the

organism in trunk washes [2]. Though, MPB 83 and MPB

70 were the sero-dominant proteins in cattle and deer,

ESAT 6 and CFP10 were also detected in majority of the

tuberculosis infected animals [23, 34]. Moreover, the cross

reacting antibodies from other Mycobacteria can also

detect MPB 83 and MPB 70 resulting in a reduction in

specificity of the assay. Therefore, a ESAT6::CFP10 fusion

protein was used in the current diagnostic kit to enhance

the specificity of the assay.

Performance of the point of care immuno-chromato-

graphic strip test was assessed using Sloth Bear sera

samples. 16 out of the 17 known positive sera samples

turned positive in the LFA kit also. All the 16 samples were

detected by the recombinant fusion protein and 27 of the

in-contact Sloth Bear samples were detected by the protein.

6 out of 44 positive Sloth Bear sera samples reacted with

AvPPD and all those six samples were positive for the

fusion protein indicating the infection with pathogenic

Mycobacteria. Therefore, the use of fusion protein aids in

making the diagnostic decisions. To benchmark test per-

formance against a larger number of animals with con-

firmed TB, the sensitivity and specificity of the kit was

estimated using reference cattle sera (n = 100), which was

lower (81%) than the estimate in sloth bears although the

small sample size of our Sloth Bear assessment resulted in

large confidence intervals overlapping those estimated with

the cattle sera. The sero-dominant TB proteins in cattle are

MPB 83 and MPB 70, and current kit did not contain these

proteins as an individually expressed protein. These pro-

teins were not included in the current kit to avoid detecting

the cross reacting antibodies from environmental

Mycobacteria.

A commonly encountered limitation of testing wildlife

samples is the lack of samples from animals that are con-

firmed TB-free. Specificity estimates are therefore difficult

to ascertain. To partially overcome this limitation, we have

used cattle sera from TB-free animals. Thus, the specificity

of the assay was determined using known negative cattle

sera from TB-free herds in TB-non-endemic areas of GB.

Further, freedom of infection of individual cattle was

confirmed by negative tuberculin skin and interferon-

gamma test results. Using these TB-free cattle sera

(n = 100) the LFA kit showed 90% specificity. This is

comparable to the data by Da Silva et al. [43] reported a

sensitivity and specificity of 82 and 91% for their indirect

ELISA using BCG as coating antigen. Similar kind of

tuberculosis antibody detection kits were tested in wild

animals earlier. DPP vet TB kit was tested in white tailed

deer (sensitivity 65.1 and specificity 97.8%) [44] and South

American Camelids (sensitivity 74 and specificity 98%)

[45]. Elephant TB STAT-PAK Kit was tested in Asian and

African elephants and the reported sensitivity and speci-

ficity was 100% and 95–100%, respectively [3]. Similarly,

Prima TB STAT-PAK kit was tested in Non-Human pri-

mates and the reported sensitivity and specificity was 90

and 99% respectively [46].

The major difference between the other LFA kits and

the current kit is the combination of proteins present in the

kit. The other kits uses MPB83 protein and ESAT6/CFP10

fusion protein. The kit which is described in the current

manuscript uses ESAT6::CFP10 fusion protein and native

Mycobacterial proteins (BoPPD and AvPPD). Inclusion of

BoPPD in the kit had increased the sensitivity by 41% in

cattle (Table 1). However, BoPPD can compromise the

specificity of the kit and therefore, AvPPD was included in

the kit to detect the cross reactivity (if any) from the

environmental Mycobacteria. One out of 100 negative

cattle (Table 2; Sr No. 6) showed BoPPD positive line

which may be due to the cross reactivity of environmental

mycobacteria. Considerable percentage of positive samples

(41.07%) were reactive against either BoPPD or fusion

protein alone. Sero-reactivity against tuberculosis varies

between the species and use of multiple proteins as in

MAPIA increased the sensitivity of detection. Instead,

BoPPD which is a mix of Mycobacterial proteins was used

in the present kit for enhancing the sensitivity. 26.78% of

positive samples were reactive against BoPPD alone. Use
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of kit II which contained AvPPD was recommended in

those circumstances to rule out any cross reactivity with

antibodies against environmental Mycobacteria. Two of the

total 122 samples were reactive against BoPPD and

AvPPD. These animals may be tested again to confirm the

TB sero-positivity.

The kit was used in wide range of wild animals

including Elephants (n = 9), Felidae (n = 21), Cervidae

(n = 14), Cape Buffalo (n = 2), Wild Bear (n = 1) and

Wild Dogs (n = 1). Use of protein A and Protein G con-

jugate (instead of anti-species antibody) enabled the kit to

be used universally for any of the wild species.

The results indicated that 47.4% of in-contact Sloth Bear

samples which were tested using the kit turned sero-posi-

tive for tuberculosis. 25% of samples from other wild

species were also positive by the test. This indicates the

high prevalence of TB in Indian wild animals. The situa-

tion is further complicated by the extensive wild animal

and human (animal handlers of captive wild animals and

tribes in the periphery of the forest areas) as well as wild

and domestic animal interactions. In India the disease is

highly prevalent in domestic animals and humans. These

results emphases the need for systematic TB surveillance

and control programs in India for wild animals.

Sero-diagnosis of tuberculosis in wild animals was

permitted in countries like USA and UK (OIE 2014), since

the conventional TB diagnosis by culture/IGRA/skin test-

ing have serious practical difficulties in implementing them

in wild animals [47, 48]. For an efficient surveillance and

management of Wild TB, rapid, accurate, affordable and

reliable TB diagnostic kits are needed. The available

commercial sero-diagnostic kit was licensed for use in few

countries and the kit is for fewer species. Moreover, the

cost of the kit is too high for developing countries like

India. The current kit addresses some of these problems.

In the present study, a rapid TB sero-diagnostic kit

which can detect antibodies due to pathogenic as well as

environmental Mycobacteria infection in wild animals was

developed and validated using the sera samples of wild

animals. Using this kit, sero-diagnosis of TB in wild ani-

mals is enabled.
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