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ABSTRACT. Bovine tuberculosis (bTB) is a zoonosis caused by Mycobacterium bovis. Test-and-cull
protocols and gross pathological examinations of abattoir animals as well as milk pasteurization
have been implemented to prevent the spread of tuberculosis from animals to humans worldwide.
Despite the importance of precise and rapid diagnostic tests, conventional methods including
intradermal skin tests and y-interferon assays are limited by the high rate of false-negative results
for cattle in the late infectious stage and due to laborious and time-consuming procedures.
Therefore, antibody detection methods such as enzyme-linked immunosorbent assay (ELISA) are
urgently needed to supplement the established approaches and expand the diagnostic window.

J. Vet. Med. Sci. This study was conducted to develop a bTB ELISA by evaluating recombinant and native proteins
82(11): 1631-1638, 2020 and various assay parameters. We produced recombinant MPB70 and SahH (M70S) and a native
doi: 10.1292/jvms.20-0422 20-kDa protein (20K) and optimized the ELISA protocol. The 20K ELISA showed 94.4% sensitivity

and 98.2% specificity with an optimal sample-to-positive ratio cut-off of 0.531. The sensitivity and
specificity of M70S ELISA were 94.4% and 97.3%, respectively, with an optimal sample-to-negative
Received: 10 July 2020 ratio cut-off of 1.696. Both assays showed acceptable diagnostic efficiency and could be used for
Accepted: 15 September 2020 bTB diagposi§ in combination with established methods for herd screening and to expand the
Advanced Epub: diagnostic window.
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Bovine tuberculosis (bTB) is caused by Mycobacterium bovis, which infects cattle and other mammals, including humans [14,
16]. In South Korea, the prevalence of bTB in cattle was 0.08% (2,898 heads) at the individual level and 0.41% (427 farms) at
the farm level in 2018. Infected cattle are subjected to test-and-cull and compensation. Therefore, economic losses due to bTB
in South Korea are high in addition to the labor-intensive process of bTB diagnosis [7, 17, 18]. Furthermore, the potential spread
from M. bovis-infected cattle to people coming in contact is an important issue [4, 9, 21, 26].

Currently, test-and-cull and abattoir surveillance as well as milk pasteurization are used to prevent the transmission of
tuberculosis from animals to humans in South Korea [5, 7, 17]. bTB has been detected through cell-mediated immunity-based
diagnosis (CEMID) such as intradermal skin tests (IST) and y-interferon assays [2, 14, 30]. However, CEMID has a bTB
diagnostic window with a high false-negative rate and is laborious, requiring two farm visits for injection and interpretation [1, 8,
37]. To complement CEMID, methods for humoral immunity-based diagnosis of bTB are urgently needed for the rapid screening
of bTB suspicious herds and/or individuals in a more convenient manner compared to diagnostic methods based on CEMID.

Here, we produced recombinant MPB70 and SahH (M70S) and compared it with a native 20-kDa protein and purified protein
derivative (PPD) to establish a serological bTB assay. To the best of our knowledge, this is the first study to combine the use of
MPB70 and SahH antigens in a bTB enzyme-linked immunosorbent assay (ELISA).
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MATERIALS AND METHODS

Ethics approval

The Animal and Plant Quarantine Agency (APQA) is a national central research institute in the Republic of Korea that has been
researching and developing diagnostics, treatment, and prevention technologies for animal diseases since 1911. The Institutional
Animal Care and Use Committee (IACUC) of APQA for animal testing was first organized and operated in 2008. This study was
conducted prior to the organization of IAUCC in APQA, and the regulations on animal welfare were conducted in accordance with
general regulations. Blood was collected at the time of bTB testing, and bTB-positive sample collection was performed at the time
of slaughtering in accordance with the national animal disease prevention policy.

Purified protein derivative

Mpycobacterium bovis ANS5 was cultured on Sauton broth to harvest PPD according to the national standard protocol in Korea
[5]. Briefly, after culture for 8 weeks at 37°C, the sample was heated at 100°C for 3 hr and the supernatant was harvested through
ultracentrifugation to remove bacteria. The culture supernatant was precipitated with 40% trichloroacetic acid. The precipitate was
washed continuously with 1% trichloroacetic acid, acetone, and ethyl ether. The washed pellet was dried at 37°C overnight. The
protein concentration was determined using a BCA Protein Assay Kit (Pierce, Waltham, MA, USA). The PPD was aliquoted at 1
mg per vial, dried, and stored at —20°C until use.

Purification of 20-kDa antigen

The 20-kDa (20K) protein was purified from the culture supernatant of M. bovis ANS using a MonoQ HR 5/5 column with an
NaCl gradient on an AKTA explorer (GE Healthcare, Little Chalfont, UK) [7]. The culture supernatant was loaded onto a MonoQ
HR 5/5 column and fractionated over a linear gradient of 0 to 2.0 M NaCl using buffer A (30 mM Tris-HCI with 2% butanol, pH
8.8) and buffer B (buffer A with 2.0 M NaCl) at a flow rate of 1.0 m//min. The protein concentration determined at an optical
density (OD) of 280 nm, salt concentration, and fraction count were recorded. Fractions with absorbance values >1.0 at 280 nm
were further analyzed using the BCA protein assay (Pierce), SDS-PAGE, and western blotting. Fractions corresponding to 20 kDa
were collected, mixed, and stored at —20°C until use.

Recombinant MPB70 and SahH

The plasmid pGS (Bionote Co., Hwaseong, Republic of Korea), E. coli Topl10F’, and E. coli BL21 competent cells were
prepared and stocked. The primers were designed and synthesized according to the gene sequences encoding MPB70 and SahH
of M. bovis strain AF2122/97 (GenBank accession number NC002945) (Table 1). Recombinant MPB70 and SahH proteins were
expressed in E. coli BL21. Genomic DNA from M. bovis ANS was isolated using the GuSCN/silica method. The MPB70 and
SahH DNA fragments were amplified from M. bovis ANS genomic DNA by using the polymerase chain reaction using 7ag DNA
polymerase (Bioneer, Daejeon, Republic of Korea). PCR conditions for MPB70 were as follows: initial denaturation at 95°C for 12
min; followed by 35 cycles of denaturation at 94°C for 30 sec, annealing at 60°C for 1 min, and extension at 72°C for 2 min; and a
final extension at 72°C for 10 min. The PCR conditions for SahH were: an initial denaturation at 94°C for 5 min; 28 cycles at 94°C
for 1 min, 45°C for 1 min, and 72°C for 1 min; and 1 cycle at 94°C for 1 min, 60°C for 1 min, and 72°C for 10 min. The amplified
fragments were purified using the Geneclean Kit (Bio 101 Inc., La Jolla, CA, USA), digested with the appropriate restriction
enzyme, cloned into the pGS vector, and transformed into the E. coli strain Topl10F’. The positive clones were screened by using
colony polymerase chain reaction and sequenced using vector primers. Each MPB70 and SahH plasmid was transformed into E.
coli BL21. The transformed E. coli cells were inoculated in Luria-Bertani broth and cultivated overnight at 37°C in a shaker. When
the A600 (optical density at 600 nm) value reached 1.0, isopropyl-B-p-thiogalactoside was added to a final concentration of 2.5
mM. The mixture was further grown for 5 hr and the cells were harvested through centrifugation at 5,000 xg for 15 min at 4°C.
The protein was purified on a DEAE-Sepharose gel after harvesting the inclusion bodies through ultrasonication. Each fraction was
examined using SDS-PAGE and western blotting.

SDS-PAGE and western blotting

PPD, MPB70, SahH, and the 20-kDa protein were analyzed using SDS-PAGE and western blotting, as previously described
[7]. Equal volumes of serum samples (n=3) from a bTB-free farm (confirmed by annual ISTs and no previous report of bTB) were
mixed and used as the negative control. Serum from cattle immunized with M. bovis ANS (n=1) was used as a positive control.

Table 1. Primer sequences of MPB70 and SahH

Target gene Primer (F/R) Oligonucleotides primer sequence PCR product size (bp)
MPB70 Forward (BamHI)  5'GCGGATCCGGCATGAAGGTA3'® 600

Reverse (Sall) 5'CCGTCGACTTAAACGCCGGAGGCATTAGCAC3' D
SahH Forward (BamHI)  5'GGATCCATGACCGGAAATTTGGTC3'® 1,488

Reverse (Sall) 5'GTCGACTTAGTAGCGGTAGTGGTC3'

a) BamHI recognition sequence is underlined. b) Sa/l recognition sequence is underlined and stop codon is in bold and italics.
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Ten milliliters of heat-inactivated M. bovis AN5 (5 x 10° cells/injection) with incomplete Freund’s adjuvant was inoculated
subcutaneously 4 times on day 14, day 28, and day 56 after the first inoculation. The antibody titer was checked using ELISA with
M. bovis ANS5 sonicated antigen and the positive serum was bled at 31 days after the last 4th injection. The proteins were separated
using SDS-PAGE and then analyzed using western blotting [7].

ELISA

A total of 18 serum samples from M. bovis-positive cattle from 8 farms (confirmed by ISTs and M. bovis isolation) and 975
serum samples from M. bovis-negative cattle from 14 farms (confirmed by ISTs and absence of clinical signs of infection) in South
Korea were tested using PPD, M70S, and 20K ELISA. Blood samples were collected from the jugular or tail vein, followed by
serum separation and inactivation at 56°C for 30 min. All sera were stored at —20°C until use. Indirect bTB ELISA was performed
to detect M. bovis antibody, as previously described [6, 7]. The optimal concentration for PPD, M70S, and 20K proteins was 1 ug/
m/. The sera were diluted to 1:200 with PBS prior to use. One hundred microliters of rabbit anti-bovine IgG-conjugated horseradish
peroxidase diluted 1:2,000 with Tween-PBS were added to each well. The substrate solution was prepared just before use; 100
!l was added to each well, and the plates were incubated for 30 min at room temperature (22 + 2°C). The reaction was stopped
using 1.0 M H,0, and the OD at 405 nm was calculated [6, 7]. ELISA results were analyzed according to three criteria: the OD
value, sample/negative (S/N) ratio, and sample/positive (S/P) ratio. The diagnostic efficiency was compared based on sensitivity
and specificity. Positive and negative control sera were used in each ELISA for validation [6, 13, 16, 32]. The optimal method for
effectively diagnosing bovine tuberculosis was based on the area under the receiver operator characteristic (ROC) curve (AUC)
values determined, and the sensitivity and specificity of each parameter were compared.

Statistical analysis

ELISA results were analyzed using one-way analysis of variance (ANOVA) with Bonferroni post hoc. All data are presented as
mean =+ standard deviation (error bars). Statistical analysis was performed using Microsoft Excel 2010. All statistical values were
considered significant at P<0.05. ROC analyses were performed using GraphPad Prism.

RESULTS

Protein profile and antigenicity

The major protein component of PPD was a 20-kDa protein on SDS-PAGE. The 20-kDa protein of PPD is also a major
immunoreactive protein against M. bovis-positive serum. The 20-kDa antigen was purified using anion exchange chromatography
[7] and evaluated using western blotting (Fig. 1A). M70S was produced and evaluated with respect to size and antigenicity against
M. bovis-positive serum. The sizes of MPB70 and SahH were 37 kDa and 75 kDa, respectively, according to western blotting
against M. bovis-positive serum (Fig. 1B).
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Fig. 1. SDS-PAGE analysis and western blotting of native 20 kDa antigen (A), and recombinant MBP70 and SahH antigen (B).
(A) M, molecular weight marker. Lane 1 to 2, SDS-PAGE of native 20 kDa antigen. Lane 3 to 4, western blotting of native 20 kDa
antigen with serum from cattle infected with Mycobacterium bovis ANS5. (B) M, molecular weight marker. Lane 1 to 3, SDS-PAGE of
recombinant MBP70 and SahH, and purified protein derivative (PPD). Lane 4 to 6, western blotting of recombinant MBP70 and SahH,
and purified protein derivative (PPD) with serum from cattle immunized with M. bovis ANS5.
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ELISA for purified protein derivative

We evaluated the sensitivity and specificity of three antigens through ELISA using 18 bTB-positive serum samples and 975
bTB-negative serum samples. The 18 bTB-positive serum samples were confirmed as M. bovis infections by M. bovis isolation.
The average OD value of M. bovis-positive serum samples (#=18) using PPD was 0.860, whereas that of M. bovis-negative serum
samples (n=975) using PPD was 0.273 (Fig. 2A). The results of PPD ELISA by OD values for bTB-positive and -negative sera
were significantly different from those of M70S and 20K ELISA (P<0.001). Compared to M70S and 20K ELISA, the difference in
PPD ELISA reactivity between positive and negative sera was significantly lower when the ELISA results were analyzed using the
average OD value (Fig. 2A). The average S/N ratio of M. bovis-positive serum samples (n=18) using PPD was 2.026, whereas that of
M. bovis-negative serum samples (#=975) using PPD was 0.886 (Fig. 2B). The results of PPD ELISA by S/N ratio in bTB-positive
and -negative sera were also significantly different from those of M70S and 20K ELISA (P<0.001), and the difference in the S/N
ratio between positive and negative serum samples was significantly narrow for PPD among the three antigens (Fig. 2B). The ROC
curve for PPD ELISA based on the S/N ratio also showed the lowest diagnostic efficiency (Table 2 and Fig. 3B). The average S/P
ratio for M. bovis-positive serum samples (n=18) using PPD was 0.958, whereas that of M. bovis-negative serum samples (#=975)
using PPD was —0.146 (Fig. 2C). The results of PPD ELISA by S/P ratio in bTB-positive and -negative sera were significantly
different from those of M70S and 20K ELISA (P<0.05). Unlike the comparisons of OD value and S/N ratio, the difference in the
S/P ratio between positive and negative serum samples for PPD was intermediate (Fig. 2C). The ROC curve for the PPD ELISA
based on the S/P ratio showed the lowest diagnostic efficiency (Fig. 3C). The optimal cut-off values for the OD value, S/N ratio, and
S/P ratio in PPD ELISA were 0.618, 1.289, and 0.271, respectively, based on the highest AUC value (Table 2 and Fig. 3). The OD
value, among the three analytic criteria assessed, was the most appropriate for PPD ELISA in terms of sensitivity (77.8%), specificity
(98.8%), positive predictive value (PPV) (53.8%), and negative predictive value (NPV) (99.6%) (Table 2).

20-kDa ELISA

The average OD value for M. bovis-positive serum samples (n=18) with 20K was 2.376, whereas that of M. bovis-negative
serum samples (n=975) at 20K was 0.310 (Fig. 2A). The results of 20K ELISA by OD values to bTB-positive serum samples were
not significantly different from those of M70S ELISA (P=0.623), while the results of 20K ELISA for bTB-negative serum samples
were significantly different from those of M70S ELISA (P<0.001). Compared to PPD and M70S ELISA, the reactivity of the 20K
ELISA exhibited the greatest difference between the positive and negative sera (Fig. 2A). The ROC curve constructed for 20K
ELISA based on OD values showed the highest diagnostic efficiency, such that the AUC of the 20K ELISA was 0.991 (Table 2 and
Fig. 3A). The average S/N ratio for M. bovis-positive serum samples (n=18) at 20K was 5.138, whereas that of M. bovis-negative
serum samples (n=975) at 20K was 0.671 (Fig. 2B). The results of 20K ELISA by S/N ratio to bTB-positive sera were significantly
different from those of M70S ELISA (P=0.033), while the results of 20K ELISA for bTB-negative sera were not significantly
different from those of M70S ELISA (P=0.219). The reactivity of the 20K ELISA based on the S/N ratio exhibited the greatest
difference between positive and negative sera among the three antigens (Fig. 2B). The ROC curve of the 20K ELISA based on the
S/N values showed intermediate diagnostic efficiency, such that the AUC of the 20K ELISA was 0.991 (Table 2 and Fig. 3B). The
average S/P ratio for M. bovis-positive serum samples (n=18) at 20K was 1.869, whereas that of M. bovis-negative serum samples
(n=975) at 20K was —0.174 (Fig. 2C). The results of 20K ELISA by S/P ratio in bTB-positive and -negative sera were significantly
different from those of M70S ELISA (P<0.001). The reactivity of the 20K ELISA based on the difference in the S/P ratio between
positive and negative sera was the highest among the three antigens (Fig. 2C). The ROC curve for 20K ELISA based on S/P values
exhibited the highest diagnostic efficiency, such that the AUC of the 20K ELISA was 0.994 (Table 2 and Fig. 3C). The optimal cut-
off values for the OD value, S/N ratio, and S/P ratio were 1.149, 2.139, and 0.531, respectively, based on the highest AUC value
(Table 2). The S/P ratio was the most appropriate criterion for 20K ELISA in terms of sensitivity (94.4%), specificity (98.2%), PPV
(48.6%), and NPV (99.9%) (Table 2).

MPB70/ SahH ELISA

The average OD value for M. bovis-positive serum (n=18) with M70S was 2.224, whereas that of M. bovis-negative serum
(n=184) with M70S was 0.533 (Fig. 2A). Compared with the PPD and 20K ELISA analyses employing the average OD value,
the difference in M70S ELISA reactivity between positive and negative sera was similar but slightly less than that in 20K ELISA
reactivity and greater than that in PPD ELISA reactivity (Fig. 2A). The ROC curve for M70S ELISA based on the OD values
showed a diagnostic efficiency similar to that of the 20K ELISA, with an AUC of M70S ELISA of 0.990 (Table 2 and Fig. 3A).
The average S/N ratio of M. bovis-positive serum samples (n=18) with M70S was 3.788, whereas that of M. bovis-negative serum
samples (n=184) with M70S was 0.748 (Fig. 2B). The reactivity of M70S ELISA based on the difference in S/N ratios between
positive and negative serum samples was intermediate among the three antigens (Fig. 2B). Interestingly, the ROC curve for M70S
ELISA based on the S/N ratio showed the highest diagnostic efficiency, with an AUC of M70S ELISA of 0.994 (Table 2 and Fig.
3B). The average S/P ratio for M. bovis-positive serum samples (n=18) with M70S was 0.561, whereas that of M. bovis-negative
serum samples (n=184) with M70S was —0.068 (Fig. 2C). The difference in M70S ELISA reactivity based on the S/P ratio between
positive and negative serum samples was the narrowest among the three antigens (Fig. 2C). The ROC curve for M70S ELISA
based on the S/P ratio showed intermediate diagnostic efficiency, such that the AUC of M70S ELISA was 0.992 (Table 2 and Fig.
3C). The optimal cut-off values for the OD value, S/N ratio, and S/P ratio were 1.320, 1.696, and 0.143, respectively, based on the
highest AUC value (Table 2). The S/N ratio was the most appropriate criterion in M70S ELISA in terms of sensitivity (94.4%),
specificity (97.3%), PPV (77.3%), and NPV (99.4%) (Table 2).
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OD value We compared the sensitivity and specificity of three bTB ELISA
35 4 antigens: PPD, M70S, and 20K. In particular, we used PPD as a crude
protein antigen mixture, 20K as a purified protein antigen, and M70S as
3.0 A a recombinant protein antigen combination. M70S and 20K were more
. sensitive and specific than PPD in bTB ELISA. M70S comprised of a
£ 25 7 Py new combination of antigens, MPB70 and SahH. Interestingly, M70S
s [ obTB+ ELISA showed sensitivity and specificity equivalent to those of the 20K
é 20 1 O bTB - ELISA. We evaluated three antigen ELISAs using three criteria: OD
values, S/N ratio, and S/P ratio (Table 2). The criteria for OD values
57 showed the highest specificity, but the lowest sensitivity. The S/N and S/P
o | ratios showed the highest sensitivity. The specificity of the S/N ratio was
’ + the lowest, and that of the S/P ratio was moderate.
o5 | 111 I ELISAs using various recombinant proteins (MPB70, MPB83, and
N I O ESATO6) as well as native antigens (P22, 20 kDa, CMP, and PPD)
0.0 - I have been developed as a supplementary strategy for bTB serological
PPD M708 20K diagnosis [6, 7, 14, 16, 30]. Initially, native proteins such as MPB70,
bTB ELISA antigen MPB64, MPB59, P32, P70, P65, and CMP70 were evaluated as bTB
ELISA antigens [6, 11, 12, 15, 38]. Purified proteins such as CMP,
B 80 - . 20kDa, and MPB70 exhibit higher sensitivity and specificity compared
S/N ratio to crude proteins such as PPD. In this study, the purified 20-kDa antigen
7.0 A also showed higher sensitivity and specificity than those of PPD.
Immunospecific-recombinant proteins of M. bovis, such as MPB70,
60 1 MPB83, ESAT6, CFP10, Mb0143, PE5, PE13, TB10.4, TB15.3,
® Rv3615¢c, Rv3020c, and ESAT6/MPB70/MPBS83 have been previously
2 > used as bTB ELISA antigens [13, 29, 30, 32, 34, 35]. Here, we mixed
é a0 | PR MPB70 with SahH as a novel recombinant antigen combination. SahH
e was detected as a high molecular weight immunoreactive protein group
30 4 through 2D-gel electrophoresis and immunoblot analyses. SahH encodes
S-adenosylhomocysteinase, which catalyzes the reversible hydrolysis of
20 4 + S-adenosylhomocysteine to homocysteine and adenosine and is involved
i I in mycobacterial stress responses [28, 33]. SahH enhances bacterial
10 1 O RS A attachment to IL-8 and promotes its entry into neutrophils [10]. However,
oo L t 1 the B cell antigenic characteristics of SahH are unclear. In this study, the
’ antigenicity of recombinant SahH was confirmed with a size of 75 kDa
10 determined using western blotting.
PPD M70s 20K Previously, the sensitivity and specificity of bTB ELISA using
bTB ELISA antigen recombinant proteins were reported as 63.0-83.2% and 75.5-98.0%,
respectively [13, 29, 30, 34]. MPB70 and MPB83 are the most important
C =0, 5/P ratio recombinant antigens in ELISA [1, 3, 19, 22]. Commercially available
ELISA kits using MPB70 and MPBS83 showed 50% sensitivity and
25 | 97.5% specificity [3]. In this study, upon comparison of the MPB70 and
SahH antigen combinations with a commercial kit based on a previous
20 J report [3], a similar specificity and a higher sensitivity of 94.4% were
® obtained (Table 2). Theoretically, the size and pI of MPB70 are 22 kDa
2 15 | and 4.1, respectively, which are similar to those of MPB8&3; however, the
B 10 4 ®bTB+
bTB
05 4 + Fig. 2. Comparison of purified protein derivative (PPD), M70S, and 20K
ELISA for bovine tuberculosis (bTB)-positive and negative sera analyzed
0.0 [ ES I based on three criteria—optical density (OD) value (A), S/N ratio (B), and S/P
¢ = O ratio (C). bTB+ represents the sera of M. bovis-infected cattle (n=18), and
05 - l I bTB- represents the sera of M. bovis-negative cattle in PPD ELISA (n=975),
M70S ELISA (n=184), and 20K ELISA (n=975). bTB, bovine tuberculosis.
10 M70S, recombinant MPB70 and SahH protein combination. 20K, native puri-
PPD M70s 20K fied 20-kDa protein from Mycobacterium bovis culture filtrate proteins. S/N
bTB ELISA antigen ratio, ratio of sample OD/negative control OD. S/P ratio, ratio of sample OD/

positive control OD.
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Table 2. Sensitivity, specificity, positive predictive value, negative predictive values at optimal cutoff of bTB ELISA antigens

Antigen Criteria CutoffY  Sensitivity®  Specificity ® PPVY NPV®  Accuracy? AUC? (95% CIM)
PPD oD 0.618 77.8 98.8 53.8 99.6 98.4 0.989 (0.981-0.998)
S/N 1.289 94.4 85.7 10.9 99.9 85.9 0.946 (0.914-0.977)
S/P 0.271 94.4 94.1 22.7 99.9 94.1 0.979 (0.958-1.000)
20K OD 1.149 83.3 97.8 41.7 99.7 97.6 0.991 (0.983-0.998)
S/N 2.139 94.4 97.4 40.5 99.9 97.4 0.991 (0.984-0.998)
S/P 0.531 94.4 98.2 48.6 99.9 98.1 0.994 (0.988-1.000)
M70S OD 1.32 77.8 99.5 93.3 97.9 97.5 0.990 (0.979-1.000)
S/N 1.696 94.4 97.3 77.3 99.4 97 0.994 (0.986-0.998)
S/P 0.143 94.4 96.2 70.8 99.4 96 0.992 (0.967-0.999)

a) The optimal cutoff value was determined at the highest area under curve (AUC) value in the receiver operating curves (ROC) curve. b) Sensitivity=
[(true pos.)/(true pos. + false neg.)] x100. c) Specificity=[(true neg.)/(true neg. + false pos.)] x100. d) PPV (positive predictive value)=[(true pos.)/
(true pos. + false pos.)] x100. ) NPV (negative predictive value)=[(true neg.)/(false neg. + true neg.)] x100. f) Accuracy=[(true pos. + true neg.)/(true
pos. + false pos. + false neg. + true neg.)] x100. g) AUC: ROC area under the curve. h) CI: confidence interval.
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Fig. 3. Comparison of receiver operating curves (ROC) curve of purified protein derivative (PPD), M708S, and 20K ELISA. Criteria of cut-off were
optical density (OD) value (A), S/N ratio (B), and S/P ratio (C). Bovine tuberculosis (bTB)+ represents the sera of Mycobacterium bovis-infected
cattle (n=18), and bTB- represents the sera of M. bovis-negative cattle in PPD ELISA (n=975), M70S ELISA (n=184), and 20K ELISA (n=975).
M70S, recombinant MPB70 and SahH protein combination. 20K, native purified 20-kDa protein from M. bovis culture filtrate proteins.

theoretical size and pl of SahH are 60 kDa and 4.7, respectively. Since MPB70 and MPBS83 have the similar protein sizes and pl
values, and the immune response to these two proteins in cattle infected with M. bovis is the most potent, they are thought to have
similar and overlapping immune reactions. However, since SahH has a significantly different protein size and pl value compared to
these two widely used proteins, bTB-positive cattle, which showed no antibody response to MPB70 or MPBS83, exhibited antibody-
positive reactions to SahH. Therefore, the combination of MPB70 and SahH used in this study is considered to be more sensitive
than the previously used single antigens and the MPB70/MPB83 combination. Thus, the MPB70 and SahH antigen combinations
can increase sensitivity without inhibiting specificity.

In a previous study, the sensitivity and specificity of sonicated supernatant cultures in ELISA were 47.5% and 94.4%,
respectively [27]. Interestingly, ELISA using M70S and 20K antigens showed a significant improvement in sensitivity
[27]. Moreover, the sensitivity and specificity of M70S and 20K ELISA were superior to those of culture filtrates and the
lipoarabinomannan ELISA [31]. Identification of the 20-kDa antigen confirmed that it was composed of 22 proteins [7]. MPB70
and MPB83 were included along with the other 20 proteins such as MPT64, CFP21, GroEL1, LppX, CFP10, MPT32, and EsxN
[7]. Due to the composition of these immunogenic proteins in 20-kDa antigens, the sensitivity and specificity of 20K ELISA
were improved over those of ELISA employing the crude antigen PPD [7]. Furthermore, the 20K ELISA was more reactive in
the positive and false-positive reactors than the MPB70-only ELISA in a previous study [7]. Moreover, the 20K ELISA showed a
higher specificity than the MPB70-only ELISA, with a lower antibody titer to the IST-negative cattle in a previous study [7]. In a
previous study, the sensitivity of ELISA using the MPB83-only antigen was 37.5% and specificity was 89% [25]. Thus, the 20-kDa
ELISA was confirmed to have superior sensitivity and specificity compared to the MPB70-only and MPB83-only ELISA [7]. The
recombinant protein combination of MPB70 and SahH ELISA showed equivalent sensitivity and specificity to the 20K ELISA
(Table 2). Thus, the MPB70 and SahH ELISA showed improved sensitivity and specificity compared to the MPB70-only and
MPB83-only ELISA.

Antibody measurements for individual antigens are known to differ significantly between individuals [24]. Therefore, the antigen
combination is an important determinant of sensitivity and specificity in ELISA. ELISA using three recombinant protein antigens,
MPB70, MPB83, and ESAT6, showed 69.5% sensitivity and 96% specificity in a previous study [20]. The ELISA sensitivities
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of PC (MPB83, MPB70, Rv2650c, Mb1498, SerS), DID38 (MPB70, MPB83), and DID65 (MPB70, PstS1, CFP10) were 90.5%,
85.1%, and 81.1%, respectively, and the specificities were 98.1%, 99.1%, and 98.2%, respectively, in a previous study [23]. In this
study, for ELISA using the antigen combination 22-kDa MPB70 and 60-kDa SahH, the sensitivity was 94.4% and the specificity
was 97.3% based on the S/N ratio criteria (Table 2). The sensitivity of M70S ELISA was higher than that of the ELISA employing
the recombinant antigen combinations reported previously, and the specificity was similar. Thus, M70S is an appropriate antigen
combination. In the future, a recombinant protein combination composed of proteins with confirmed B cell antigenicity is expected
to show further improved sensitivity.

In conclusion, M70S and 20K ELISA will be useful for individual testing as well as herd screening [14, 16, 29]. M70S ELISA
showed sensitivity and specificity equivalent to those of native 20K ELISA. M70S is more convenient for commercialization with
respect to mass production, standardization, and known concentrations of antigen components compared to native 20K [6, 34].

In slaughterhouses, randomly selected serum samples can be evaluated, followed by tracking of antibody-positive reactors [13,
30, 36]. For controlling bTB, ELISA can decrease labor and time requirements. Furthermore, humoral immunity-based diagnosis
can account for the gap in the diagnostic window of CEMID, such as false-negatives of late infection. The M70S and 20K ELISA
proposed in this study can be useful as a supplementary serological method for diagnosing bovine tuberculosis.
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