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Paratuberculosis	 or	 Johne’s	 disease	 is	 chronic	 enteritis	 of	 domestic	 rumi-
nants	 caused	by	Mycobacterium	avium	 subspecies	paratuberculosis	 (MAP).	
Paratuberculosis	results	in	substantial	losses	to	livestock	industry	and	is	also	
threat	to	human	health,	since	MAP	has	zoonotic	concerns	with	Crohn’s	dis-
ease.	Therefore,	control	of	this	disease	is	priority	to	governments.	However,	
widely	used	‘Test	and	Cull’	control	programs	have	yielded	little	or	no	success	
and	alternate	 approaches	are	 required	 to	 control	 this	disease.	Vaccination	
has	shown	great	promise	in	managing	this	disease,	but	there	are	regulatory	
restrictions	on	use	of	vaccination	due	to	lack	of	DIVA	tool	(differentiation	of	
infected	and	vaccinated	animals).	In	the	present	study,	we	report	the	devel-
opment	of	first	serology	based	DIVA	tool	for	the	inactivated	paratuberculosis	
vaccine	using	unique	biomarkers	present	in	the	secretome	of	MAP	that	are	
not	part	of	vaccine.	
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INTRODUCTION	

Johne’s	disease	(JD)	or	Paratuberculosis	is	a	prev-
alent	and	costly	infectious	disease	of	domestic	is	a	
ruminants	around	the	world	(Singh	et	al.,	2016).	It	
is	chronic	granulomatous	enteritis	and	progressive	
weight	loss	with	or	without	persistent	diarrhea	are	
the	clinical	signs.	Mycobacterium	avium	subspecies	
paratuberculosis	 (MAP)	 is	 the	etiological	 agent	of	
this	disease	and	is	very	resistant	to	environmental	
stress	 (like	 high	 temperature,	 drying	 etc.)	 and	 is	
able	to		persist	for	years	in	farm	soil	(Singh	et	al.,	

2013).	Paratuberulosis	is	endemic	in	India	and	dis-
ease	has	been	widely	reported	from	domestic	live-
stock	population	of	the	country	(Singh	et	al.,2014,	
Sohal	et	al.,	2015).	For	every	clinical	case	of	para-
tuberculosis,	 it	 is	 likely	 that	25	more	animals	are	
infected	on	that	farm	(Whitlock,	1992)	and	clinical	
animals	are	the	‘tip	of	iceberg’.	Majority	of	the	ani-
mals	shed	bacilli	in	their	feces	without	any	signs	of	
disease	and	therefore	are	continuous	source	of	en-
vironmental	 contamination	 and	 infection	 source	
for	other	susceptible	animals	on	that	farm.		

Paratuberculosis	harshly	affects	the	farm	economy	
by	reduced	milk	yield	and	quality,	poor	feed	con-
version,	 reduced	 fertility,	 increased	susceptibility	
to	other	diseases,	premature	culling	and	reduced	
slaughter	 value,	 veterinary	 expenses	 etc.	 MAP	 is	
not	killed	by	pasteurization	and	MAP	zoonosis	has	
also	become	threat	as	potential	food-borne	patho-
gen	 (Shankar	 et	 al.,	 2010).	 There	 are	 compelling	
evidences	 in	 the	 involvement	 of	 MAP	 in	 human	
Crohn’s	disease	(Singh	et	al.,	2016).	Hence	paratu-
berculosis	has	become	notifiable	disease	and	con-
trol	 of	 this	 disease	 has	 become	 priorities	 for	 the	
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governments.	 United	 States	 Department	 of	 Agri-
culture	 (USDA)	 is	 implementing	 Johne’s	 disease	
control	 program	 in	USA,	 similarly,	 Canadian	 gov-
ernment	has	also	 launched	Canadian	 Johne’s	Dis-
ease	Initiative.	Australia	has	also	implemented	Na-
tional	Johne’s	Disease	Control	Program.	European	
Union	 and	 Japan	 have	 recognized	 MAP	 as	 food	
borne	 pathogen	 and	 initiated	 control	 programs	
(Kobayashi	 et	 al.,	 2007;	 Momotani	 et	 al.,	 2012;	
Nielsen	et	al.,	2009).	Immediate	objective	of	these	
programs	is	to	prevent	the	spread	of	infection	and	
eradication	 is	 the	 long	 term	 goal.	 ‘Test	 and	 Cull’	
policy	with	management	changes	is	the	backbone	
of	 these	 control	 programs	 (Sohal	 et	 al.,	 2015).	
Some	 nations	 like	 Germany,	 Denmark,	 Ireland,	
Czech	Republic,	Austria,	Norway	etc.	also	compen-
sate	their	farmers	for	culling	the	paratuberculosis	
infected	 animals	 (Khol	 and	 Baumgartner,	 2014;	
Kralik	and	Slana,	2014;	Amely	et	al.,	2014,	Østerås,	
2014).	 To	 our	 knowledge	 no	 developing	 country	
has	initiated	paratuberculosis	control	program	be-
sides	 notable	 prevalence	 in	 countries	 like	 India,	
Mexico,	Brazil,	China	etc.	(Milián-Suazo	et	al.,	2015;	
Singh	et	al.,	2014;	Liu	et	al.,	2017;	Vilar	et	al.,	2015).	
Major	 reason	 for	 developing	 countries	 for	 not	
adopting	the	control	program	is	the	costly	nature	
of	the	test	and	cull	policy	and	governments	in	de-
veloping	countries	cannot	afford	compensation	for	
culled	animals.	Moreover,	in	India	due	to	religious	
sentiments	cattle	slaughter	 in	banded	in	majority	
of	the	provinces.	Recently	findings	of	test	and	cull	
policy	has	been	reviewed	and	it	has	been	analyzed	
that	test	and	culling	to	date	has	not	produced	the	
expected	results	(Bastida	and	Juste,	2011)	due	to	
lack	 of	 procedures	 to	 diagnose	 disease	 in	 early	
stages	(Jayaraman	et	al.,	2016).	Therefore,	in	order	
to	 improve	 the	 efficacy	 of	 present	 control	 pro-
grams	 in	developed	countries	and	popularize	 the	
control	of	paratuberculosis	in	developing	world	al-
ternate	low	cost	control	strategies	are	needed	to	be	
developed.		

Experiences	from	past	and	recent	findings	suggest	
that	 vaccination	 against	 paratuberculosis	 is	 the	
most	practical	method	to	control	paratuberculosis	
(Jayaraman	et	al.,	2016).	Compared	to	test	and	cull	
based	 control	 methods,	 studies	 have	 established	
vaccination	 as	 the	 economic	 method	 to	 control	
paratuberculosis	 (Dhand	 et	 al.,	 2013;	 Juste	 and	
Casal,	1993;	van	Schaik	et	al.,	1996).Vaccination	of-
fers	various	advantages,	like	reduces	morbidity	&	
mortality	 due	 to	 paratuberculosis,	 reduces	 shed-
ding	 of	MAP	 in	 feces,	 improves	 clinical	 condition	
(reduces	diarrhea	&	increases	body	weight),	cures	
intestinal	lesions	and	enhances	flock	immunity	to	
JD	(Singh	et	al.,	2007;	Singh	et	al.,	2010b;	Singh	et	
al.,	2013).	Studies	have	confirmed	that	vaccination	
not	 only	 reduces	 the	 prevalence	 of	 JD	 but	 also	
brings	economic	benefits	to	farmers	(Groenendaal	

et	 al.,	 2015).	 The	 most	 significant	 advantage	 of	
paratuberculosis	vaccination	is	therapeutic	effects	
(Singh	et	al.,	2010b).	This	is	very	substantial	to	In-
dian	context	since	infected	cattle	cannot	be	culled,	
so	vaccination	 is	 the	best	 solution	 to	manage	 the	
infected	cattle.	Killed	whole	cell	vaccines	are	pre-
ferred	 over	 other	 types	 due	 to	 their	 safety	 and	
higher	stability.	

Although	 vaccination	 for	 paratuberculosis	 has	
many	 advantages,	 but	 there	 are	 regulatory	 re-
strictions	on	mass	and	field	use	of	paratuberculosis	
vaccine	 (Patton,	 2011).	 Reason	 of	 regulatory	 re-
strictions	is	our	inability	to	discriminate	between	
infected	 and	 vaccinated	 animals	within	 the	 herd,	
because	 paratuberculosis	 bacilli	 shares	 antigenic	
structures	with	M.	bovis	(responsible	for	bovine	tu-
berculosis).	 Vaccination	 for	 paratuberculosis	will	
therefore	 interfere	with	 serology	 and	DTH	based	
diagnosis	of	both	diseases.	Hence	DIVA	tool	is	re-
quired	for	the	field	and	free	use	of	paratuberculo-
sis	 vaccine.	 In	 the	 present	 study,	 we	 have	 opti-
mized	DIVA	 tool	 in	plate	ELISA	 format	 for	whole	
cell	killed	paratuberculosis	vaccine	using	secretory	
proteins.	 Since	 secretory	proteins	are	not	part	of	
vaccine,	so	antibodies	to	these	proteins	should	be	
absent	 in	 vaccinated	 individuals.	 The	 detailed	
strategy	 has	 been	 explained	 by	 Jayaraman	 et	 al.,	
(2016).		

MATERIALS	AND	METHODS	

Selection	of	the	secretory	proteins,	cloning	and	
expression	

Four	 secretory	 proteins	 (MAP1693c,	 MAP2677c,	
MAP3547c	 and	MAP4308c)	were	 selected.	 These	
proteins	have	been	reported	to	be	immuno-domi-
nant	in	previous	studies	(Roupie	et	al.,	2008;	Mon	
et	 al.,	 2012;	 Roupie	 et	 al.,	 2012).	 Nucleotide	 se-
quences	of	these	proteins	were	subjected	to	codon	
optimization	using	GeneOptimizer	software.	Opti-
mized	gene	sequences	were	synthesized	commer-
cially	 from	 Thermo	 Fisher	 Scientific,	 USA	 and	
cloned	in	pET151/D-TOPO	expression	vector.	

Recombinant	 plasmid	was	 transformed	 to	E.	 coli	
BL-21	cells	for	expression	as	per	Sohal	et	al.,	2008.	
Expression	was	done	in	1000	ml	LB	broth	contain-
ing	ampicillin	(100µg/mL)	using	IPTG	stimulation	
at	final	concentration	of	0.3	mM,	after	stimulation	
cells	 were	 incubated	 for	 24	 hours	 at	 37°C,	 cells	
were	pelleted	and	suspended	in	5	ml	equilibration	
buffer	(50	mM,	TrisHCl,	200	mM	NaCl,	5mM	DTT,	
1mM	PMSF,	pH	8.0).	The	suspension	was	subjected	
to	sonication	(20	cycles	of	1	minute	with	1	minute	
interval	at	45%	amplitude).	Recombinant	proteins	
were	further	purified	by	nickel-nitrilotriacetic	acid	
(Ni-NTA)	gel	matrix.	Purified	protein	was	analyzed	
by	SDS-PAGE	 (Gupta	et	al.,	 2015)	 and	 concentra-
tion	was	taken	using	Nanodrop.	Immunogenicity	of	
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the	proteins	was	confirmed	by	standard	immuno-
proteomic	analysis	(Gupta	et	al.,	2015)	using	posi-
tive	control	sera	from	cattle,	goat,	sheep	and	buf-
falo.	

Optimization	of	DIVA	ELISA	

An	indirect	plate	ELISA	was	optimized	to	differen-
tiate	vaccinated	and	naturally	infected	animals	us-
ing	cocktail	of	the	above	four	recombinant	proteins	
using	traditional	checker	board	titration	technique	
as	per	Singh	et	 al.	 (2011).	ELISA	OD	values	were	

converted	into	S/P	ratio	for	presentation	of	results.	
Sera	 of	 vaccinated,	 infected	 and	 healthy	 animals	
used	for	optimization	of	the	assay	were	provided	
by	Central	Institute	for	Research	on	Goats	(CIRG),	
Mathura	(Table	1-3).	The	serum	samples	were	also	
analyzed	by	traditional	ELISA	based	on	PPD	devel-
oped	by	CIRG,	Mathura.	After	this	initial	optimiza-
tion,	 DIVA	 ELISA	was	 evaluated	 on	 the	 extended	
panel	of	sera	from	field	samples	available	with	the	
repository	of	CIRG,	Mathura.	In	total	104	sera	from		

Table	1:	Analysis	of	the	serum	samples	of	vaccinated	cattle	using	PPD	ELISA	and	DIVA	ELISA	

S.	No.	 Animal	ID	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
1	 36A	 0.57	 0.27	
2	 15c	 0.82	 0.21	
3	 33b	 0.47	 0.27	
4	 17b.2	 0.75	 0.33	
5	 22A	 0.66	 0.39	
6	 1	 0.73	 0.10	
7	 13A	 0.68	 0.16	
8	 129	 0.43	 0.24	
9	 2	 0.71	 0.23	
10	 121	 0.68	 0.39	
11	 19	 0.60	 0.18	
12	 168(m)	 0.42	 0.31	
13	 128	 0.53	 0.14	
14	 tag63	 0.41	 0.17	
15	 tag226f	 0.47	 0.17	
16	 tag53	 0.82	 0.18	
17	 tag37	 0.46	 0.10	
18	 tag46	 0.80	 0.20	
19	 47	 0.52	 0.31	
20	 13a	 0.49	 0.28	

Table	2:	Analysis	of	the	serum	samples	of	naturally	infected	cattle	using	PPD	ELISA	and	DIVA	
ELISA	

S.	No.	 Animal	ID	 PPD	ELISAS/P	ratio	 DIVA	ELISAS/P	ratio	
1	 8a	 0.52	 0.72	
2	 3	 0.53	 0.81	
3	 19a	 0.48	 0.86	
4	 23a	 0.72	 1.10	
5	 9	 1.18	 1.72	
6	 12	 0.58	 0.93	
7	 32b	 0.62	 0.66	
8	 17b	 0.53	 1.12	
9	 23b	 0.78	 0.81	
10	 35b	 0.44	 1.23	
11	 20	(red)	 0.78	 0.46	
12	 124	 0.72	 0.45	
13	 19	 0.93	 0.46	
14	 22M	buff	 0.91	 0.43	
15	 12a	 0.52	 0.51	
16	 tag233f	 0.50	 0.71	
17	 tag07	 0.60	 1.04	
18	 18	 0.84	 0.42	
19	 11	 0.78	 0.54	
20	 bull3	 0.	90	 1.00	

	



	Jagdip	Singh	Sohal	et	al.,	Int.	J.	Res.	Pharm.	Sci.,	9(2),	554-565	
	

©	Pharmascope	Publications	|	International	Journal	of	Research	in	Pharmaceutical	Sciences	 557		
	

Table	3:	Analysis	of	the	serum	samples	of	healthy	cattle	using	PPD	ELISA	and	DIVA	ELISA	
S.	No.	 Animal	ID	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
1	 5	 0.04	 0.01	
2	 3(M)	 0.05	 0.01	
3	 223(f)	 0.09	 0.03	
4	 tag104	 0.09	 0.05	
5	 3	 0.06	 0.04	
6	 pb14	 0.02	 0.04	
7	 pb6	 0.04	 0.04	
8	 pb1	 0.01	 0.07	
9	 2C	 0.02	 0.06	
10	 CN	 0.01	 0.08	

Table	4:	Analysis	of	the	extended	panel	of	serum	samples	from	vaccinated	animals	of	different	
species	using	PPD	ELISA	and	DIVA	ELISA	

S.	No.	 Animal	ID	 Farm/	Herd	 Specie	 Months	Post	
Vaccination	

PPD	ELISA	
S/P	ratio	

DIVA	ELISA	
S/P	ratio	

1	 JPF-1	 J.P.	Farm,	Etawah,	UP	 Goat	 12	 0.53	 0.26	
2	 JPF-2	 0.47	 0.24	
3	 JPF-3	 0.89	 0.39	
4	 JPF-4	 0.83	 0.36	
5	 JPF-5	 0.57	 0.28	
6	 JPF-6	 0.78	 0.32	
7	 JPF-7	 0.85	 0.40	
8	 JPF-8	 0.80	 0.40	
9	 JPF-9	 0.67	 0.25	
10	 JPF-10	 0.71	 0.29	
11	 EGF_G-1	 E.G.L.	Farm,	Sundrel,	

MP	
Goat	 18	 1.04	 0.40	

12	 EGF_G	-2	 1.17	 0.40	
13	 EGF_G	-3	 0.74	 0.31	
14	 EGF_G	-4	 0.99	 0.39	
15	 EGF_G	-5	 0.69	 0.28	
16	 EGF_G	-6	 1.01	 0.37	
17	 EGF_G	-7	 0.62	 0.19	
18	 EGF_G	-8	 0.49	 0.21	
19	 EGF_G	-9	 0.55	 0.23	
20	 EGF_G	-10	 0.61	 0.19	
21	 EGF_G	-11	 0.58	 0.21	
22	 EGF_G	-12	 0.97	 0.28	
23	 EGF_G	-13	 0.84	 0.27	
24	 EGF_G	-14	 0.91	 0.40	
25	 EGF_G	-15	 0.72	 0.26	
26	 UGF-1	 U.G.	Farm,	Garh-

Mukteshwar,	UP	
Goat	 09	 0.83	 0.37	

27	 UGF-2	 0.72	 0.36	
28	 UGF-3	 0.65	 0.28	
29	 UGF-4	 0.73	 0.25	
30	 UGF-5	 0.92	 0.40	
31	 BGF-1	 B.G.Farm,	Gurgaon,	

Haryana	
Goat	 12	 0.89	 0.33	

32	 BGF-2	 	 	 	 0.77	 0.40	
33	 BGF-3	 	 	 	 0.72	 0.27	
34	 BGF-4	 	 	 	 0.69	 0.21	
35	 BGF-5	 	 	 	 0.66	 0.19	
36	 BGF-6	 	 	 	 0.96	 0.35	
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Table	4:	Analysis	of	the	extended	panel	of	serum	samples	from	vaccinated	animals	of	differ-
ent	species	using	PPD	ELISA	and	DIVA	ELISA	(Continued…)	

37	 KGF-1	 K.G.	Farm,	Mathura,	
UP	

Goat		 15	 0.78	 0.23	
38	 KGF-2	 0.80	 0.30	
39	 KGF-3	 0.85	 0.26	
40	 KGF-4	 0.87	 0.27	
41	 KGF-5	 0.76	 0.31	
42	 KGF-6	 0.58	 0.39	
43	 KGF-7	 0.63	 0.28	
44	 KGF-8	 0.61	 0.31	
45	 KGF-9	 0.57	 0.40	
46	 KGF-10	 0.92	 0.32	
47	 KGF-11	 1.04	 0.38	
48	 KGF-12	 0.87	 0.21	
49	 KGF-13	 0.78	 0.28	
50	 KGF-14	 0.56	 0.35	
51	 KGF-15	 0.62	 0.22	
52	 KGF-16	 0.73	 0.37	
53	 KGF-17	 0.81	 0.21	
54	 KGF-18	 0.63	 0.33	
55	 KGF-19	 0.77	 0.37	
56	 KGF-20	 0.83	 0.28	
57	 BDF-1	 B.D.	Farm,	Gurgaon,	

Haryana	
Cattle		 12	 0.80	 0.30	

58	 BDF-2	 0.82	 0.22	
59	 BDF-3	 0.76	 0.36	
60	 BDF-4	 0.68	 0.28	
61	 BDF-5	 0.72	 0.37	
62	 BDF-6	 0.66	 0.26	
63	 BDF-7	 0.97	 0.27	
64	 BDF-8	 0.94	 0.36	
65	 BDF-9	 0.83	 0.19	
66	 BDF-10	 0.72	 0.21	
67	 KD_M-1	 K.D.Farm,	Mathura,	

UP	
Cattle	 18	 0.89	 0.40	

68	 KD_M	-2	 0.69	 0.28	
69	 KD_M	-3	 0.96	 0.35	
70	 KD_M	-4	 0.78	 0.32	
71	 KD_M	-5	 0.80	 0.20	
72	 KD_M	-6	 0.85	 0.35	
73	 KD_A-1	 K.D.	Farm,	Agra,	UP	 Cattle		 18	 0.58	 0.28	
74	 KD_A-2	 0.67	 0.36	
75	 KD_A-3	 0.68	 0.38	
76	 KD_A-4	 0.72	 0.22	
77	 EGL_C-1	 E.G.L.Farm,	Sundrel,	

MP	
Cattle		 06	 0.71	 0.32	

78	 EGL_C-2	 0.61	 0.33	
79	 DDK-1	 D.D.K.	Gausala,	

Farah,	UP	
Cattle		 18	 0.75	 0.35	

80	 DDK-2	 0.62	 0.26	
81	 DDK-3	 0.56	 0.35	
82	 DDK-4	 0.83	 0.23	
83	 DDK-5	 0.59	 0.39	
84	 DDK-6	 0.92	 0.28	
85	 DDK-7	 0.88	 0.39	
86	 DDK-8	 0.73	 0.34	
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Table	4:	Analysis	of	the	extended	panel	of	serum	samples	from	vaccinated	animals	of	different	
species	using	PPD	ELISA	and	DIVA	ELISA	(Continued…)	

87	 GGF-1	 G.G.	Farm,	Ma-
khdoom,	UP	

Cattle		 24	 0.77	 0.29	
88	 GGF-2	 0.55	 0.28	
89	 GGF-3	 0.61	 0.36	
90	 GGF-4	 0.99	 0.38	
91	 GGF-5	 1.01	 0.40	
92	 GGF-6	 0.58	 0.28	
93	 GGF-7	 0.64	 0.31	
94	 GGF-8	 0.91	 0.36	
95	 GGF-9	 0.88	 0.38	
96	 GGF-10	 0.77	 0.31	
97	 KBF-1	 K.B.	Farm,	Mathura,	

UP	
Buffalo		 18	 0.69	 0.25	

98	 KBF-2	 0.99	 0.34	
99	 KBF-3	 0.76	 0.29	
100	 KBF-4	 0.58	 0.21	
101	 KBF-5	 0.71	 0.29	
102	 KBF-6	 0.82	 0.35	
103	 KBF-7	 0.89	 0.39	
104	 KBF-8	 1.01	 0.39	

Table	5:	Analysis	of	the	extended	panel	of	serum	samples	from	naturally	infected	animals	of	
different	species	using	PPD	ELISA	and	DIVA	ELISA	
S.No.	 Animal	ID	 Species	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
1	 37A	 Goat		 0.57	 0.77	
2	 33	 Cattle	 0.56	 0.59	
3	 23	 Cattle	 0.93	 0.74	
4	 32A	 Goat	 0.88	 0.66	
5	 40	 Cattle	 0.85	 0.42	
6	 47	 Cattle	 0.84	 0.76	
7	 34	New	 Cattle	 1.00	 0.58	
8	 20	 Cattle	 1.18	 0.60	
9	 39	 Cattle	 0.76	 0.58	
10	 35	 Cattle	 0.98	 0.71	
11	 10	 Cattle	 1.43	 1.61	
12	 17b	 Buffalo	 1.0000	 0.71	
13	 35	old	 Cattle	 0.79	 0.50	
14	 16	 Cattle	 0.90	 0.70	
15	 18	 Cattle	 0.75	 0.51	
16	 28a	 Goat	 1.03	 0.55	
17	 3	 Cattle	 0.72	 0.84	
18	 40a	 Goat	 0.99	 0.62	
19	 30	 Cattle	 1.27	 0.53	
20	 21	 Sheep		 0.79	 0.68	
21	 22	 Sheep	 1.071	 0.78	
22	 3	 Sheep	 0.73	 0.75	
23	 39	 Sheep	 0.93	 0.49	
24	 35	 Sheep	 0.74	 0.64	
25	 33A	 Goat	 0.87	 0.68	
26	 32B	 Buffalo	 0.76	 0.62	
27	 18A	 Goat	 0.50	 0.54	
28	 16A	 Goat	 0.62	 0.79	
29	 28	 Sheep	 0.64	 0.53	
30	 17b.2	 Buffalo		 0.75	 0.53	
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Table	5:	Analysis	of	the	extended	panel	of	serum	samples	from	naturally	infected	animals	of	
different	species	using	PPD	ELISA	and	DIVA	ELISA	(Continued…)	

S.No.	 Animal	ID	 Species	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
31	 22A	 Goat	 0.66	 0.79	
32	 10A	 Goat	 0.59	 0.51	
33	 5	 Cattle	 0.55	 0.77	
34	 11	 Cattle	 0.63	 0.85	
35	 35	 Cattle	 0.70	 0.67	
36	 60	 Cattle	 0.64	 0.73	
37	 8a	 Goat	 0.52	 0.72	
38	 3	 Cattle	 0.53	 0.81	
39	 19a	 Goat	 0.58	 0.86	
40	 47a	 Goat	 0.57	 0.92	
41	 23a	 Goat	 0.72	 1.10	
42	 9	 Cattle	 1.18	 1.72	
43	 12	 Cattle	 0.58	 0.93	
44	 17b	 Buffalo		 0.53	 1.12	
45	 13a	 Goat	 0.67	 0.56	
46	 27a	 Goat	 0.61	 0.94	
47	 23c	 Cattle	 0.58	 0.52	
48	 51	 Sheep		 0.54	 0.74	
49	 10	 Sheep	 0.66	 0.96	
50	 28a	 Goat	 0.95	 0.65	
51	 23b	 Buffalo	 0.77	 0.81	
52	 35b	 Buffalo	 0.54	 1.23	
53	 36a	 Goat	 0.52	 0.54	
54	 6b	 Buffalo	 0.71	 0.77	
55	 4	 Cattle	 0.60	 0.57	
56	 35a	 Goat	 0.66	 0.60	
57	 25a	 Goat	 0.88	 0.75	
58	 52	 Cattle	 0.51	 0.78	
59	 33b	 Buffalo	 1.21	 0.71	
60	 52	buff	 Buffalo	 0.61	 0.60	
61	 227	 Cattle	 0.80	 0.68	
62	 26	 Cattle	 0.74	 0.55	
63	 117	 Cattle	 0.63	 0.50	
64	 cow	0029	 Cattle	 0.69	 0.67	
65	 cow	0014	 Cattle	 1.39	 1.46	
66	 9	 Cattle	 0.59	 0.77	
67	 34	 Cattle	 0.54	 0.48	
68	 1	 Cattle	 0.57	 0.71	
69	 N.06	 Cattle	 1.08	 1.18	
70	 N.07	 Cattle	 0.72	 0.68	
71	 N.08	 Cattle	 0.42	 0.68	
72	 N.10	 Cattle	 0.63	 0.95	
73	 143	 Cattle	 0.56	 0.58	
74	 tag19	 Cattle	 0.75	 0.88	
75	 tag206f	 Cattle	 0.41	 0.64	
76	 tag75	 Cattle	 0.55	 0.65	
77	 tag43	 Cattle	 0.52	 0.63	
78	 tag48	 Cattle	 0.60	 0.65	
79	 tag75	 Cattle	 0.67	 0.95	
80	 tag07	 Cattle	 0.60	 1.04	
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vaccinated	animals,	90	sera	from	naturally	infected	
animals	 and	 17	 sera	 from	 healthy	 animals	 were	
used	to	validate	the	DIVA	ELISA	(Table	4-6).	These	
sera	were	also	analyzed	by	PPD	based	ELISA	devel-
oped	by	CIRG,	Mathura.	

RESULT	AND	DISCUSSION	

Immuno-proteomic	 analysis	 confirmed	 that	 se-
lected	antigens	are	strong	immunogens	for	domes-
tic	 ruminant	 species	 (cattle,	 goat,	 sheep	 and	buf-
falo)	 (Fig.	 1-4).	 Checker	 board	 titration	 results	
showed	that	10	ng	per	well	of	each	antigen	is	opti-
mal	 for	 the	 coating	 the	wells	 of	 the	 ELISA	 plate.	
DIVA	 ELISA	 optimization	 results	 showed	 that	
based	 on	 the	 S/P	 ratio	 we	 can	 distinguish	 vac-
cinated,	infected	and	healthy	animals	with	respect	
to	 paratuberculosis	 (Table	 1-3).	 Healthy	 animals	
had	S/P	ratio	in	the	≤0.09,	vaccinated	animals	had	
S/P	ratio	≤0.40	and	infected	animals	had	S/P	ratio	
>0.40.	Validation	of	DIVA	ELISA	on	extended	panel	
of	 the	 sera	 also	 confirmed	 the	 optimization	 find-
ings	(Table	4-6).	It	was	found	that	PPD	based	ELISA	

is	 unable	 to	 distinguish	 vaccinated	 and	 naturally	
infected	animals	(Table	1-6).		

Global	 burden	 of	 paratuberculosis	 is	 mounting	
(Singh	et	al.,	2014)	and	due	to	failure	of	the	 ‘Test	
and	Cull’	programs,	there	is	need	to	develop	alter-
nate	 disease	 control	 strategies.	 Vaccination	 has	
been	 recognized	 as	 better	 alternate	 to	 ‘Test	 and	
Cull’,	however,	vaccination	will	 interfere	with	the	
routine	diagnosis	of	disease	and	will	be	problem	in	
herd	certification	programs,	therefore	for	the	field	
use	of	vaccine,	DIVA	tool	is	needed.	DIVA	tool	will	
not	only	popularize	the	paratuberculosis	vaccina-
tion	but	will	also	boost	the	ongoing	programs.	Con-
cept	of	DIVA	has	been	well-established	for	veteri-
nary	vaccines	and	DIVA	technology	has	been	rec-
ognized	as	unprecedented	achievement	 in	veteri-
nary	world	 for	 its	ethical,	environmental,	and	so-
cial-economic	benefits	towards	animal	and	human	
well-being	(Domínguez	et	al.,	2014).	

In	the	present	study,	we	report	the	development	of	
first	DIVA	assay	for	inactivated	paratuberculosis		

Table	5:	Analysis	of	the	extended	panel	of	serum	samples	from	naturally	infected	animals	of	
different	species	using	PPD	ELISA	and	DIVA	ELISA	(Continued…)	

S.No.	 Animal	ID	 Species	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
81	 tag31	 Cattle	 0.53	 0.75	
82	 bull2	cn	 Buffalo	 0.50	 0.73	
83	 40	 Cattle	 0.73	 0.52	
84	 6	 Cattle	 1.42	 0.63	
85	 25	 Cattle	 0.73	 0.53	
86	 12	 Cattle	 1.09	 1.29	
87	 3	 Cattle	 0.68	 0.43	
88	 13	 Cattle	 0.72	 0.53	
89	 bull2	cn	 Buffalo	 0.52	 1.18	
90	 7	 Cattle	 1.46	 0.64	

Table	6:	Analysis	of	the	extended	panel	of	serum	samples	from	healthy	animals	of	different	
species	using	PPD	ELISA	and	DIVA	ELISA	
S.No.	 Animal	ID	 Species	 PPD	ELISA	S/P	ratio	 DIVA	ELISA	S/P	ratio	
1	 26	 Goat		 0.06	 0.08	
2	 3	 Goat	 0.01	 0.01	
3	 47	 Goat	 0.09	 0.02	
4	 30	 Goat	 0.05	 0.07	
5	 13a	 Sheep	 0.01	 0.03	
6	 5	 Goat	 0.04	 0.01	
7	 12a	 Sheep	 0.02	 0.01	
8	 3(M)	 Sheep	 0.05	 0.01	
9	 3	 Goat	 0.05	 0.04	
10	 pc2	 Cattle	 0.04	 0.08	
11	 pc12	 Cattle	 0.05	 0.06	
12	 pb13	 Cattle	 0.09	 0.01	
13	 pb1	 Cattle	 0.01	 0.07	
14	 tag104	 Cattle	 0.03	 0.05	
15	 pb14	 Cattle	 0.01	 0.01	
16	 pb6	 Cattle	 0.03	 0.03	
17	 223(f)	 Buffalo		 0.07	 0.03	
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vaccine.	Like	 the	majority	of	available	DIVA	tools	
(Domínguez	et	al.,	2014),	presently	study	also	ex-
ploited	the	immunogens	that	are	active	during	the	
natural	 infection	 and	 are	not	part	 of	 vaccine.	We	
used	secretory	antigenic	biomarkers	 (MAP1693c,	
MAP2677c,	MAP3547c	and	MAP4308c)	to	develop	
DIVA.	These	secretory	antigens	are	specific	to	MAP	
and	 are	 absent	 from	 M.	 tuberculosis	 complex	
(Leroy	et	al.,	2007;	Mikkelsen	et	al.,	2012).	These	
proteins	are	secreted	during	the	active	growth	of	
mycobacteria	in	the	host	(Waghmare	et	al.,	2016)	
and	 strong	humoral	 and	 cell	mediated	 responses	
have	been	 reported	 against	 secretory	proteins	of	
mycobacteria	 during	 natural	 infection	 (Wu	 et	 al.,	
2010,	 Xu	 et	 al.,2008).	 So,	 serological	 response	

against	 these	antigens	should	be	present	 in	natu-
rally	infected	animals	but	as	these	antigens	are	not	
part	 of	 vaccine	 so	 antibodies	 to	 these	 proteins	
should	 be	 absent	 in	 vaccinated	 individuals.	 Im-
muno-dominance	of	these	proteins	to	all	domestic	
ruminant	species	(cattle,	goat,	sheep	and	buffalo)	
was	 first	 time	confirmed	 in	 this	studies,	previous	
studies	 only	 analyzed	 either	 in	 cattle	 or	 sheep	
(Leroy	et	al.,	2007;	Mikkelsen	et	al.,	2012).		

Optimized	DIVA	ELISA	showed	promise	and	could	
differentiate	 vaccinated	 and	 infected	 animals.	
Since	ELISA	OD	values	may	vary	with	kind	of	rea-
gents	 used	 or	 person	 to	 person	 handling	 varia-
tions.	So,	a	unique	standard	was	needed	to	predict	
the	 results	 of	 the	ELISA,	 in	 the	present	 study	we	
used	the	S/P	ratio	criterion	(Collins	et	al.,	2002)	to	

	
Figure	1:	Immuno-proteiomic	analysis	of	recombinant	proteins	using	goat	serum	a)	Left	to	right;	
M:	pre-stained	protein	ladder,	Lane	1:	MAP1693c;	b)	Left	to	right;	M:	pre-stained	protein	ladder,	
Lane	1:	MAP2677c;	c)	Left	to	right;	M:	pre-stained	protein	ladder,	Lane	1:	MAP4308c;	d)	Left	to	
right;	M:	pre-stained	protein	ladder,	Lane	1:	MAP3547c	
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analyze	the	findings	of	the	DIVA	ELISA.	We	found	a	
consistent	S/P	ratio	range	for	vaccinated	(<0.40),	
naturally	 infected	 (>0.40)	 and	 healthy	 animals	
(≤0.09)	with	respected	to	paratuberculosis	both	in	
our	optimization	studies	as	well	as	laboratory	scale	
validation	 studies.	 Serology	 based	 DIVA	 tool	 has	
successfully	 been	 developed	 for	 other	 veterinary	
diseases	 viz.	 rinderpest	 virus	 (RPV),	 peste	 des	
petits	ruminants	viruses	(PPRV),	bovine	herpesvi-
rus	1	 (BHV-1),	Aujeszky’s	diseases,	 foot	&	mouth	
disease	 virus	 (FMDV)	 and	 Salmonella	 (Vorder-
meier	et	al.,	2016;	Bearson	et	al.,	2016;	Domínguez	
et	 al.,	 2014;	 Lee	 et	 al.,	 2012).	 DIVA	 strategy	 has	
been	applied	successfully	 for	 the	control	of	pseu-
dorabies	in	pigs	and	avian	influenza	(Pasick,	2004).	
In	 conclusion,	 results	 of	 the	 present	 study	 are	
promising	and	DIVA	ELISA	has	the	potential	to	be	
used	in	field	with	vaccination	and	field	validation	
of	the	DIVA	ELISA	is	need	for	more	stringent	con-
firmation.		

	
Figure	 2:	 Immuno-proteiomic	 analysis	 of	 re-
combinant	proteins	using	cattle	serum,	 left	 to	
right;	 M:	 pre-stained	 protein	 ladder,	 Lane	 1:	
MAP	1693c,	 Lane	2:	MAP	4308c,	 Lane	3:	MAP	
3547c,	Lane	4:	MAP	2677c	

	
Figure	 3:	 Immuno-proteiomic	 analysis	 of	 re-
combinant	proteins	using	buffalo	serum,	left	to	
right;	 M:	 pre-stained	 protein	 ladder,	 Lane	 1:	
MAP1693c,	 Lane	 2:	 MAP4308c,	 Lane	 3:	
MAP3547c,	Lane	4:	MAP2677c	

	
Figure	 4:	 Immuno-proteiomic	 analysis	 of	 re-
combinant	proteins	using	sheep	serum,	left	to	
right;	 Lane	 1:	MAP1693c,	M:	 pre-stained	 pro-
tein	 ladder,	 Lane	 2:	 MAP4308c,	 Lane	 3:	
MAP3547c,	Lane	4:	MAP2677c	
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