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Abstract

The Mycobacterium avium subspecies paratuberculosis (MAP) causes paratuberculosis (Johne’s disease), a systemic and
chronic inflammation of intestine that affects bovine, small ruminants like goat and sheep. The disease has a greater
economic importance in cattle and in small ruminants. But its effective control is impeded due to lack of rapid and
accurate diagnostics. The present study is aimed at developing a LAMP-coupled lateral flow device (LFD) for rapid
detection of paratuberculosis in livestock animal species such as cattle and in small ruminants at resource-limited areas.
LAMP primers with biotin and FITC end tags were designed for /S900 gene specific for MAP. To determine sensitivity
of LAMP assay, 10-fold serial dilutions were made from 10 ng/ul MAP stock DNA and were compared with PCR. The
detection limits of LAMP-coupled LFD were defined and reactions were repeated for reproducibility. The specificity was
evaluated using other infectious bacteria such as M. bovis, M. tuberculosis, Brucella abortus, Leptospira interrogan,
Yersinia enterocolitica, Salmonella typhimurium, Listeria monocytogens, and Staphylococcus aureus. A total of 95
samples turned positive for LAMP-coupled LFD out of 389 fecal samples. All the cultural-positive and PCR-positive
samples showed positive in LAMP-coupled LFD. Nine samples with negative cultures turned positive in LAMP assay.
The overall sensitivity and specificity of the LAMP-coupled LFD assays were 100% and 97.02% respectively in
comparison with the culture as the gold standard method. The sensitivity detection limit of developed assay was
10 fg/ul and specificity was 100%. This assay successfully detected MAP not only by using bacterial DNA but also
in clinical fecal samples. The clear band formation at control and test positions was observed on LAMP-coupled LFD.
The developed assay is a simple, rapid, easy to perform, and is very useful in early diagnosis of Mycobacterium avium
subsp. paratuberculosis at point of care resource-limited areas.
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Introduction

Mycobacterium avium subspecies paratuberculosis is an in-
tracellular pathogen that causes Johne’s disease in ruminants
and Crohn’s disease in humans [1-3]. There is a huge eco-
nomic loss in dairy cattle industry worldwide due to
paratuberculosis [4—6]. The route of transmission occurs
through fecal, oral route, or in contact with infected animals
[1]. The seroprevalence of Mycobacterium avium subsp.
paratuberculosis of 29% is reported in northern India [7].
The prevalence rate in buffalo is 28.6%, in cattle 29.8%, and
in sheep, goat, and other ruminants in between 18.2 and 23%.
This is alarming and a major sensitive issue [7-9]. So, there is
a need to develop high throughput, sensitive diagnostic
methods for the detection of infected animals and animal
products. The clinically infected animals can shed 106 to
108 CFU/g of fecal material that can easily spread the infec-
tion to newborn babies, for which the infectious dose is
103 CFU/animal [10]. At present, the diagnosis of
paratuberculosis is based on direct and indirect methods of
diagnostic techniques. The direct method of diagnosis is based
on the isolation of MAP from feces culture [11]. Gold stan-
dard method is used generally for diagnosis of
paratuberculosis [12]. Isolation and identification of MAP-
specific organisms is carried out by culturing the feces follow-
ed by gold standard method. But, due to lack of qualified
veterinary microbiologists and long incubation period (8 to
16 weeks) along with chance of high contamination rate
makes it difficult to diagnose paratuberculosis [5, 13, 14].
Indirect diagnostic methods are mainly based on serologi-
cal techniques such as complement fixation test (CFT), Johnin
gamma interferon skin test, and enzyme-linked immunosor-
bent assay (ELISA). All these existing serological techniques
have shown less sensitivity and specificity for the detection of
paratuberculosis [15—18]. In whole-herd, the diagnostic sensi-
tivity of serological assays is less than 50% as compared with
fecal culture. Recently, /S900 PCR-based detection of MAP
from white blood cells (WBCs) has been described [3], but its
use in animals is still limited. The discovery of 75900 insertion
gene sequence in the MAP genome has offered an alternative
tool for rapid detection and improvement in the detection of
MAP bacterial DNA in molecular level using clinical samples.
After infection, the MAP circulates via blood stream to vari-
ous parts; therefore, the detection of MAP by 15900 PCR in
blood samples may help in diagnosis of paratuberculosis in
young animals and chances of false positive detection due to
passive infection will be very less. PCR assays using primers
specific for F57, ISMav2, ISMAPO02, and ISMAP04 elements
have been used for specific detection of MAP DNA [3,
19-21]. Several investigations revealed that detection of
15900 gene sequence by nested PCR increases the diagnostic
sensitivity and specificity [22]. The development of PCR for
the detection of paratuberculosis displayed similar results
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compared with fecal culture [23]. However, higher copy num-
ber of 1S900 in comparison with other IS elements makes
15900-based detection very sensitive. Therefore, many studies
proposed 75900 as the most specific sequence for various
PCR-based molecular tests with higher sensitivity. Although
these PCR techniques are gold standard for the detection of
paratuberculosis, they require highly trained personals, expen-
sive instrumentation with highly equipped lab facilities, and
require several other operations for the amplification process
of bacterial DNA. Therefore, there is a need to establish a
proper diagnostic method for the detection of paratuberculosis
at field level. The recent advancement of loop-mediated iso-
thermal amplification of nucleic acids makes molecular diag-
nostics more robust and easier.

Loop-mediated isothermal amplification (LAMP) am-
plifies the target 1S900 DNA rapidly at isothermal conditions
with higher sensitivity and specificity [24]. The LAMP meth-
od relies on auto-cycling of DNA synthesis performed by the
Bst DNA polymerase enzyme with high strand displacement
activity. The specially designed primers for paratuberculosis
LAMP assay were designed using Premier Biosoft 1.15
LAMP designer software. Three sets of two inner and two
outer and loop primers were used. The loop primers were
tagged with biotin and FITC at its 5’ end. The reaction is
highly specific for the target 1S900 gene sequence. The spec-
ificity of the LAMP assay is attributable to recognition of the
target sequence by six independent sequences in the initial
stage and by four independent sequences during the later
stages of the LAMP assay. The entire process of amplification
was performed at 63 °C isothermal temperature conditions.
With the addition of loop primers into the reaction mixture,
the sensitivity of the LAMP assay was typically increased.
The present study aims at developing a LAMP-coupled LFD
for the detection of MAP infection very effectively and rapidly
at resource-limited point of care areas. Our results proved that
the LAMP-coupled LFD assay is useful for the detection of
MAP from fecal samples with increased sensitivity and spec-
ificity and suitable for the field level detection of
Mycobacterium avium subsp. paratuberculosis at resource-
limited point of care areas.

Materials and methods
Study site and sample collection

The assay development and the clinical-related work were
performed at Genomix Molecular Diagnostics Pvt. Ltd.,
Hyderabad, India. A total of 389 fecal samples from bovine,
sheep, and goat origin were used in this study. Out of 389
samples, 143 fecal samples were procured from AMITY
Center for Mycobacterial Division, AMITY University,
Jaipur, India. In that, 79 samples were positive and 64 fecal



Braz J Microbiol (2019) 50:1105-1114

1107

samples were negative for MAP by fecal culture and by PCR
assays. Out of 79 positive samples, 31 were from heavy shed-
ders (> 50 colony forming units (CFU)/slant), 19 from mod-
erate shedders (10-50 CFU/slant), and 29 from low shedders
(<10 CFU/slant). The remaining 64 fecal samples were col-
lected from a dairy herd greater than 2 years of age and con-
sidered free from MAP on the basis of fecal culture, and PCR-
negative results. Two hundred and forty-six fecal samples
were also analyzed on-site by LAMP-coupled lateral flow
assay. Fecal culture and PCR assays were performed off-site
from the same samples. All these field samples were collected
from 10 dairy farms in southern parts of India. The collected
fecal samples were used for cultural conformation and the
remaining volumes were stored at — 80 °C for further use.

Processing of fecal samples

Fecal samples were used for cultural confirmation as well as
DNA extraction followed by PCR and LAMP assay. The fecal
sample processing for culture confirmation was performed
using a sedimentation protocol described by Whipple et al.
[14] briefly; 1 g of fresh fecal sample was suspended in
20 ml of sterile distilled water. Fecal suspensions were agitat-
ed by horizontal shaking for 30 min at room temperature and
then left to settle for 15 min. After the process of settlement,
3.5 ml of upper supernatant was transferred into a new 50-ml
falcon tube containing hexadecyl pyridinium chloride (0.75%
final concentration) to eliminate fungal and nonmycobacterial
contaminants. The tubes were incubated at room temperature
for overnight decontamination and used for further analysis.

Cultural confirmation

Sediment (0.1 ml) from the processed fecal samples was in-
oculated on agar slants containing Harold egg yolk medium
with 0.0002% (weight/volume) mycobactin J. The inoculated
slants were incubated at 37 °C for 8 to 16 weeks [25, 26]. The
inoculated slants in which the bacteria could merely grow on
HEYM containing mycobactin J were considered as positive
for MAP. The samples were characterized based on the aver-
age CFU/slant, 1-10, 11-50, and 51 or more as low, medium,
and heavy shedders respectively. Tubes were examined every
2 weeks. The colonies were confirmed by mycobactin depen-
dence, colony morphology, and /5900 PCR assay.

Extraction of DNA

Supernatant (0.1 ml) from the processed fecal samples was
plotted onto a biosample collection membrane filters
(Genomix Molecular Diagnostics Pvt.Ltd., Hyderabad,
India). The membranes were allowed to air dry at room tem-
perature for 30 min. The dried sample collection membranes
were cut in to small pieces and transferred on to a 1.5-ml

Eppendorf tube containing 200 pl of sterile PBS. The mixture
was crushed into fine pieces with the help of sterile pipette tip
and incubated at 75 °C for 3 min. The tubes were allowed to
centrifuge at 12000xg for 5 min. Supernatant was allowed to
collect into a fresh tube. Supernatant (2.0 ul) was used as a
template for PCR and LAMP assay and the remaining volume
was stored at —20 °C for further use.

PCR assay

To compare LAMP with PCR, the sensitivity and specificity
of PCR were tested with the same template DNA. Reactions
were performed with established primer sequences of MAP
15900 gene [27]. The reactions were performed in a 25-pl final
volume reaction mixture containing 1.25 U of Taq DNA po-
lymerase (Promega, USA), 25 mM dNTPs (Promega, USA),
0.5 uM forward and reverse primers, and 2 pl of template
obtained from filter paper extraction method. PCR was per-
formed in a thermocycler (Biorad model T100) machine. The
reaction consists of an initial denaturation step at 95 °C for
5 min, final denaturation 94 °C for 1 min, annealing at 60 °C
for 1.35 s and extension at 72 °C for 2 min, followed by 35
amplification cycles, and a final extension step at 72 °C for
10 min. The size of the PCR-amplified product (229 bp) was
determined by comparison with a molecular weight marker
using 1.5% agarose gel stained with ethidium bromide
(0.5 pg/ml) followed by UV light visualization.

LAMP primer design

Six primers were used for MAP LAMP assay. These primers
were designed against /S900 insertion sequence gene of MAP.
The gene sequence of /S900 (Gene Accession no.
AF416985.1) was obtained from NCBI GenBank. The
primers were designed using Premier Biosoft LAMP primer
designing software 1.13 version (PREMIER Biosoft
International., USA). The designed primers were synthesized
at Eurofins Inc., USA. The primer sequences are listed in
Table 1. Out of six primers, two inner primers (FIP, BIP),
two outer primers (F3 and B3), and the remaining two primers
were loop primers. The 5" end of these loop primers LPF and
LPB was tagged with biotin and fluorescein isothiocyanate
(FITC) [28] respectively as shown in Table 1.

LAMP assay

The LAMP was carried out in a 25-pl reaction mixture con-
taining 6 pl of 6 primers (FIP and BIP 1.6 uM, LPF and LPB
0.8 uM, and F3 and B3 0.2 uM), 12.5 ul of reaction buffer,
1 ul of Bst DNA polymerase enzyme (New England Biolabs,
MA, USA), 2 ul of template DNA and distilled water to a total
volume of 25 pl. The reaction buffer consists of 40 mM Tris-
HCI, 20 mM NH4SOy, 20 mM KCI, 16 mM MgSO,, 0.2%
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Table 1 LAMP primers designed for 25900 gene of M. avium subsp. paratuberculosis
Organism/target gene Primer Sequence (5' to 3") Nucleotide length
M. avium sub sp. F3 5" TTTCTTGAAGGGTGTTCGG 19
paratuberculosis B3 5" GCGTCGTCGTTAATAACCA 19
(MAP LAMP) FIP 5" CTCTCAATTAGCGGTCGAGTCGTTCATGTGGTTGCTGTGTT 41
15900 gene BIP 5' TTGGATCGCTGTGTAAGGACACCACAACCACCTCCGTAAC 40

LPF-biotin Biotin 5" CAATCTCCTTCGGCCATCC 19

LPB-FITC FITC 5" GCTGGGTTGATCTGGACAA 19

Triton X-100, 1.6 M glycine betaine, and 2.8 mM dNTPs in
each [29]. Out of the six primers used in the reaction mix set
up, two loop primers, LPF and LPB, were labeled with biotin
and FITC at 5’ ends that play a major role in detecting the
LAMP-amplified samples on lateral flow test devices (LFD).
The whole amplification process was carried out at 63 °C for
about an hour in ESE Tube Scanner (QIAGEN Lake
Constance, Germany). After the completion of reaction pro-
cess, amplicons were tested using LAMP-coupled LFD Kits.

Development of LAMP-coupled LFD

The LAMP-coupled lateral flow devices (LFD) were devel-
oped to detect the amplified products after the completion of
paratuberculosis LAMP assay. The LAMP-coupled LFD con-
tains a nitrocellulose membrane (MDI membrane technolo-
gies, India) coated with a control and test lines. The LFD test
strip consists of sample pad, conjugated pad, nitrocellulose
membrane, and absorbent pad (MDI membrane technologies,
India). Sample pad is for loading the amplified sample and the
conjugate pad holds the conjugate matrix, contains gold nano-
particles conjugated with streptavidin and mouse IgG antibody
(Arista Biologicals Inc., USA). Nitrocellulose membrane was
coated with captured components such as anti-FITC antibody
at test line and anti-mouse IgG at control line that are specific
for detecting components [28]. The complete setup of test strip
was kept in a plastic device having well for sample addition
and detector window labeled with control “C” and test “T”
positions. The primers were designed with specific biotin and
FITC tags that bind to 5’ end of amplified products. The for-
ward loop primer (LPF) having a biotin tag at 5" end binds to
streptavidin in conjugate matrix and the reverse loop primer
(LPB) with a FITC tag at 5’ end binds to anti-FITC component
at test region as shown in Fig. 1. The unamplified sample does
not react, so, there is no reaction at test position.

Analysis of the endpoint assessment
The LAMP reaction causes turbidity in the reaction tube cor-
responding to the amount of amplified DNA. Hence, the tur-

bidity of the reaction was observed with naked eye. The tur-
bidity was based on the involvement of magnesium
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pyrophosphate as a by-product of the reaction. For further
validation, all reactions were analyzed by 1.5% agarose gel
electrophoresis and positive results defined by the appearance
of typical ladder bands of various sizes and in negative wells,
no amplicon observed under UV light with ethidium bromide
staining. The amplified products were further confirmed by
LAMP-coupled lateral flow device.

Confirmation using LAMP-coupled LFD

The amplified products of LAMP assay were further con-
firmed by LAMP-coupled lateral flow test device which
shows the reactivity at control “C” and test “T” lines on a
plastic cassette platform. The cassette contains a nitrocellulose
membrane strip which is coated with capture components at
test “T” region. The amplified samples show colored lines at
both control and test lines which denotes positive sample,
whereas the unamplified samples display signal only at the
control region. This indicates that negative sample gives the
visual confirmation of amplification to our naked eye.

Sensitivity of LAMP-coupled LFD

To determine the sensitivity of LAMP-coupled LFD in terms of
detection limits, 10-fold serial dilutions [10" to 10"] of 10 ng of
M. avium subsp. paratuberculosis (MAP 316F) genomic DNA
were used as templates for biotin- and FITC-labeled LAMP
reactions performed under optimized conditions. Nuclease free
water was used as negative control. The amplified DNA with
biotin and FITC end tags was detected using 1.5% agarose gel
electrophoresis and ethidium bromide staining followed by vi-
sualization of amplified product under UV transilluminator and
further confirmed by LAMP-coupled LFD.

Specificity of LAMP-coupled LFD

The specificity of LAMP primers was examined using 10 ng
of genomic DNA extracted from other infectious non-MAP
bacterial strains. Specificity of LAMP assay was evaluated by
M. avium subsp. paratuberculosis strain MAP 316F genomic
DNA and other infectious bacterial species including
Mycobacterium bovis ANS, Mycobacterium tuberculosis DT,
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Fig. 1 Diagrammatic
representation of LAMP-coupled
lateral flow test device (LFD)

LAMP Product

Biotin

e

Flow Direction

Conjugation Pad
(Streptavidin + Mouse IgG)

Brucella abortus, Leptospira interrogan, Yersinia
enterocolitica, Salmonella typhimurium, Listeria
monocytogenes, and Staphylococcus aureus. The specificity
of these results was analyzed by 1.5% agarose gel electropho-
resis followed by the use of LAMP-coupled LFD.

Statistical analysis

Statistical analysis was performed using SPSS software ver-
sion 16.0 (SPSS, USA). For independent samples, # test was
used to evaluate the results. The diagnostic performances of
fecal culture, PCR, and LAMP-coupled LFD were evaluated
by calculating the sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), and efficiency.

Results
Culture method

In the present study, the fecal culture was considered as the
gold standard method in the diagnosis of MAP infection. The
inoculated samples with bacterial growth on HEYM with
mycobactin J supplemented media were considered as posi-
tive for MAP and the samples with no bacterial growth after
6 months were considered as negative. After 8§ weeks of inoc-
ulation, small colonies were observed on the cultural slants
supplemented with mycobactin. From 389 collected fecal
samples, 86 were found positive and 303 negative. All colo-
nies grown on HEYM with mycobactin J resulted positive in
PCR and LAMP-coupled LFD.

Colony morphology

Colonies observed on HEYM supplemented with mycobactin
J cultured slants were initially small in size and grown to 3 mm

Streptavidin
Coupled with Gold

Biotin

FITC

Mouse IgG gold Particle

FITC

Control Band
(Anti-Mouse IgG)

Test Band
(Anti-FITC)

in diameter over time. They appeared as white to pale yellow
transparent smooth surfaces.

PCR assay

PCR assay was performed using the primers designed against
the 15900 insertion sequence gene of MAP. The DNA extract-
ed from the fecal samples using bio-sample collection mem-
branes were used as template. Out of 389 fecal samples, 93
were found positive and 296 displayed negative. From 86
fecal samples with positive culture, PCR analysis was found
positive. Moreover, seven fecal samples with negative culture
were found positive by PCR assay.

LAMP assay coupled with LFD

A total of 95 fecal samples turned positive for LAMP-coupled
LFD assay out of 389 fecal samples. All the samples with
positive culture and PCR positive results turned positive in
LAMP-coupled LFD assay. The amplified LAMP products
turned turbid after adding Syber Green I, and clear color dif-
ferentiation was noticed between positive and negative

1 2 3 4

Fig.2 LAMP products for visual conformation using Syber Green I. 1—
Negative control, 2—positive for MAP with control DNA, 3 and 4—
positive for MAP with fecal samples
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Fig. 3 LAMP-coupled LFD developed with LAMP products. 1—
Negative control, 2—positive for MAP with control DNA, 3 and 4—
positive for MAP with fecal samples

samples as shown in Fig. 2. LAMP-coupled LFD results dem-
onstrated a clear-colored line reaction at control and test lines
with amplified products termed as positive reaction (Fig. 3).
The evaluation of LAMP-amplified products with the naked
eye under natural light revealed a white turbidity.

Sensitivity of LAMP and PCR

Using equivalent quantities of control DNA extracted from
MAP culture samples as template at various dilutions, detec-
tion limits of both LAMP-coupled LFD and PCR are shown in
Table 2.

Table 2 Comparison of detection sensitivity of LAMP-coupled LFD

and PCR

MAP genomic DNA (pg/tube) Amplification method
LAMP-coupled LFD PCR assay

10,000 + +

1000 + +

100 + +

10 +

1 +

0.1 + -

0.01 + -

0.001 - -
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The primers for both LAMP and PCR were designed
against S900 insertional sequence for MAP. Tenfold serial
dilutions [107" to 1077] of 10 ng of M. avium sub sp.
paratuberculosis (MAP 316F) genomic DNA were used as
templates. The LAMP primers were able to detect 10 fg of
DNA per reaction volume as shown in Fig. 4. This detection
limit of sensitivity was greater than that for conventional PCR
assay, which can detect only 100 pg of DNA per reaction.

Specificity of LAMP

The LAMP-coupled LFD specificity test was performed using
10 ng each of M. avium subsp. paratuberculosis strain
MAP 316F genomic DNA and other infectious bacterial spe-
cies like M. bovis, M. tuberculosis, B. abortus, L. interrogan,
Y. enterocolitica, S. typhimurium, L. monocytogens, and
S. aureus. The data revealed no cross reactions from LAMP
gel electrophoresis and LAMP-coupled LFD as shown in
Fig. 5. The specificity of these results was analyzed by 1.5%
agarose gel electrophoresis followed by the use of LAMP-
coupled LFD.

Statistical analysis

Overall, 389 fecal samples were used for the evaluation of
culture, PCR, and LAMP-coupled LFD assays for the detec-
tion of M. avium subsp. paratuberculosis. Out of 389 samples,
86 fecal samples were positive and 303 negative for MAP.
But, 93 samples were found positive and 296 negative in
PCR assay. From the 86 fecal samples with positive culture,
PCR results revealed positive. Further, 7 fecal samples with
negative culture were also found PCR positive.

Fig. 4 The sensitivity in terms of detection limit of the developed LAMP
assay. M-1 kb DNA ladder, 1—negative control, 2-10 ng MAP DNA, 3—
1000 pg MAP DNA, 4-100 pg MAP DNA, 5-10 pg MAP DNA, 61 pg
MAP DNA, 7-0.1 pg MAP DNA, 8-0.01 pg MAP DNA, 9-0.001 pg or
1 fg MAP DNA, 10-0.1 fg MAP DNA, 11-0.01 fg MAP DNA, 12—
0.001 fg MAP DNA
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Fig. 5 Specificity test for LAMP
assay and LFD using DNA
templates of MAP and other
bacterial species. 5(a) Agarose
gel electrophoresis and by 5(b)
LAMP-coupled LFD. Lane M-
DNA ladder, 1-9 represent the
assay conducted with the DNAs
of MAP 316F, M. bovis,

M. tuberculosis, B. abortus,

L. interrogan, Y. enterocolitica,

S. typhimurium, b - o e 1= . w e Y v
5 s
L. monocytogens, and S. aureus e g 2 g 3 g 4 S 5 26 S 7 g 8 g9
respectively in Fig. 5(A) and in £ s & & s £ & s
Fig. 5(B)
H 8 -0 —0o] =0 —~o - &8 -0l — o - 0
- - - - = - - = -4 -4
s S s S s s s S s

A total of 95 fecal samples turned positive for LAMP-coupled
LFD assay out of 389. All the cultural-positive and PCR-positive
samples also displayed positive in LAMP assay analysis. Nine
samples with negative culture turned positive in LAMP assay.
The overall sensitivity and specificity of the LAMP-coupled
LFD assay for the diagnosis of MAP were 100% and 97.02%
respectively in comparison with the culture result as the gold
standard. The sensitivity and specificity of PCR were 100%
and 97.68% respectively. The PPV, NPV, and efficiencies of all
these diagnostic assays for MAP are shown in Table 3.

Discussion
The culture of the Mycobacterium avium subspecies

paratuberculosis for the diagnosis of Johne’s disease is not
suitable for the routine diagnosis because of its slower growth

conditions in media. The control of paratuberculosis is becom-
ing difficult and interpretation of test results challenging due
to the lack of proper diagnostic tests and lack of adequate
knowledge about a variety of MAP species [30, 31]. The
existing common methods for the diagnosis of
Mycobacterium avium subspecies paratuberculosis include
fecal culture, microscopic tests, and several molecular assays.
The fecal culture for the diagnosis of MAP is gold standard
technique with specificity of 100% but sensitivity of 50%
[32]. The lower sensitivity is due to slow growth rate and
higher culture contamination rate. Due to these drawbacks,
the culture method is only preferred in reference laboratories.
Therefore, this technique is not recommended for routine di-
agnostic purposes. All the culture-positive results should be
further confirmed by PCR assay. Several PCR methods were
used for the molecular detection of MAP. Though PCR has
promising sensitivity and specificity, it requires highly

Table 3 Sensitivity and

specificity of LAMP-coupled Assays Specimen No. of samples (N =389) Test Test False False
LFD in comparison with fecal positive  negative  positive  negative
culture TP N

Culture Fecal matter 86 303 86 303 - -

PCR DNA 93 296 86 296 7 -

LAMP LFD DNA 95 294 86 294 9 -

Statistics Culture PCR LAMP LFD

Sensitivity 100% 100% 100%

Specificity 100% 97.68% 97.02%

Positive predictive value 100% 93.0% 91.34%

Negative predictive value 100% 100% 100%

Efficiency 100% 98.23% 97.73%

*Values are represented in terms of reactivity

*Values are represented in terms of positivity; values in parenthesis represent 95% confident intervals
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equipped and sophisticated laboratory with well-trained tech-
nical persons. Because of these limitations with molecular
assays, the PCR methods are used only in fully equipped
laboratories with trained staff and cannot be performed at
resource-limited point of care areas [33, 34]. Because of all
these limitations and lack of field applicable diagnostic
methods, there is a need to adopt highly specific, sensitive,
rapid, simpler, and efficient diagnostic method that can be
performed in both well-equipped laboratories and onsite at
point of care areas for the detection of Johne’s disease.

In the present study, MAP was detected using LAMP-
coupled LFD technique, in which the target primers were de-
signed specifically for IS900 insertion sequence gene. Several
molecular studies proposed 15900 as the most specific and high-
ly sensitive target sequence for the detection of MAP [35]. The
5" end of these loop primers LPF and LPB was tagged with
biotin and fluorescein isothiocyanate (FITC) respectively [28].
The LAMP-coupled LFD takes an hour which is much shorter
compared with other PCR assays. The limits of detection of this
method are calculated as 10~”. On the other hand, the sensitivity
of LAMP-coupled LFD in terms of limits of detection was
0.01 pg, i.e., 10 fg and the analysis specificity of LAMP-
coupled LFD was 100% with other bacterial controls.
Although there are many insertion sequences similar to 75900,
with the use of LAMP method based on the region of 1S900
specific to MAP, it is possible to specifically detect MAP. The
specifically designed primer sets for MAP LAMP were able to
detect 0.01 pg of DNA per reaction mixture. On the other hand,
the limits of detection of LAMP-coupled LFD were greater than
that for conventional PCR assay, which can detect 100 pg of
DNA/tube as pointed out by Van der Giessen et al. (1992) [35].

Fecal samples were used for evaluation of all the three
methods, i.e., culture, PCR, and LAMP-coupled LFD for the
detection of Mycobacterium avium subsp. paratuberculosis.
Out of 389, 86 fecal samples were positive and 303 negative
for MAP using culture method. On the other hand, 93 samples
were found positive and 296 resulted negative in PCR assay
and 95 fecal samples turned positive for LAMP-coupled LFD.
These observations showed a clinical sensitivity of 100% with
LAMP-coupled LFD assay compared with the gold standard
culture method. Low positive results in fecal cultures were due
to the intermittent shedding of bacteria, and low detection
sensitivity in conventional culture method [36]. Recent studies
on MAP suggest high sensitivity for various /5900 molecular-
based tests. The ineffectiveness of PCR could be due to the
presence of few unknown inhibiting factors in feces, but the
same may not be affecting the LAMP assay.

Recently, the use of LAMP in the detection of MAP was
developed and similar LAMP results were reported [37]. In the
present study, the LAMP-coupled LFD demonstrated a detec-
tion limit of 10 fg/ul of MAP DNA from the LAMP-amplified
fecal samples and the developed assay successfully detected
MAP not only in the bacterial cultures but also in the clinical
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fecal samples and the specificity was 100%. Similar results
were reported by Safi et al. (2015) [37] and the LAMP assay
was performed under isothermal conditions and no special ap-
paratus is needed. They demonstrated that LAMP exhibits a 10-
fold higher detection limit than conventional PCR by using
genomic DNA samples from MAP and our results also corrob-
orate the same. The endpoint assessment of LAMP end product
can be monitored via addition of the colorimetric, fluorescent
agents, turbid meter, and gel electrophoresis. Most of the
LAMP end products were assessed using turbidity of the
LAMP reaction due to the accumulation of pyrophosphate ion
by-products in the final reaction solution. These pyrophosphate
ions react with Mg®* ions to form an insoluble end product
magnesium pyrophosphate that can be detected by colorimetric
assay. For example, by adding the hydroxyl naphthol blue
(HNB) dye to a reaction, the color for a positive reaction chang-
es from ultra violet to sky blue, whereas calcein and Syber
Green results in a color change from orange to parrot green
[29, 37]. Similar studies in the recent years [38] managed to
detect 7. gondii oocysts down to 25 oocysts/50 g in ready-to-cat
baby lettuce [39]. Wang et al. [39] reported a multiplex LAMP-
coupled LED for the simultaneous detection of Staphylococcus
aureus and Enterococcus faecalis using FITC and digoxigenin-
modified primers in the LAMP assay. Similar studies from
Nurul Najian et al. [40] revealed that a multiplex LAMP lateral
flow test can be effectively used for the detection of pathogenic
Leptospira spp. The LAMP assay used by Sange et al. [41] for
the detection of MAP revealed a sensitivity detection limit of
10 fg/ul with an accuracy of 100% and no cross-reactivity with
any of the other related Mycobacterium species. The assay
showed 100% specificity which strengthens the results obtained
in the present study. The LAMP-coupled LFD employed in the
present study could detect the LAMP-amplified products fol-
lowing the completion of a MAP LAMP assay. This is the
major difference of LAMP assay when compared with the pre-
vious studies. The 5’ ends of the LAMP end product were
tagged with specific biotin and FITC. The LAMP end product
with a biotin tag at one end binds to a streptavidin present in the
colloidal gold conjugate matrix and the other end with FITC tag
builds the complex with IgG fraction of anti-FITC specific
antibody coated at test region as shown in Fig. 1. The results
could be obtained by loading the LAMP end product into a
LFD cassette without the need for extra incubation time and
no other external instrumentation. The immune complexes dif-
fuse further through the nitrocellulose membrane of the LFD
and get entrapped resulting in the formation of a purple color
bands at the test line “T” and control line “C” positions. The
results can be read within 10 min. A positive reaction is indicat-
ed if a purple-colored line appears at both “T”” and “C” positions
on the LFD cassette. The unamplified LAMP sample does not
react at the test position. This result is in accordance with other
studies employed in LAMP lateral flow dipstick and in analysis
of LAMP amplicons [28, 38—40]. Use of LAMP-coupled lateral
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flow device in the detection of LAMP amplicons is not only to
eliminate the post amplification manipulations and use of
ethidium bromide but also to strengthen the specificity of
LAMP assay by hybridization of the specific probe to the
LAMP amplicons.

Our results proved that the LAMP-coupled LFD for the
detection of MAP is a simple, rapid and easy to perform point
of care assay for the detection of MAP in livestock animal
species such as bovine and in small ruminants like goat and
sheep at resource-limited areas for point of care diagnosis.

Conclusion

In conclusion, the LAMP-coupled LFD developed in the pres-
ent study provides a robust diagnostic method for the detec-
tion of MAP which is more advanced than the currently avail-
able molecular diagnostic assays. The LAMP-coupled LFD
requires a minimal facility and the results are easily interpreted
even by a non-technical personnel. The overall sensitivity and
specificity of the LAMP-coupled LFD assay for the diagnosis
of MAP were 100% and 97.02% respectively in comparison
with the culture result as the gold standard. LAMP-coupled
lateral flow assay not only improves sensitivity and rapidity
but also reduces the time to diagnose M. avium subsp.
paratuberculosis from livestock feces and can potentially be
used to aid in characterization of the transmission of Johne’s
disease in dairy farms. Our preliminary analyses suggest that
this approach is of considerable use as an effective point of
care diagnostic assay for the easy and rapid detection of MAP
infections at resource-limited areas.
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