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ABSTRACT

Bluetongue, an arthropod borne non-contagious disease of ruminants especially sheep, is caused by bluetongue
virus(BTV). Detection of BTV antibodiesin susceptible hostsis considered to be of significancein diseasediagnosis
and differentiation. In the present study, a partial NS3 gene encoding for non-structural protein-3 N-terminus (;M-
T47@8) of BTV-23, produced as purified recombinant NS3Nt fusion protein (~32 kDa) using prokaryotic expression
system (Escherichia coli), was evaluated as a candidate antigen in an indirect-ELISA (rNS3Nt-ELISA) to measure
the serologic response to NS3 protein in small ruminants. The rNS3Nt fusion protein obtained in sufficient quantity
and quality has good reactivity in detecting NS3 specific antibodies in field serum samples by indirect-ELISA. As
NS3 protein is highly conserved, rNS3Nt-ELISA has potential for NS3 specific detection of antibodies in BTV
affected animal s irrespective of different viral serotypes. In comparison to structural protein (VP7) based c-ELISA
kit and i-ELI1SA kit, the diagnostic sensitivity (85.1%, 86.2%) and specificity (92.5%, 93.2%) of rNS3Nt-ELISA
were found to be relatively lower, respectively. Nevertheless, the study indicated the potential utility of rNS3Nt-
ELISA asan alternate assay in routine sero-diagnosis of BTV infection and possible sero-surveillance of ruminants
under DIVA strategy.

Key words. Antibody titers, Bluetongue virus, Immuno-reactivity, Indirect-ELISA,
Recombinant non-structural protein 3 N-terminus (rNS3NTt)

Bluetongue, avector-borneviral disease of domestic and
wild ruminants affecting mainly sheep followed by goats
and cattle, is caused by bluetongue virus (BTV) whichisa
type species of genus Orbivirus in the family Reoviridae
(Mertens et al. 2004). BTV is anon-enveloped virion with
genome consisting of ten (1-10) double-stranded RNA
(dsRNA) segments packaged within a three-layered
icosahedral capsid of seven structural proteins (VP1 to
VP7). At present, 27 distinct serotypes of BTV have been
recognized worldwide (Prasad et al. 1992, Hofman et al.
2008, Maan et al. 2011, Zientara et al. 2014, Schulz et al.
2016, Hemadri et al. 2017).

A preliminary disease diagnosis is usually based on
clinical signsand lesionsin sheep, but the disease is mostly
subclinical in goats and cattle; however, further
confirmatory diagnosis is based on number of laboratory
tests (Afshar 1994). It includes virus isolation in
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embryonated chicken egg or in various cell types such as
BHK-21/Vero/insect cell line etc. (Afshar 1994, Clavijo et
al. 2000, Eaton and White 2004) and serum neutralization
tests (SNT) (Bulut et al. 2006). Severa other tests such as
agar gel immunodiffusion (AGID), enzyme-linked
immunosorbent assay (ELISA), and fluorescent antibody
(FAT) test are also employed. Molecular tools such as the
reverse-transcriptase polymerase chain reaction (RT-PCR),
real time RT-PCR and LAMPassay to identify BTV directly
in blood samplesor cultured cellshave also been devel oped
(Shad et al. 1997, Aradaib et al. 1998, Eaton and White
2004). Although, SNT is highly sensitive and specific, itis
not routinely used as it is time consuming and expensive
(Hamblin 2004).Various types of ELISAs such as
competitive ELISA (c-ELISA), sandwich-ELISA (s-
ELISA) and an indirect-ELISA (i-ELISA) have been
developed in the recent past using either native (Afshar et
al. 1987, Chand et al. 2009) and/or recombinant \VP7 antigen
(Martyn et al. 1990, Afshar et al. 1992, Pathak et al. 2008)
for detection of BTV. However, alimited effort was made
to evaluate the potential utility of non-structural (NS)
proteinsof BTV asalternate diagnostic antigen, which could
also assist in developing immune-diagnostics under DIVA
strategy (Anderson et al. 1993, Barros et al. 2009). In view
of aready developed non-structural proteins based DIVA
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assays for several viral infectionsin animals, the strategies
for differentiating infected from vaccinated animals under
DIVA are possible with inactivated BTV vaccines and NS
proteins (Barros et al. 2009, Sperlova and Zendulkova
2011).

BTV genome is also known to encode for four non-
structural proteins; NS1(~64 kDa), NS2(~41 kDa), NS3/
NS3A (~25.5 kDa) and NS4 (~10 to 22.5 kDa), which are
involved in either replication, maturation, export from
infected cellsand/or interaction with host (Schwartz-Cornil
et al. 2008, Ratinier et al. 2011, Belhouchet et al. 2011).
However, the host antibody response kinetics to different
BTV-NS proteins is not yet fully understood. There is a
need to evaluate the efficacy of BTV-NS proteins to detect
the circulating antibodiesin livestock. In the present study,
we evaluated the potential utility of recombinant NS3 N-
terminus fragment (rNS3NTt) fusion protein in detection of
BTV antibodies against NS3 protein in serum samples by
indirect-ELISA.

MATERIALS AND METHODS

Virus, clone and host cells: BTV 23 Dehradun strain, an
isolate from a natural bluetongue outbreak in India,
maintained in the Division of Virology, ICAR-Indian
Veterinary Research Institute (IVRI), Mukteswar,
Uttarakhand (UK), India, was used in target NS3 gene
fragment amplification and clone construction as described
earlier (Chacko et al. 2015). A previously constructed
recombinant E. coli BL21-CodonPlus(DE3)-RIPL cells
(Novagen, USA) harbouring plasmid (pNS3Nt) inapET32a
vector were used for production of recombinant antigen
(rNS3Nt) in bulk (Chacko et al. 2015).

Production of recombinant antigen (rNS3Nt) of BTV: A
recombinant NS3Nt fusion protein was produced in bulk
as per the standard procedures described previously (Ahuja
et al. 2012, Chacko et al. 2015, Shivachandra et al. 2012,
2015, 2017, Yogisharadhya et al. 2017). Briefly, E. coli
BL 21-CodonPlus(DE3)-RIPL cellsharbouring recombinant
plasmid pNS3Nt were grown in 1 L Luria Bertani (LB)
broth using appropriate antibiotics (ampicillin [50 mg/ml]
and chloramphenicol [35 mg/ml]) and kept in shaking
incubator at 37°C. Subsequent to chemical induction with
ImM IPTG (Sigma-Aldrich, USA), cells were harvested,
resuspended in buffer (50 mM Tris-HCI, pH 7.8, 100 mM
NaCl and lysozyme) before lysis by sonication (Sonics,
USA). Purification was carried out by affinity
chromatography using Ni-NTA superflow cartridges
(Qiagen, Germany). Following column binding,
renaturation on column and washing with buffer (50 mM
Tris-HCI, pH 6.0, 100 MM NaCl and 50 mM Imidazole),
recombinant NS3Nt was eluted with elution buffer (50 mM
Tris-HCI, pH 7.8, 100 MM NaCl and 300 mM Imidazole)
before dialysis of pooled fractionsin abuffer (50 mM Tris-
HCI, pH 7.8, 100 MM NaCl) and quantification by standard
method. Purified rNS3Nt proteinswere aliquoted and stored
at —80°C until further use.

Serumsamples. Randomly collected field serum samples
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(314) were used for evaluation of reactivity of rNS3Nt
protein/ optimization of rNS3Nt based i-ELISA. Initialy,
all the field serum samples were screened with
commercially available c-ELISA kit (Bluetongue antibody
test kit, VMRD, Inc., Pullman, USA) and rVP7 based
indirect-EL1SA kit (Pathak et al. 2008) before segregation
as ‘positive’ and ‘negative’ on the basis of detectable
antibodies to BTV. These positive and negative samples
were tested along with the standard negative and positive
control serum for validation of the assay. Then, the INS3Nt
protein based indirect-ELISA was used to screen random
field serum samples. Positive and negative serum available
at Bluetongue Virus Laboratory, ICAR-IVRI, Mukteswar,
UK, India, were used as controls.

Optimization of indirect ELISA using rNS3Nt protein:
The optimal concentration of antigen and dilution of the
serum were determined by performing a checkerboard
titration of the rNS3Nt antigen along with positive and
negative caprine control serum. On the basis of initial
titration, 100 ng/well of antigen and 1:10 serum dilution
were used in al further process of rNS3Nt-ELISA. The
coating of ELISA plate (MaxiSorp, Nunc A/S, Rosklide,
Denmark) with purified recombinant protein diluted in
0.05 M carbonate bicarbonate buffer pH 9.6 (Sigma, UK),
was carried out at 37°C for 1 h on a plate shaker. The plate
was washed three times with PBST (0.03% Tween 20 in
PBS) to remove the unbound antigen. The same washing
procedure was followed throughout the study, if not
mentioned otherwise. Primary blocking was done with 100
Wl of blocking buffer (2% gelatin and 3% skim milk powder
in PBS) at 37°C for 1 h. Following three washes, diluted
test and control serum (1:10 in blocking buffer) were added
to the respective wells of the plate and incubated for 1 h at
37°C. The plate was washed and 50 pl of diluted (1:10000)
rabbit anti-goat 1lgG HRPO conjugate (Sigma, UK) in
blocking buffer was added to all the wells. Following
incubation and washing, 50 ul of OPD-substrate (Sigma,
UK) solution was added to each well and incubated in dark
for 8-10 min. The reaction was stopped by 50 pl of 1 M
H,SO, and absorbance was measured at 492 nm in a
microplate reader (Biorad). The optimized rNS3Nt based
indirect ELISA was further used for screening of sheep
serum (118) samples.

Comparison with commercial c-ELISAand rVP7-ELISA
kits: Bluetongue virus antibody test kit (VMRD Inc.,
Pullman, WA, USA), a competitive ELISA (c-ELISA) for
detection of antibodies specific to the highly conserved VP7
protein of BTV, was used as a standard for comparison.
Further, anin-house devel oped rV P7 based indirect-EL I SA
kit (Pathak et al. 2008) was also used for initial screening
of serum samples. The data generated from screening of
total 314 serum samples using rINS3Nt-ELISA, c-ELISA
and rVP7- ELISA were subjected to ROC analysis.

Satistical analysis. For determination of cutoff values,
the gross OD,,, value of test samples was expressed as
percent positivity [percent positivity, PP={(OD -OD,

sample
) (OD ¢ conro~OD x 100] and the area under

control neg control )}
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curve (AUC) was calculated by Receiver Operating
Characteristic (ROC) analysis using MedCalc software
package version 13.2.2.0 (MedCalc Software, Belgium).
The diagnostic sensitivity and specificity of assays were
estimated at different-cut off value using ROC analysis.
Variability and reproducibility of the rNS3Nt-ELISA were
determined by calculation of intra-assay and inter-assay
variation. The OD,,, value of pooled positive serum was
measured ten timesin different runsfor cal culation of inter-
assay variation. For intra-assay variation, OD,, values of
ten replicates of the same pooled serum were measured in
ten columns of the platein asingle run. For comparison of
data between different ELISA plates, OD values were
routinely normalized against a positive control serum and
expressed as percent positivity (mean corrected test OD

value/corrected positive control OD value x 100).
RESULTS AND DISCUSSION

Detection of antibodies for a particular pathogen
especially BTV is of importance for both routine
surveillance and trade purpose as well as to differentiate
naturally infected and vaccinated animals. In the past,
various formats of ELISA for detecting antibodies to
structural proteins especially VP7 of BTV were devel oped
(Afshar et al. 1987, Pathak et al. 2008). Presumably,
antibodies to non-structural BTV proteins are less likely to
be present in animals immunized with inactivated vaccines
which help in the DIVA strategy. Further, the higher levels
of NS3 antibodies recorded in BTV infected animals in
comparison to thelevelsinduced in animal s vaccinated with
inactivated BTV vaccines (Barros et al. 2009) indicated
the possibilities to develop an immunodiagnostic assay
under DIVA strategy. Hence, we evaluated the potential
utility of recombinant NS3Nt antigen based indirect-EL I SA
to detect levelsof antibody responseto NS3inrandom field
serum samples.

Production of recombinant antigen (rNS3Nt): Following
chemical induction, the recombinant E. coli expressed
NS3Nt protein along with hexa-histidine tags on its both
termini accounting for a total molecular weight ~32 kDa
(293 aa), was purified under denaturing/renaturing
condition. The purified protein was a mixture of two forms
of proteins, viz. monomer and dimer of rNS3Nt fusion
protein on 10% SDS-PAGE at expected sizes of ~32 kDa
and ~64 kDa, respectively (data not shown). Amongst all
the 27 serotypes of BTV reported worldwide, the genes
coding for the non-structural proteins and the internal
proteins are highly conserved (Roy 1992, Mumtsidu et al.
2007). NS1 and NS2 are the most highly expressed NS
proteinsin BTV infected cellswhereasin insect cells, NS3/
NS3A is synthesized in larger amounts (Schwartz-Cornil
et al. 2008). NS3 (229 aa) and NS3A (216 aa, ~24 kDa) are
membrane proteins which function as viroporin helping in
viral exist by assisting in budding of virus from infected
cells (Schwartz-Cornil et al. 2008). NS3 of BTV, similar to
rotavirus NSP4 and African horse sickness virus (AHSV)
NS3, has two hydrophobic domains, viz. TM1 (118-141
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aa) and TM2 (162-182 aa) with both the amino- and
carboxyl-terminal ends of the protein appearing to be
cytoplasmic (Bansal et al. 1998, Huismans et al. 2004).
Recently, we identified a conserved a-helical heptad
sequences (coiled-coil motifs) at 14 to 26 aa (CCM-I), 185
to 198 aa (CCM-Il), and 94 to 116 aa (CCM-I111). Of which,
CCM-I found close to the N-terminus of NS3 which was
presumed to be involved in oligomerization (Chacko et al.
2015). We also noticed a SDS-resistant monomer (~32 kDa),
a possible dimer (~64 kDa) and/or oligomers of rNS3Nt
fusion protein produced from prokaryotic (E. coli)
expression system (Chacko et al. 2015). In the past, homo-
oligomerization propertiesof NS3-WT aswell asitsdeletion
mutant forms producing tetramer (~100to 110 kDa) protein
species of NS3 were detected following analysis of cell
extracts (Han and Harty 2004). Till date, amost al the
characterized viroporins are known to possess the ability
to oligomerize and form aggregates in mammalian cells. In
our prokaryotic expression system as well, we noticed
aggregates of rNS3Nt following over-expression, which
were further purified under denaturing and on column
renaturation procedure to get near native conformation.
Optimization of indirect-ELISA: The rNS3Nt protein
based indirect-EL I SA wasinitially optimized using positive
and negative serum samples, which were pre-screened with
standard commercial c-ELISA kit. The mean OD of known
positive and negative serum was 1.0+0.05 and 0.16 +0.06,
respectively. The optimum concentration/dilution of
rNS3Nt protein and test serum was 100 ng and 1.10 per
well, respectively. Based on ROC analysis, the cutoff was
set as a PP value >20.3 at which diagnostic sensitivity and
diagnostic specificity of 85.1% and 92.5% with 95%
confidenceinterval respectively wasobserved (Fig. 1, Panel
A), when compared to c-ELISA kit. Area under curve
(AUC) which quantifies the diagnostic accuracy of the test
was determined to be 0.916. Inter-assay coefficient of
variation (CV%) calculated from ten different runs was

A B
I 100 . 350+ 0
T 300+ N
80 s
> 250+ H
= 60 200+ N
® 150
g 0 Sensitivity: 85.1 100+ H
20 Specfficity: 92.5 50+
Criterion: > 20.2381 o
0 Hiw L 50kt . .
0 102030405060708090100 0 1

——100-Specificity —» 0-ELISA

Fig. 1. ROC curve and interactive dot diagram. Panel A: ROC
curve. Thetrue positive rate (Sensitivity) is plotted in function of
thefalse positiverate (100-Specificity) for different cut-off points.
Each point on the ROC curve represents a sensitivity/specificity
pair corresponding to a particular decision threshold. Panel B:
Interactive dot diagram. The data of negative and positive groups
are displayed as dots on the vertical axis. The horizontal line
indicates the cut-off and corresponding sensitivity and specificity
is displayed on the side.
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5.04+1.10 and 3.16+0.80, whereas, the coefficient of
variation for intra-assay calculated from replicates of same
samples in a single run was 3.16+0.51 and 3.92+0.45 for
positive and negative serum control, respectively. An
optimized rNS3Nt-ELISA employed for further testing of
goat and sheep (118) serum samples indicated 25.4% and
52.5% positive, respectively.

On aroutine basis for a positive BTV diagnosis, either
BTV antigen/RNA or antibodies need to be detected in a
sample by virusisolation, molecular or serological methods.
ELISAswith high sensitivity could detect BTV antibodies
produced by host humoral responses as early as one week
after infection (Batten et al. 2008, Oura et al. 2009) and
longer persistence of neutralizing antibodies as long as 4
yearsin cattle and 2.5 years in sheep (Batten et al. 2013).
Previously, recombinant full length NS3 protein was used
asanantigeninanindirect ELISA (NS3-ELISA) to measure
the serologic response to NS3 protein in cattle and sheep
under DIVA strategy (Barros et al. 2009). In cattle, NS3
antibodieswere detected at approximately 15 dayspost BTV
infection, whereas animals vaccinated with a bivalent
inactivated BTV 2—4 failed to develop detectable NS3
antibodies. Theamount of NS3 expressionisgenerally high
ininsect cells, and low in cells of vertebrate origin (French
et al. 1989, Guirakhoo et al. 1995). Nevertheless, thereisa
need to study the dynamics of the appearance of NS3
antibodies in naturally infected animals as well as
vaccinated animals. In a study by Barros et al. (2009), the
animals inoculated with BTV-1 were found to seroconvert
to NS3 on 10 dpi and develop higher levels of NS3
antibodies in comparison to the response elicited by
inactivated BTV vaccines, which induced little or no
detectable antibodies to NS3 protein. Since, the currently
used BTV inactivated vaccines are most likely to be
contaminated with NS proteins, the purity of the BTV
vaccines seemsto be of crucial importancein order to avoid
the false positive results due to presence of antibodies
against NS3 and others. It was noted in the recent past that
NS3 protein is highly conserved amongst global strains of
BTV despite originating from divergent ecosystems
(Balasuriyaet al. 2008) and further, all the BT virusesfrom
Asia and Australia were grouped in one clad. Since it was
indicated that NS3 is not evolving by adoptive (positive)
selection imposed by different selection pressures such as
vector species (Balasuriya et al. 2008), there is a limited
chancefor NS3to undergo variation in the future. Although,
NS3 proteinisproduced inlarge quantitiesininfected cells,
it is not packaged in the virion.

Comparative reactivity of rNS3Nt-ELISA with c-ELISA
and rVP7-ELISA for BTV antibodies: In rINS3Nt-ELISA,
the mean OD of known negative and positive serum was
0.16 £0.03 and 1.02+0.06 respectively, and OD vaue was
expressed into per cent positivity (PP). In ROC analysis, a
PP value >20.3 was set as criteria, which gave a sensitivity
and specificity of 85.1 and 92.5% respectively, ascompared
to c-ELISA (Fig. 1, Panel A) and it was 86.2 and 92.5%,
respectively, with rVP7-ELISA.
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Animalsinfected with BTV areknown to develop ahigh
titerd antibody responseto avariety of viral proteins. Apart
from serogroup specific antibodiesinduced by VP7 protein,
the presence of antibodies against other structural and non-
structural proteins in serum of infected animals have been
reported (MacL achlan et al. 1987, MacL achlan 2004). We
evaluated an indirect ELISA format using rNS3Nt fusion
protein for detecting antibodies to BTV in the serum of
sheep and goat, which wereinitially screened by c-ELISA
kit and were used as the positive and negative control. The
cut off value was determined by ROC analysis, asPP>20.3
at which diagnostic sensitivity was found to be 85.1% and
diagnostic specificity was 92.5%. The CV calculated from
the normalized data obtained from replicate of the positive
and negative serum were al below 6%, which is below the
acceptable value of 10% (Maree and Paweska 2005). BT
c-ELISA kit is amonoclonal antibody based test to detect
BTV structural protein VP7. Studies on experimentally
infected sheep showed that the antibodies to VP7 protein
developed one week prior to that of NS3 and it can be
detected even after 330 days post infection, unlike that of
NS3 (Barros et al. 2009). This may account for the lower
sensitivity of INS3Nt-EL I SA asnon-structural protein based
assay may not be able detect early and very late infection.
Further, an indirect-ELISA using recombinant NS3AHD
protein may enhance immuno-reactivity as it contains
additional C-terminal epitopes (Mohanty et al. 2016).
Nevertheless, the kinetics of antibodies to non-structural
proteins has to be studied in infected and vaccinated
animals, so as to further evaluate the efficiency of
recombinant non-structural protein based
immunodiagnostics. Recombinant non-structural proteins
based DIVA tests have been successfully developed in the
past for various diseases such as foot-and-mouth disease
virus (Clavijo et al. 2004, Lu et al. 2007), African horse
sickness virus (Laviada et al. 1995), and equine influenza
virusinfections (Birch-Machin et al. 1997). A total of around
314 random field serum samples of sheep and goat were
tested using rNS3Nt-EL | SA to detect antibodies against the
non-structural protein. It was found that around 52.5% of
sheep samples and 25.4% of goat samples were positive.
This indicates that the assay can be used for serological
monitoring of antibodies to BTV. However, screening of
more number of field serum samples of both large and
small ruminants need to be carried out to further validate
the tests.

Akin to other antibody detection ELISAS, rNS3Nt-
ELISA is capable of detecting NS3 specific antibodies in
al serotypes. Although, the current assay is standardized
for testing sheep and goat serum samples, it would be
equally suitable for testing sera from other susceptible
animal species. Further, evaluation and validation of
reported assay require screening of more number of serum
samples from other susceptible animals. Conclusively, our
preliminary results suggested that INS3Nt-ELISA is able
to detect BTV NS3 antibodies and can be used asareliable
tool for routine serological survey to detect BTV infection
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in the animal population, irrespective of different viral
serotype.

ACKNOWLEDGEMENTS

Authorsarethankful to the Indian Council of Agricultural
Research (ICAR), New Delhi, and | CAR-Indian Veterinary
Research Ingtitute (IVRI), Mukteswar, Uttarakhand (UK)
for providing the necessary facilitiesand financial assistance
under ‘All India Network Programme on Buetongue Virus'
(AINP-BT No. 13 (1) /2000-ASR-1V) to carry out the
research on bluetongue virus.

REFERENCES

Afshar A. 1994. Bluetongue: laboratory diagnosis. Comparative
Immunology Microbiology and Infectious Diseases 17: 221—
42.

Afshar A, Thomas F C, Wright P F, Shapiro JL, Anderson Jand
Fulton R W. 1987. Blocking dot- ELISA, using a monoclonal
antibody for detection of antibodies to bluetongue virus in
bovine and ovine sera. Journal of Virological Methods 18:
271-79.

Afshar A, Eaton B T, Wright P F, Pearson J E, Anderson J, Jeggo
M and Trotter H C. 1992. Competitive ELISA for sero-
diagnosis of bluetongue: evaluation of group-specific
monoclonal antibodies and expressed VP7 antigen. Journal
of Veterinary Diagnostic Investigations 4: 231-37.

AhujaA, Sen A, Yogisharadhya R, Rgjak K K and Shivachandra
S B. 2012. Prokaryotic expression and purification of highly
soluble partial region of glycoprotein Erns of Indian strain of
Classical swine fever virus. Indian Journal of Virology 23:
397-401.

Anderson J, Mertens P P C and Herniman K A J. 1993. A
competitive ELISA for detection of anti-tubules antibodies
using a monoclonal antibody against bluetongue virus non-
structural protein NS1. Journal of Virological Methods 43:
167-76.

Areadaib | E, Schore C E, Cullor J S and Osburn B I. 1998. A
nested PCR for detection of North American isolates of
bluetongue virus based on NS1 genome sequence analysis of
BTV-17. \eterinary Microbiology 59: 99-108.

BalasuriyaU B, Nadler SA, Wilson W C, Pritchard L I, Smythe
A B, Savini G, Monaco F, De Santis P, Zhang N, Tabachnick
W J and Maclachlan N J. 2008. The NS3 proteins of global
strains of bluetongue virus evolve into regional topotypes
through negative (purifying) selection. Veterinary
Microbiology 126: 91-100.

Bansal O B, Stokes A, Bansal A, Bishop D and Roy P. 1998.
Membrane organization of bluetongue virus nonstructural
glycoprotein NS3. Journal of Virology 72: 3362—69.

Barros S C, Cruz B, Luy’s T M, Ramos F, Fagulha T, Duarte M,
Henriques M and Fevereiro M. 2009. A DIVA system based
on the detection of antibodiesto non-structural protein 3 (NS3)
of bluetongue virus. Veterinary Microbiology 137: 252-59.

Batten C A, Bachanek-Bankowska K, Bin-Tarif A, Kgosana L,
Swain A J, Corteyn M, Darpel K, Mellor P S, Elliott H G and
OuraCA. 2008. Bluetongue virus. European community inter-
laboratory comparison tests to evaluate ELISA and RT-PCR
detection methods. Veterinary Microbiology 129: 80-88.

Batten C A, Edwards L and Oura C A. 2013. Evaluation of the
humoral immune responses in adult cattle and sheep, 4 and
2.5 years post-vaccination with a bluetongue serotype 8
inactivated vaccine. Vaccine 31: 3783-85.

CHACKO ET AL.

[Indian Journal of Animal Sciences 87 (11)

Belhouchet M, Jaefar F, Firth A E, Grimes J M, Mertens PP C
and Attoui H. 2011. Detection of a fourth orbivirus non-
structura protein. PLoS ONE 6: €25697.

Birch-Machin |, Rowan A, Pick J, Mumford Jand Binns M. 1997.
Expression of the nonstructural protein NS1 of equine
influenza A virus: detection of anti-NS1 antibody in post
infection equine sera. Journal of Virological Methods 65: 255—
63.

Bulut O, Yavru S, Simsek A, KaleM and Avci O. 2006. Serological
investigation of bluetongue virus infection by serum
neutralization test and ELISA in sheep and goats. Bulletin
\eterinary Institute Pulaway 50: 306-07.

Chacko N, Biswas S, Mohanty N N, Chand K, Yogisharadhya R,
Pandey A B, Mondal B and Shivachandra S B. 2015. A coiled
coil motif in non-structural protein 3 (NS3) of bluetonguevirus
forms an oligomer. Virus Genes 51: 244-51.

Chand K, Biswas S K, De A, Sing B and Mondal B. 2009. A
polyclonal antibody-based sandwich ELISA for the detection
of bluetongue virusin cell culture and blood of sheep infected
experimentally. Journal of Virological Methods 160:189-92.

ClavijoA, Heckert RA, Dulac G C and Afshar A. 2000. I solation
and identification of bluetongue virus. Journal of Virological
Methods 87: 3-23.

Clavijo A, Wright P and Kitching P. 2004. Developments in
diagnostic techniques for differentiating infection from
vaccination in foot-and-mouth disease. Veterinary Journal 167:
9-22.

Eaton B T and White J R. 2004. Developing new orbivirus
diagnostic platforms. \eterinary Italiana 40: 525-30.

French T J, Inumaru S and Roy P. 1989. Expression of two related
nonstructural proteins of bluetongue virus (BTV) type 10 in
insect cells by a recombinant baculovirus: production of
polyclonal ascitic fluid and characterization of the gene product
in BTV-infected BHK cells. Journal of Virology 63: 3270-78.

Guirakhoo F, Catalan JA and Monath T P. 1995. Adaptation of
bluetongue virus in mosquito cells results in over-expression
of NS3 proteins and release of virus particles. Archives of
Virology 140: 967-74.

Hamblin C. 2004. Bluetongue virus antigen and antibody
detection and the application of laboratory diagnostic
techniques. Veterinary ltaliana 40: 538-45.

Han Z and Harty N R. 2004. The NS3 protein of bluetongue virus
exhibits viroporin-like properties. Journal of Biological
Chemistry 279: 43092-97.

Hemadri D, Maan S, ChandaM M, Rao PP, Putty K, Krishnajyothi
Y, Reddy G H, Kumar V, Batra K, Reddy Y V, Maan N S,
Reddy Y N, Singh K P, ShivachandraSB, Hegde N R, Rahman
H and Mertens PP. 2017. Dual infection with bluetongue virus
serotypes and first time isolation of serotype 5 in India.
Transboundary and Emerging Diseases (In press). Doi:
10.1111/tbed.12589.

Hofmann M A, Renzullo S, Mader M, Chaignat VV and Worwa G.
2008. Genetic characterization of toggenburg orbivirus, anew
bluetongue virusfrom goats, Switzerland. Emerging I nfectious
Diseases 14: 1855-61.

HuismansH, van Staden V, Fick W C, van Niekerk M and Meiring
T L. 2004. Comparison of different orbivirus proteins that
could affect virulence and pathogenesis. Veterinary Italiana
40: 417-25.

Kumar A, Yogisharadhya R, Bhanuprakash V, Venkatesan G and
Shivachandra S B. 2015. Structural analysis and
immunogenicity of recombinant major envelop protein
(rA27L) of buffalopox virus, a zoonotic Indian Vaccinia-like
virus. Vaccine 33: 5396-405.



November 2017]

LaviadaM D, Roy P, Soinchez-Vizcaino JM and Casal J 1. 1995.
The use of African horse sicknessvirus NS3 protein, expressed
in bacteria, as a marker to differentiate infected from
vaccinated horses. Virus Research 38: 205-18.

Luz,CaoY,GuoJ, Qi S, Li D, Zhang Q, MaJ, Chang H, Liu Z,
Liu X and Xie Q. 2007. Development and validation of a3ABC
indirect ELISA for differentiation of foot-and-mouth disease
virus infected from vaccinated animals. Veterinary
Microbiology 125: 157-69.

Maan S, Maan N S, Nomikou K, Veronesi E, Bachanek-
Bankowska K, Belaganahalli M N, Attoui H and Mertens PP.
2011. Complete genome characterization of a novel 26th
bluetongue virus serotype from Kuwait. PLoSOne 6: €26147.

MacLachlan N J, Heidner H W and Fuller F J. 1987. Humoral
immune response of calves to bluetongue virus infection.
American Journal of \eterinary Research 48: 1031-35.

MacLachlan N J. 2004. Bluetongue: pathogenesis and duration
of viraemia. \eterinary Italiana 40: 462—67.

Maree S and Paweska J T. 2005. Preparation of recombinant
African horse sickness virus VP7 antigen viaa simple method
and validation of aVVP7-based indirect ELISA for the detection
of group-specific 1gG antibodies in horse sera. Journal of
\irological Methods 125: 55-65.

Martyn JC, Gould A R and Eaton B T. 1990. High-level expression
of the VP7 and the non-structural protein NS3 of BTV by yeast
expression vector. Use of expressed VP7 as a group reactive
antigen in blocking ELISA. Virus Research 18: 67-78.

MertensPPC, Maan S, Samuel A and Attoui H. 2004. Oribivirus,
Reoviridae. (Eds.) Fauquet C M, Mayo M A, Maniloff J,
Dseelberger U, Ball L A. Virus Taxonomy, VIII Report of the
ICTV. Elsevier Academic Press, London, pp. 466-83.

Mohanty N N, Chacko N, Biswas S K, Chand K, Mondal B,
Pandey A B, Hemadri D and Shivachandra S B. 2016.
Production of recombinant non-structural protein 3
hydrophobic domain deletion (NS3AHD) protein of
bluetongue virus from prokaryotic expression system as an
efficient diagnostic reagent. Biologicals 44: 352-59.

Mumtsidu E, Makhov A M, Roessle M, Bathke A and Tucker P
A. 2007. Structural features of the Bluetongue virus NS2
protein. Journal of Sructural Biology 160: 157—67.

Oura C A, Wood J L, Sanders A J, Bin-Tarif A, Henstock M,
EdwardsL, Floyd T, Simmons H and Batten CA. 2009. Sero-
conversion, neutralising antibodies and protection in
bluetongue serotype 8 vaccinated sheep. Vaccine 27: 7326—
30.

Pathak K B, Biswas S K, Tembhurne P A, Hosamani M,
Bhanuprakash V, Prasad G, Singh R K, Rasool T Jand Mondal
B. 2008. Prokaryotic expression of truncated VP7 of
bluetongue virus (BTV) and reactivity of the purified
recombinant protein with all BTV type-specific sera. Journal

IMMUNO-REACTIVITY OF rNS3Nt IN INDIRECT ELISA 1309

of Virological Methods 152: 6-12.

Prasad G, Jain N C and GuptaY. 1992. Bluetongue virusinfection
inIndia: areview. Revue Scientifique et Technique de L* Office
International Des Epizooties 11: 699—711.

Ratinier M, Caporale M, Golder M, Franzoni G, Allan K, Nunes
F S, Armezzani A, Bayoumy A, Rixon F, Shaw A
and Palmarini M. 2011. Identification and characterization of
a novel non-structural protein of bluetongue virus. PLoS
Pathogen 7: €1002477.

Roy P. 1992. Bluetongue virus proteins. Journal of General
Virology 73: 3051.

Schulz C, Bréard E, Sailleau C, Jenckel M, Viarouge C, Vitour
D, Pamarini M, Gallois M, Hoper D, Hoffmann B, Beer M
and Zientara S. 2016. Bluetongue virus serotype 27: detection
and characterization of two novel variantsin Corsica, France.
Journal of General Virology 97: 2073-83.

Schwartz-Cornil |, Mertens P P, Contreras V, Hemati B, Pascale
F, Breard E, Mellor PS, MacLachlan N Jand Zientara S. 2008.
Bluetongue virus: virology, pathogenesis and immunity.
\eterinary Research 39: 46.

Shad G, Wilson W C, Mecham J O and Evermann J F. 1997.
Bluetongue virus detection: a safer reverse transcriptase
polymerase chain reaction for prediction of viremiain sheep.
Journal of Veterinary Diagnostic Investigations 9: 118-24.

Shivachandra S B, Yogisharadya R, Ahuja A and Bhanuprakash
V. 2012. Expression and purification of recombinant type IV
fimbrial subunit protein of Pasteurella multocida serogroup
B:2 in Escherichia coli. Research in \Veterinary Science 93:
1128-31.

Shivachandra S B, Yogisharadhya R, Kumar A, Mohanty N N
and Nagaleekar V K. 2015. Recombinant transferrin binding
protein A (TbpA) fragments of Pasteurella multocida
serogroup B:2 provide variable protection following
homologous challengein mouse model. Researchin Veterinary
Science 98: 1-6.

Shivachandra S B, Kumar A, Mohanty N N and Yogisharadhya
R. 2017. Immunogenicity of recombinant Omp16 protein of
Pasteurella multocida B:2 in mouse model. Indian Journal of
Animal Sciences 87: 29-34.

Sperlova A and Zendulkova D. 2011. Bluetongue: a review.
\eterinarni Medicina 56: 430-52.

Yogisharadhya R, Kumar A, Raghavendra R, Bhanuprakash V,
Venkatesan G and Shivachandra S B. 2017. Functional
characterizations of recombinant major envelop protein (rB2L)
of Orf virus. Archives of Virology 162: 953-62.

Zientara S, Sailleau C, Viarouge C, Hoper D, Beer M, Jenckel M,
Hoffmann B, Romey A, Bakkali-Kassimi L, Fablet A,
Vitour D and Bréard E. 2014. Novel bluetongue virus in
goats, Corsica, France. Emerging Infectious Diseases 20:
2123-25.



