Veterinary Research Communications (2022) 46:209-221
https://doi.org/10.1007/511259-021-09849-5

ORIGINAL ARTICLE q

Check for
updates

Effect of selected single nucleotide polymorphisms in SLC711A1,
ANKRA2, IFNG and PGLYRP1 genes on host susceptibility

to Mycobacterium avium subspecies paratuberculosis infection in Indian
cattle

B. Gopi' - Ran Vir Singh’ - Satish Kumar'?® . Sushil Kumar' - Anuj Chauhan’ - Arvind Sonwane' - Amit Kumar' -
Jaya Bharati®*® - Shoor Vir Singh*

Received: 6 May 2021 / Accepted: 10 October 2021 / Published online: 30 October 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract

Paratuberculosis (PTB) is a chronic infectious enteritis of ruminants, caused by Mycobacterium avium subspecies paratu-
berculosis (MAP) that brings huge economic loss to the dairy farmers. The study was conducted to explore the association
of selected SNPs in IFNG, SLC11A1, ANKRA2 and PGLYRP] genes with resistance to PTB disease in Indian cattle popula-
tion. A case-control resource population was established based on the results of diagnostic tests used for detection of MAP
infection status viz. ELISA, Johnin PPD test, faecal microscopy and 7S900 blood PCR. The PCR-RFLP method was used
for genotyping of SNPs. SNPs rs109453173 in SLC11A1, rs110853455 in IFNG and rs41933863 in ANKRA2 genes were
significantly (P<0.05) associated with resistance to MAP infection. For SNP rs109453173, GG genotype and G allele was
found to be associated with resistance against MAP infection than CC and CG genotypes and C allele, respectively. For SNP
rs110853455, AG genotype was found to be associated with susceptibility to MAP infection than AA and GG genotype. For
SNP rs41933863, the AG genotype provided three and six times more resistance against MAP infection than GG and AA
genotype. The results of this study are suggestive of SNPs rs109453173, rs110853455 and rs41933863 as potential markers
for screening MAP resistant cattle and a breeding programme favouring GG genotype and G allele for rs109453173, AG
genotype for rs41933863 and against AG genotype for rs110853455 might confer resistance against MAP infection in Indian
cattle. However, investigation of these SNPs in an independent and larger population will warrant the strength of association
for resistance against MAP infection in cattle.
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Introduction

Mycobacterium avium subspecies paratuberculosis (MAP),
the causative agent of bovine paratuberculosis (PTB) or Joh-
ne’s disease in ruminants, is also reported in pigs, horses,
camels, alpaca, deer, llama, rabbits, weasel, fox and stoat
(Larsen et al. 1971; Beard et al. 2001a, b; Pavlik et al. 2004;
Miller et al. 2017, Juste et al. 2018; Fox et al. 2020). It is a
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disease of economic importance for the dairy sector, since it
causes major loss due to reduced production, high replace-
ment cost, premature culling, infertility, low feed conversion
efficiency and predisposes the herd to other diseases (Gar-
cia and Shalloo 2015). Hence, PTB is one of the costliest
diseases of cattle globally, which cause annual loss of $200
to $1,500 million in the US (Losinger 2005). In India, the
reduction in milk yield due to PTB causes economic loss of
Rs 54,442.5 /cow/lactation (Rawat et al. 2014). Whittington
and coworker reported the prevalence of PTB in 20 % of
the herds worldwide, which, may reach up to 40 % in some
developed countries (Whittington et al. 2019). In India, the
sero-prevalence of PTB was approximately 29.0 % in north
India, 27.58 % in Uttar Pradesh (Narnaware and Tripathi
2017), 23.3 % Punjab (Singh et al. 2008), 15.14 % in Bengal
(Gupta et al. 2012), 13.39 % in Gujarat, 16.26 % in Andhra
Pradesh and 37.7 % in West Bengal (Bhutediya et al. 2017).

The zoonotic role of MAP has not yet been proved but
MAP has been occasionally found in Crohn’s disease (CD)
patients and symptoms of CD in humans resemble PTB in
ruminants. Hence, it leads to the proposition that MAP is
a potential food safety concern. Milk obtained from MAP
infected animals is most likely source of infection and MAP
has also been reported in both pasteurized and unpasteur-
ized dairy products (Shankar et al. 2010). The MAP DNA
was also found in some commercial baby formulas, using
both IS900 and F57 qPCR (Hruska et al. 2005, 2011) but
the presence of MAP DNA in milk and milk formulas indi-
cates that MAP is there, dead or alive. Being able to culture
MAP from milk can be more of a problem. Study found that
in an infected herd, more than 81 % of the MAP-positive
colostrum or MAP-positive teat swabs came from potential
environmental seeding of MAP rather than direct shedding
(Pithua et al. 2011). MAP organism had been isolated from
the humans with type I diabetes, Blau syndrome (Sechi and
Dow 2015) and multiple sclerosis (Cossu et al. 2013). Tak-
ing into consideration, the zoonotic potential, animal welfare
concerns and economic loss associated with PTB, animal
health authorities aim to decrease the prevalence of PTB
disease.

Management practices like maintaining farm hygiene,
vaccination of animals and test and cull programmes,
which are primarily used to control the incidence of PTB
in dairy herd, have failed to eliminate the MAP infection
in cattle. The test and cull programme involves huge cost,
time and manpower; moreover, this approach is less effi-
cient due to the varied sensitivity of available diagnostic
tests (Nielsen and Toft 2008). In the present scenario, vac-
cination is the most effective mean to control PTB (Juste
and Perez 2011) since it prevents the clinical outcome of
MAP infection; however, animals continue to excrete MAP
bacilli and serve as a source of infection. Also, vaccinated
and infected animals are difficult to differentiate due to the
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lack of DIVA (Differentiating Infected from Vaccinated
Animals) based diagnostic tests (Bastida and Juste 2011).
Due to the long incubation period (3-14 years in cattle and
1-7 years in sheep), absence of pathognomonic symptoms,
variable sensitivity and specificity of diagnostic methods,
PTB disease is difficult to diagnose and control (Pritchard
et al. 2017). Hence, MAP infection continues to spread and
requires new approaches to control PTB in animals. Since,
differences in the host susceptibility to PTB have been
associated with genetic factors (Bishop and MacKenzie
2003) and this difference is heritable which is evidenced
by low to medium estimates of heritability to MAP infec-
tion (Gonda et al. 2006). The possibility of using marker
assisted selection (MAS) have been elucidated by candi-
date gene approach after establishing the genetic effects
of SNPs (Pinedo et al. 2009a; Kumar et al. 2017, 2020;
Gopi et al. 2020).

The SLC11A1 (solute carrier family 11 member 1) gene
encoding natural resistance-associated macrophage protein
1 (NRAMP1) provides resistance against Mycobacterium
sp. During the initial stage of infection, NRAMPI1, pre-
vents bacterial growth in macrophages and thus plays a
key role in innate immunity (Paix@o et al. 2012). Similarly,
Interferon gamma (/FNG), a member of interferon gene
family (Shtrichman and Samuel 2001), is an important
pro-inflammatory cytokine which favours Th1l mediated
immunity and facilitates macrophages in regulating the
spread of bacterial infection (Coussens et al. 2004). The
ANKRA? gene encodes for ankyrin repeat family A2 pro-
tein, located on the chromosome 20 and regulates the func-
tion of major histocompatibility complex class II (MHC-
II) genes (Krawczyk et al. 2005). The increased ANKRA?2
expression activates MHC-II gene transcription, indicat-
ing that ANKRA?2 regulates expression of MHC-II genes
(Krawczyk et al. 2005). Bovine PGLYRPI gene encodes
for peptidoglycan recognition proteins (PGLYRPs) which
play a critical role in innate immunity due to their ability
to bind various pathogen-associated molecular patterns
(PAMPs), including lipoteichoic acid, lipopolysaccharide
and peptidoglycans (Tydell et al. 2006). It recognizes and
exert bacteriostatic or bactericidal activity on different
microorganisms including Mycobacterium (Tydell et al.
2006).

The crucial role of these genes in the innate immu-
nity to bacterial pathogens is suggestive of their probable
involvement in the differences in response to MAP infec-
tion. Hence, detection of polymorphisms and exploration
of their correlation with the resistance/susceptibility to
MAP infection would exhibit interesting results. This
study aimed to find SNPs in SLC11AI, ANKRA2, IFNG
and PGLYRPI genes and investigate their association
with variable resistance/susceptibility to MAP infection
in Indian cattle.
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Materials and methods
Experimental animals and site

All the animal experimentation had prior approval of the
Institutional Animal Ethics Committee (ICAR-Indian Vet-
erinary Research Institute, [zatnagar, India), which follows
the guidelines of CPCSEA (Committee for the Purpose of
Control and Supervision of Experimentation in Animals),
Government of India. The experimental animals used in
this study belong to the same study population which was
used in our earlier publication (Gopi et al. 2020). Briefly,
549 cattle, which consisted of 330 Sahiwal, 51 Gir, 26
Tharparkar, 7 Kankrej and 135 Frieswal were tested for
identification of MAP infection status of animals. The sam-
pled population belonged to two farms located in Pun-
jab and UP where the incidence of PTB was 23.3 % and
27.58 %, respectively (Narnaware and Tripathi 2017; Singh
et al. 2008). The highest probability of testing positive
for MAP in cattle is from 2.5 to 4.5 yrs of age (Nielson
and Ersbgll 2006). In other study, Chiodini et al. (1984)
and Radostits et al. (2006) stated that most cases occur
between 3 and 5 yr of age. Hence, cattle above 2 years of
age were selected to determine the effect of age on suscep-
tibility to MAP infection.

Phenotypic classification of animals

The physical body condition of animals was classified by
visual appraisal in four scales, referred as physical body
condition score (PBCS) viz. 4%, 3%, 2" and 1*. The coding
for PBCS was done as described by Kumar et al. (Kumar
et al. 2019a).

Blood collection for DNA isolation and serum

Blood collection and isolation of DNA was done accord-
ing to the procedure described in an earlier study (Gopi
et al. 2020). Briefly, 5 ml jugular vein blood sample was
collected in a K,EDTA coated vial (BD Vacutainer®) for
DNA isolation and 3 ml blood was collected without anti-
coagulant for serum separation under sterile condition.
The tubes were kept at -20 °C until DNA isolation. Phenol-
chloroform-isoamyl alcohol extraction method was used
for genomic DNA isolation. The Quality of genomic DNA
was assessed through 1 % horizontal agarose gel electro-
phoresis. NanoDrop 1000 Spectrophotometer was used for
assessing the purity and concentration of DNA samples.
Samples with A,q, /A,g, ratio of 1.7-1.9 were considered
pure and used for further downstream work.

Collection of faecal samples

Faecal samples were collected per-rectum using sterile glove
and transported to laboratory in ice and stored at -20 °C till
further use.

Establishment of case-control population

The phenotypically classified animals were tested for MAP
infection status using four diagnostic tests viz. ELISA,
Johnin test, Faecal microscopy and 1S900 blood PCR to
establish case-control resource population as described in
an earlier study (Gopi et al. 2020).

Johnin PPD test

Johnin PPD skin test for delayed type hypersensitivity was
used to screen MAP positive animals. Briefly, Johnin PPD,
prepared from Mycobacterium paratuberculosis containing
1 mg PPD per ml and preserved with 0.5 ml phenol, pro-
duced in Biological Products Division of Indian Veterinary
Research Institute, Bareilly was utilized in this study. Intra-
dermal inoculation of 0.1 ml Johnin PPD was done in the
middle of neck as per manufacturer’s protocol. Skin thick-
ness was measured before and after 72 h of inoculation by
using vernier callipers. Animals with diffused oedema and
increased thickness of about 4 mm and above at the site of
injection were considered as positive for MAP infection.

Enzyme linked immunosorbent assay (ELISA)

ELISA was carried out using commercially available PAR-
ACHEK® 2 kit (Thermo Fisher Scientific) from the serum
samples of all the animals to know the MAP infection status
as per manufacturers protocol. The absorbance value of each
well was read using a 450 nm filter and 620 nm as reference
wavelength. These absorbance values were used to calculate
results. The sample % positivity was calculated as per the
given formula-

ODvalueofsample — ODvalueofnegativecontrol

Sample % positivity =
ampte % positivity OD value of positive control — OD value of negative control

The serum samples which were above or equal to the cut-
off of 15 % was considered as positive and below the cut-off
was considered as negative for MAP infection.

Faecal microscopy

The faecal samples were processed for microscopic
examination. About 2 g of faecal sample was finely
grounded with 10-12 ml of distilled water and centri-
fuged at 4500 rpm for 45 min. at 25°C. The supernatant
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was discarded and thin smear was made from the middle
layer. Ziehl-Neelsen staining was performed to examine
the presence of acid-fast bacilli by microscopic examina-
tion (Singh et al. 2013). Slides displaying pink coloured
short rods, compatible to MAP were considered as posi-
tive for MAP infection.

1S900 blood PCR

About 500 pl of blood sample was taken in an eppen-
dorf tube and 1ml chilled RBC lysis buffer was added.
After proper mixing it was centrifuged three to four
times at 2500 rpm for 10 minutes until white pellet
was obtained. The white leucocyte pellet was used for
DNA isolation by phenol-chloroform-isoamyl alco-
hol extraction method (Gopi et al. 2020). The isolated
DNA pellet was dried and 20ul nuclease free water
added and stored at -20°C until further use. PCR reac-
tion mixture (25 pl) was prepared using 12.5 pl GoTaq
master mix (Promega Corporation), 9.5 pl of nuclease
free water (Qiagen), 0.5 ul each of forward and reverse
primers and 2 ul of DNA template. PCR amplification
of 1§900 elements was done by using MAP specific
primers, Forward primer 5’-CCGCTAATTGAGAGA
TGCGATTGG-3" Reverse primer 5’-AATCAACTC
CAGCAGCGCGGCCTCG-3’ (Ellingson et al. 2005).
The PCR reaction condition were: initial denaturation
at 94 °C for 10 min for 1 cycle, denaturation for at 94°C
for 30 s, annealing at 61°C for 30 s and elongation at
72°C for 30 s for 37 cycle and final extension at 72°C
for 7 min for 1 cycle after that holding at 4°C. The
PCR amplification which shows 229 bp fragments in
2 % agarose gel electrophoresis was considered positive
for MAP infection.

Table 1 List of SNPs studied and their details

Selection of SNPs and genotyping

A total of 10 SNPs from IFNG, SLC11AIl, ANKRA2 and
PGLYRPI genes were selected from NCBI and animal
genome database (www.animalgenome.org) on the basis of
available literature and primers were designed using primer3
online software(https://www.bioinformatics.nl/cgi-bin/prime
r3plus/primer3plus.cgi) to amplify a 200-522 bp fragment
containing the desired SNPs. The restriction enzyme (RE)
was identified using NEBcutter V2 program (Vincze et al.
2003). The list of SNPs and their details like dbSNP id,
HGVS name, location on the gene, type of mutation and
reference sequence of all the selected SNPs are given in
Table 1. The list of primers, their sequences and other details
are depicted in Supplementary material_Table 1. Geno-
typing of each SNP was determined by PCR-RFLP tech-
nique. The genotypes of animals were determined on the
basis of size of RE digested fragments resolved on 3.5-4 %
MetaPhor™ agarose gel stained with ethidiun bromide.
MetaPhor™ Agarose (Lonza biosciences) is the highest
resolution agarose, ideal for resolving small PCR fragments.
The details of RE used for genotyping of SNPs are listed in
Supplementary material_Table 2.

Statistical analysis

The association of PTB susceptibility/resistance to various
allelic variants were analysed using SAS 9.3 software. The
univariate logisitic regression analysis considered the infec-
tion status as categorical response variable whereas, SNPs,
breed, herd (farm factor), age and PBCS were included as
possible explanatory variables. The univariate logistic model
of PROC LOGISTIC procedure of SAS was executed and
only one SNP at a time was imputed in the model rather than
all SNPs fitted simultaneously, to know the significance of

Gene dbSNP id HGVS name Location on Gene Consequence Gene Reference sequence
SLC11Al rs109453173 c.1132C>G Exon 11 Missense ENSBTAT00000070481.1
rs110514940 c.223 C>A Exon 3 Synonymous ENSBTAT00000070481.1
INFG rs110853455 c.432 A>G Exon4 Synonymous ENSBTAT00000016634.3
rs382197650 c.485G>A Exon 4 Missense ENSBTAT00000016634.3
ANKRA?2 rs17871543 ¢.613-130G>A intron - ENSBTAT00000024557.4
rs41933863 c.612+15 A>G intron - ENSBTAT00000024557.4
rs41933906 c.449-867 A>G intron - ENSBTAT00000024557.4
rs17870710 ¢.805+70 C>T intron - ENSBTAT00000024557.4
PGLYRPI rs68268283 c. 102G>C Exonl Synonymous ENSBTAT(00000003414.4
rs110217377 c.*52 C>A 3’downstream region - ENSBTAT(00000003414.4

A total of 10 SNPs in the 4 genes were selected. Their identities as found in the databases and references are provided

@ Springer


http://www.animalgenome.org
https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

Veterinary Research Communications (2022) 46:209-221

213

association and to determine the odds ratio (OR) of each
genotype. The logistic regression model was used to deter-
mine the relative risk of incidence among the genotypes is
given below.

log [p/(l —p)] =a+ flHt+ f2HO+ yZ

This regression model estimates one/two OR for het-
erozygous (H,) and homozygous (H,) genotypes where a,
By, B, and y were regression coefficients associated with
population, heterozygotes, homozygotes and error, respec-
tively. Genotype frequencies were tested for departure from
Hardy—Weinberg equilibrium (HWE) by using Exact Test
and Chi-square test. The PROCALLELE, PROC FREQ and
CHISQ EXACT procedure of SAS were used for testing
linkage disequilibrium (LD), Hardy—Weinberg equilibrium
(HWE), estimation of heterozygosity and polymorphism
information content (PIC) of SNPs markers. The HWE was
tested for each SNPS in the whole case-control population.
The significance level for all the tests were considered as
P<0.05 for significant difference. For adjusting the p-value,
Exact statistics was applied in SAS for yate’s correction of
genotypes having observations less than 5. The corrected p
value was determined by mid p value of Exact conditional
analysis.

Results and discussion

PTB is a complex disease, the outcome of which is affected
by mutations in genes regulating the immune system and
interaction between host and pathogen. Therefore, explor-
ing the causal relationship between genetic variation in
innate immune genes viz. SLC11A1, IFNG, ANKRA2 and
PGLYRPI might help in identifying animals with inherent
resistance to MAP infection. Association of these genes with
MAP infection have been reported in cattle by earlier stud-
ies (Pinedo et al. 2009b; Ruiz-Larrafiaga et al. 2010; Casas
etal. 2011; Vazquez et al. 2014) however, to the best of our
knowledge this is the first report on association of ANKRA2,
IFNG and SLC11A1 genes with bovine PTB in India.

Establishment of case-control population

Screening of infection status of animals was done by multi-
ple diagnostic tests to establish resource population for fur-
ther investigation. Accordingly, out of 549 animals tested,
we obtained 50 animals which exhibited positive infection
status in at least two tests and thus were included in the case
population. The result of diagnostic tests for case population
is depicted in Supplementary material_Table 3. Other 50
animals with negative results in all the four diagnostic tests
were included in control population randomly. The resource

population consisted of 27 (25 Sahiwal and 2 Tharparkar)
animals from farm 1 and 23 ( Frieswal) from farm 2 in case
population, and similarly in control population, 27 animals
(25 Sahiwal and 2 Tharparkar) were from farm 1 and 23 (
Frieswal) animals from farm 2. Early infection to MAP may
go unnoticed because the overt signs of the disease are not
manifested and the bacterial loads are not enough to be diag-
nosed (Vazquez et al. 2014). This may lead to misclassifica-
tion of animals and is the major limitation of case-control
studies especially for PTB due to lack of a gold standard in
vivo diagnostic test (Chiodini et al. 1984). Previous studies
have advocated that the basis of classification of individu-
als should be wisely chosen while working on genetic asso-
ciation studies (Vazquez et al. 2014). Moreover, there is a
lot of variability in sensitivity and specificity of different
diagnostic tests available and no single test can rule out the
possibility of MAP infection (Garg et al. 2015). Therefore,
we have used multiple diagnostic tests namely ELISA, intra-
dermal Johnin test, faecal microscopy and 75900 blood PCR
to identify MAP infection status of animals. By doing so, we
have tried to establish a robust resource population without
any false positive in case and false negative in control popu-
lation. On the one hand it provided strength to our resource
population but on the other hand it caused reduction in the
size of our resource population and this is the limitation to
our study. However, many researchers have used the same
approach to establish the case-control resource population.
Yadav et al. (2014) has done the association study for PTB
resistance with a case-control resource population of 93 cat-
tle by intradermal Johnin PPD test and ELISA. Sadana et al.
(2015) reported association study of MAP infection with a
case-control resource population of 94 cattle only by ELISA.
Kumar et al. (2019a, b) has also reported association study
of MAP infection with a case-control resource population of
102 cattle. Similarly, Prakash et al. (2014) had reported the
association of SNPs in innate immune genes with bovine
brucellosis using a resource population of 83 cattle.

Effect of non-genetic factors on occurrence of PTB

The breed, herd, PBCS and age did not differ significantly
(p>0.05) for the MAP infection in the study population as
reported in our earlier publications. These findings corrobo-
rate several earlier studies that reported, breed, PBCS and
age were did not affect the MAP infection outcome in cat-
tle (Chase et al. 2008; Kumar 2015). The OR of Sahiwal
and Tharparkar vs. Frieswal was 1.0 (0.438-2.286 ) and 1.0
(0.255-3.926), respectively. These results were in accord-
ance with other reports which did not find significant effect
(p>0.05) of breed on the occurrence of disease (Sadana et al.
2015; Yadav et al. 2014; Kumar et al. 2019a). PBCS did
not differ significantly (p>0.05) between case and control
population. The OR of animals with PBCS 2* and 3* vs.
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4% was 4.500 and 1.125, respectively. However, the effect is
nonsignificant, OR indicates that animals with poor PBSC
(2* and 3") were at higher risk of MAP infection than ani-
mals with 44+ PBSC. Our study corroborates Sadana et al.
(2015) where PBSC had no effect on MAP infection. The
effect of herd was also nonsignificant on the MAP infection
status. The odds of herd 1 vs. herd 2 was 1.0 (0.455-2.196)
at 95 % CI which explains that both farms were similar for
MAP infection status. The corrected p value for the effect of
herd on MAP infection was 0.9206, indicating that the effect
of farm or herd on the MAP infection was not significantly
different. The odds for animals with low age group (up to
3 years) compared to high age group (above 3 years) was
1.728 (0.853 —4.781) at 95 % CI. Despite the non-significant
effect of age (p>0.05) lower age group was at a higher risk
of infection than higher age group animals. This finding is
in accordance with an earlier study of Chase et al. (2008),
where they showed that young animals are most susceptible,
most likely due to their lower immune competence. Kumar
(2015) also reported that lower age group was at a higher
risk of infection than higher age group animals.

HWE, LD test and polymorphic parameters

The HWE was checked for whole case-control popula-
tion for all the SNPs and it was found that rs110514940,
rs109453173, rs41933863 and rs68268283 SNPs deviated
from HWE while all other investigated loci were in HWE.
This departure may be possibly due to selection, chance fac-
tor induced genotypic error and population under inbreed-
ing with assortative mating. This constitutes a limitation for
this study. However, the possibility of population stratifica-
tion in our study is less because of absence of association
with MAP infection in other unlinked markers concurrently.
This concern is also reduced due to the fact that the case-
control animals belong to the same sub-population means
case and control population has equal animals from farm 1
and farm 2 and the farm was not differing significantly in

case and control population. The PIC ranged from 17.6 %
(rs110217377) to 35.89 % (rs68268283) in our resource
population under study. Heterozygosity ranged from 12.0 %
(rs110515940) to 47.0 % (rs109453173) in case-control pop-
ulation. The PIC, average heterozygosity and HWE of each
SNP locus are shown in Table 2. Chi square probabilities
was used for testing LD of different loci and it showed that
many of SNP in our study were linked together, but most of
these were non-significantly associated with disease. Hence,
probability of obtaining haplotypes from the significant loci
affecting PTB were rare.

Effect of SNPs in candidate genes on resistance/
susceptibility of PTB disease

The information on the association parameters of all SNPs,
distribution of allele and genotype frequency, OR, p-Value
and corrected p-Value under study are given in Tables 3 and
4, respectively.

Effect of SNPs in SLC11AT gene

SLCI1IAI gene translates into integral membrane protein,
NRAMPI, is expressed exclusively in the monocytes and
macrophages lysosomal compartment and regulates the level
of iron within phagosomes (Canonne-Hergaux et al. 1999).
It indicates that SLC11AI may affect the predisposition to
intracellular pathogens, especially Mycobacterium spp. Two
SNPs viz. rs110514940 and rs109453173 were amplified
with specific primers and digested with RE Acil and Bpml,
respectively and the SNPs were found to be polymorphic in
our case-control population. SNP rs110514940 yielded two
genotypes viz. AC and CC with genotype frequencies 4 and
96 in case and 0 and 100 in control population, respectively.
The allele frequency of A and C were 2 and 98 in case and
0 and 100 in control population, respectively. Neither allele
nor genotype frequencies differed significantly (p>0.05)
between case-control resource population.

Table 2 The polymorphic and

= Locus N PIC Heterozygosity Allelic diversity HWE (x 2
diversity parameters of the babili
-probability)

selected SNPs
rs109453173 100 0.3078 0.47 0.38 0.0178*
rs110514940 100 0.2604 0.12 0.3078 <0.0001%*%*
rs110853455 100 0.3192 0.45 0.3988 0.3214
rs41933863 100 0.3047 0.26 0.375 0.0032%*
rs68268283 100 0.3589 0.17 0.4688 <0.0001%**
rs110217377 100 0.1766 0.22 0.1958 0.6022

Where N= Number of animals (N), Polymorphism Information Content (PIC), Heterozygosity, Allelic
Diversity and Hardy Weinberg Equilibrium (HWE) x 2-probability

#p< 0.05
## p< 0.01
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Table 3 The results of association of alleles in selected SNPs with MAP infection
Gene SNP ID Allele Allele frequency p-Value Corrected p Value Odds ratio (95 % CI)
Case N (%) Control N (%)
SLC11Al rs109453173 C 33(33) 18(18) 0.0162 0.0192* 2.244(1.161-4.336)
G 67(67) 82(82) 1.00
rs110514940 A 2(2) 0(0) 0.9868 0.3731 >999.999 (<0.001- >999.999)
C 98(98) 100(100) 1.00
IFNG rs110853455 A 20(20) 17(17) 0.5859 0.6537 1.220 (0.596- 2.496)
G 80(80) 83(83) 1.00
ANKRA?2 rs41933863 A 42(42) 33(33) 0.1895 0.2179 1.470 (0.827- 2.615)
G 58(58) 67(67) 1.00
PGLYRPI rs68268283 C 79(79) 83(83) 0.4716 0.5337 0.771 (0.379- 1.567)
G 21(21) 17(17) 1.00
rs110217377 G 88(88) 90(90) 0.6525 0.7410 0.815(0.335-1.983)
T 12(12) 10(10) 1.00
The alleles, their frequencies, p-Value, Odds ratio with 95 % Confidence Interval (CI) and corrected p value are given
“N” indicates number of animals having particular allele in case and control population (*p<0.05)
Table 4 The results of association of genotypes in selected SNPs with MAP infection
Gene SNP ID Genotype  Genotype frequency p-Value  Corrected p-Value  Odds ratio (95 % CI)
Case N (%) Control N (%)
SLC11Al rs109453173  CC 1(2) 1(2) 0.0117 0.0059%* 1.833 (0.108- 31.086)
CG 31(62) 16(32) 3.552 (1.544- 8.169)
GG 18(36) 33(66) 1.00
rs110514940  AC 2(4) 0(0) 0.9797 0.3712 >999.999 (<0.001->999.999)
CC 48(96) 50(100) 1.00
IFNG rs110853455  AA 0(0) 3(6) 0.2215 0.0408* <0.001 (<0.001- >999.999)
AG 20(40) 11(22) 2.182 (0.904- 5.265)
GG 30(60) 36(72) 1.00
ANKRA2 rs41933863 AA 19(38) 10(20) 0.0312 0.0242* 1.900 (0.747- 4.831)
AG 4(8) 13(26) 0.308 (0.089- 1.064)
GG 27(54) 27(54) 1.00
PGLYRPI rs68268283 CC 36(72) 39(78) 0.7684 0.7768 0.791 (0.243-2.577)
CG 7(14) 5(10) 1.200 (0.246- 5.844)
GG 7(14) 6(12) 1.00
rs110217377 GG 38(76) 40(80) 0.6296 0.7247 0.792 (0.306- 2.046)
GT 12(24) 10(20) 1.00

The Genotype their frequencies, p-Value, Odds ratio with 95 % Confidence Interval (CI) and corrected p-Value are given. “N” indicates number

of animals having particular genotype in case and control population
*p<0.0
*#p<0.01

The other SNP rs109453173 yielded two alleles C and
G and consequently three genotypes namely CC, CG and
GG with their respective frequencies 2, 62 and 36 in case
and 2, 32 and 66 in control population (Table 4). The allele
frequencies of C and G alleles were 33 and 67 in case and
18 and 82 in control population, respectively (Table 3). The
allele and genotype frequency differs significantly (p<0.05)

between case-control resource population. The genotypic
profile of SNP rs109453173 is depicted in Supplementary
material_ Fig. 1. The OR of CC and CG verses GG geno-
type was 1.833 and 3.552, respectively. It denotes the prob-
ability of PTB occurrence in animals having CC and CG
genotype were 1.833 and 3.55 times more as compared to
GG genotypes, respectively. It was supported by the greater
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odds of animals having C allele (OR 2.24) as compared to
G allele. Here one interesting finding may be noted that ani-
mals with CG genotypes were more in case population i.e.
heterozygous disadvantage was showed by the genotypes
at this locus. If resistance against MAP infection during
selection is desired, a breeding programme favouring GG
genotype and G allele in SNP rs109453173 may be benefi-
cial. Consequently, G allele will be fixed in the population.
However, due to less no. of animals and wide range of OR
in CC genotype, the association of this SNP for MAP infec-
tion need to be validated in a larger population to warrant
the strength of association of the study. Our study is in line
with the previous studies who reported the association of
SLCI1A1I gene with PTB not only in bovine (Pinedo et al.
2009; Ruiz-Larrafaga et al. 2010; Vazquez et al. 2014) but
also in sheep and goat (Reddacliff et al. 2005; Abraham et al.
2017). Furthermore, an association between CD, MAP infec-
tion and polymorphism in SLC11AI gene was also reported
in humans (Sechi et al. 2006) and mice (Roupie et al. 2008).
The polymorphisms of SLCI/AI gene have been associ-
ated with resistance to many infectious agents and diseases
like tuberculosis (Baqir et al. 2016; Holder et al. 2020)
and brucellosis in cattle (Prakash et al. 2014) and buffalo
(Ganguly et al. 2011), pneumonia in horses (Halbert et al.
2006), salmonellosis in pig (Ding et al. 2014), leishmaniasis
in dog (Sanchez-Robert et al. 2008), inflammatory bowel
disease (IBD) (Stewart et al. 2010) and auto immune dis-
ease (Awomoyi 2007) in humans, which underlines the
importance of this gene in determining the immune traits.

Effect of SNPs in ANKRA2 gene

Four SNPs in ANKRA?2 gene viz., rs17871543, rs41933863,
rs41933906 and rs17870710 were studied by amplify-
ing with specific primers and digested with RE Bsrl, Acil,
EcoRV and SmlI, respectively. Out of this SNP rs41933863
was polymorphic and other 3 SNPs viz. rs17871543,
141933906 and rs17870710 were monomorphic with CC,
CC and GG genotype, respectively. The rs41933863 yielded
two alleles A and G and consequently three genotypes viz.
AA, AG and GG with genotypic frequencies 38, 8 and 54 in
case and 20, 26 and 54 in control population, respectively
(Table 4). The allele frequencies of A and G in case and
control population were 42 and 58 and 33 and 67, respec-
tively (Table 3). Genotype frequencies were significantly
different (p<0.05) between case-control resource popula-
tion and hence, it was inferred that a significant association
(p<0.05) of ANKRA?2 gene exists with resistance to PTB.
The genotypic profile of SNP rs41933863 is depicted in
Supplementary material_Figure 2. The OR of AA and AG
genotypes verses GG genotype was 1.900 and 0.308, respec-
tively, indicating that animals with AG genotypes were three
and six times more resistant than animals with GG and AA

@ Springer

genotype, respectively (Table 4). This may be a case of
transgressive inheritance in which the heterozygotes perform
better than both the contemporary homozygotes (Rieseberg
et al. 1999). In this condition also the AG genotype is associ-
ated with more resistance against MAP infection than both
homozygotes and animals with AG genotypes were more in
control than in case population. Hence, a selection program
favouring AG genotype may be beneficial for developing
a MAP infection resistant herd. The odds of allele A ver-
sus G was 1.47, which revealed that animal with A allele
were at a higher risk of PTB occurrence than cattle with G
allele. From the odds of A vs. G allele, it is evident that the
G allele is associated with resistance against MAP infec-
tion but due to the heterosis and transgressive inheritance
AG heterozygote is associated with resistance against MAP
infection. Our results are in line with the study by Casas
et al. (2011) who found the significant association of SNP
in ANKRA?2 gene with MAP infection and bovine respira-
tory disease in Brahman x Angus crossbred cattle (Casas
et al. 2011). No other studies have reported the association
of ANKRA?2 gene to any other diseases in animal or human.
The ANKRA2 gene plays a key role in regulating the func-
tion of MHC-II genes and mutations in ANKRA?Z2 produce
the bare lymphocyte syndrome causing immunodeficiency
in humans (Masternak et al. 1998). Thus, ANKRA2 gene
play critical role in MHC-II driven immunological response
in livestock, bearing implications in the immune response
against mycobacteria.

Effect of SNPs in IFNG gene

Two SNPs viz. rs110853455 and rs382197650 were geno-
typed by amplifying with specific primers and digested
with RE Hphl and Hpall, respectively. In our population,
rs382197650 was monomorphic with GG genotype and SNP
rs110853455 was polymorphic having two alleles A and G
and consequently three genotypes viz., GG, AG and AA.
The genotype frequencies were 60, 40 and O in case and
72, 22 and 6 in control population, respectively. The allele
frequencies of A and G in case and control population were
20 and 80 and 17 and 83, respectively. The logistic regres-
sion analysis revealed the odds of AG (OR 2.18) genotypes
were higher than AA (OR <0.001) and GG genotype (OR
1.0) (Table 4). Similarly, the odds of A allele (OR 1.22) was
higher than G allele for MAP infection. The genotypes in
rs110853455 were differing significantly (p<0.05) in case-
control population against MAP infection. However, due to
less no. of animals and wide range of OR at 95% Cl in AA
genotype, the association of this SNP for MAP infection
need to be validated in a larger population to warrant the
strength of association of the study. Our results are in agree-
ment with the earlier reports (Pinedo et al. 2009b; Pant et al.
2011b) who reported the significant association of SNPs in
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IFNG gene and MAP infection. However, non-significant
association of SNPs in INFG gene with PTB were reported
in previous studies in cattle (Hinger et al. 2007; Sadana et al.
2015). The possible reason for disagreements in results may
be due to different resource population used for the study
because herd composition also has significant effect on the
prevalence of PTB disease (Pinedo et al. 2009b). Moreo-
ver, the polymorphism in /FNG was found to be associated
with gastrointestinal nematodes in sheep and goats (Dervishi
et al. 2011; Bressani et al. 2014), tuberculosis in buffalo
(Iannaccone et al. 2018), resistance to ticks infestation in
cattle (Maryam et al. 2012) and tuberculosis, IBD and bru-
cellosis in human (Gonsky et al. 2014; Wu et al. 2019).

Effect of SNPs in PGLYRP1 gene

Two SNPs viz. rs68268283 and rs110217377, were amplified
by specific primers and digested with RE PspOMI and Bsml,
respectively. Both the SNPs were polymorphic in our case-
control population. The rs68268283 yielded two allele C and
G and consequently three genotypes viz. GG, CG and CC with
genotype frequencies 14, 14 and 72 in case and 12, 10 and 78 in
control population, respectively. The allele frequency of C and G
allele was 79 and 21 in case and 83 and 17 in control population,
respectively. The odds of CG (OR 1.20) genotype were higher
than animals with GG (OR 1.0) and CC genotype (OR 0.70).
The other SNP, rs110217377 yielded two allele G and T and
consequently two genotypes viz. GG and GT with genotypic
frequency 76 and 24 in case and 80 and 20 in control popula-
tion, respectively. The allele frequency of G and T in case and
control population were 88 and 12 and 90 and 10, respectively.
The odds of animals with GG (OR 0.79) genotypes were less
than animals with GT genotype which is supported by the odds
of allele where animals with G allele (OR 0.81) were lower than
animals with T allele (OR 1.0).

PGLYRPI gene is highly expressed in M cells of intestinal
epithelium and peyer’s patches, which are the portals of entry
for Mycobacterium sp.(Lo et al. 2003). The logistic regression
analysis revealed that both SNPs in PGLYRPI gene were not
significantly associated with PTB disease and neither allele nor
genotypes were significantly different in case-control population.
However, Pant et al. (2011a) reported that SNP in PGLYRPI
gene was associated with susceptibility to MAP infection (Pant
et al. 2011a). The possible reason for this conflicting result may
be different resource population or the different approaches to
identify and classify the case-control population. We have used
a panel of four diagnostic tests which reduces the chance of mis-
classification of case-control animals whereas earlier study has
used only ELISA for determining infection status of animal. The
SNPs in PGLYRPI gene was found to be associated with masti-
tis (Wang et al. 2013; Shivashanker et al. 2018) and generalized
infection status in cattle (Sablik et al. 2020) rheumatoid arthritis
(Fodil et al. 2015), Kawasaki disease (Onoyama et al. 2012),

IBD and ulcerative colitis (Zulfigar et al. 2013) in humans which
indicates importance of this gene in innate immune responses
against morbid and comorbid conditions. Although PGLYRP1
gene failed to show significant association with MAP infection
in our study, the analyses are indicative of a probable associa-
tion between polymorphisms in the PGLYRPI gene and PTB
infection in cattle.

Our results suggest that the SNPs 1s41933863 in ANKRA2,
rs109453173 in SLC11AI and rs110853455 in IFNG genes
are associated with the resistance against the MAP infec-
tion which were also reported by earlier studies (Pinedo
et al. 2009b; Ruiz-Larrafaga et al. 2010; Casas et al. 2011;
Véazquez et al. 2014) and hence, could be included in the
marker panel for identification of PTB susceptible/resistant
animals. A selection program favouring AG genotype of SNP
rs41933863, GG genotype and G allele of SNP rs109453173
and against AG genotype for rs110853455 would be ben-
eficial in conferring resistance against PTB. However, this
needs further validation in an independent and larger resource
population to warrant the strength of association.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11259-021-09849-5.
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