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Introduction
Mycobacterium avium subspecies paratuberculosis (MAP) causes paratuberculosis (ParaTB)
or Johne’s disease in cattle, a chronic granulomatous gastroenteritis characterized by
diarrhoea, weight loss, drop in milk production and ultimately death (Olsen I et al. (2002)).
Johne’s disease is not treatable and vaccine efficacy is still controversial. There is evidence
for host genetic component to susceptibility to ParaTB, with estimated heritability between
0.06 and 0.1 (Koets et al. (2000), Mortensen et al. (2004), Gonda et al. (2006), Hinger et al.
(2008)). The aim of this work was to perform a case-control study using a high density SNP
panel (Illumina BovineSNP50 BeadChip) to localize genes having an impact on Johne's
disease susceptibility and to unravel the gene networks underlining the mechanisms of
susceptibility to Johne’s disease.
Network and pathway oriented analysis is a significant advance beyond the single gene
function analysis, and involves assessment of the joint impact of several genes acting
together at the larger functional level. In this work the role of the genes that are close to the
significant SNPs found by single-SNP analysis was investigated, but in addition an analysis
was performed to identify sets of genes that act together and are involved in the pathology of
this complex disease. Finally, the overall aim was not only to investigate the role of the
genes that are close to the significant SNPs found by single-SNP analysis, but also to identify
a bigger subset of genes that together are involved in the pathology of the complex disease.

Material and methods
Animals. Samples were collected from routine Johnes disease screening of Holstein cattle
carried out between 2007 and 2008 in Italy, in herds with high occurrence of Johne’s
diseases. Samples were classified based on the serum antibodies produced in response to
MAP infection using the ID-screen® test (Id.Vet Montpellier, France). In total 966
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individuals were chosen from 119 farms. Of these samples 483 were MAP antibody positive
(cases) and 483 MAP antibody negative (controls): case-control samples were age, herd,
Elisa test-day matched.
Association analyses. Genome-wide association analysis was performed using the
GenABEL package in R (Aulchenko et al. (2007)) with the GRAMMAR-CG approach
(Amin N et al (2007), Aulchenko et al. (2007)).
Gene analysis in candidate regions and network - pathway analysis. Genes within 1 Mb
upstream and downstream from the 6 SNP most significantly associated with disease were
retrieved from the Ensembl database. Location and gene annotation were based on the
Btau_4.0 genome assembly and on Ensembl release 56 (http://www.ensembl.org).
The canonical transcript for each gene was considered for the analysis. A bioinformatic
pipeline, was created to process all the cow genes present in the candidate regions. Blast was
used to perform a homology search against the Human RefSeq and the Uniprot databases to
find a possible annotation for novel cow genes and to retrieve homologous human transcript
IDs, suitable for the pathways and network analysis.
Data were analyzed through the use of Ingenuity Pathways Analysis (Ingenuity® Systems,
www.ingenuity.com), using the human RefSeq ID retrieved by the homology search on the
cow genes. Each gene identifier was then mapped to its corresponding gene object in the
Ingenuity Pathways Knowledge Base. Networks of these genes were then algorithmically
generated by the software based on their connectivity.

Results and discussion
The genome wide association analysis identified several chromosomal regions associated
with disease status: a region on chromosome 12 with high significance (P < 5x10-6), while
further regions on chromosome 9, 11, and 12 were identified with moderate significance (P <
5x10-5). The association on Chromosome 9 was also seen in a genome-wide association
study for MAP, using a different phenotype: presence of bacteria in cells of the ileum
(Settles et al. (2009)), and the significant SNP on chromosome 12 fell within a QTL for
Johnes disease susceptibility (Gonda et al. (2007)), providing additional evidence that genes
within these regions are involved in response to mycobacterium infections.
The annotation and pathway analysis identified 93 genes within the candidate regions, for 82
of these genes an annotation was retrieved using the bioinformatics pipeline on the Human
Refseq database. Interestingly, 17 novel unannotated cow genes in the chromosome 12
candidate region, showed high similarity with the same Human RefSeq, the ATP-binding
cassette sub-family C (CFTR/MRP) member 4, with different levels of sequence identity.
These are most likely genes belonging to the same gene family.
The pathway-based analysis showed that the 18 out of the 82 annotated genes were involved
in 50 different pathways from chemokine signaling, to leukocyte extravasation signaling and
even to urea cycle. Although the precise mechanism of response to disease is unknown, it
may involve maturation of the immune system in terms of balance between T-cell subsets
and the specific tissue distribution of immune cells. Furthermore several physiological
changes are involved during the progression of the disease. These changes may be affected
by a broad spectrum of pathways including those highlighted by this analysis.

Figure 1. Network involved in Molecular Transport, Energy production and nucleic
acid metabolism, genes or gene products are represented as nodes and the biological
relationship between two nodes is represented as an edge

However, although the genes identified belong to several different pathways, these can be
described in only few networks. The most relevant network involves molecular transport,
energy production and nucleic acid metabolism (Figure 1). The entire network includes 25
genes, 12 of which are present in the candidate regions and include the PRMD1 gene which
is a transcription repressor that acts on the beta interferon gene expression and affects
maturation of B-lymphocytes to antibody secreting cells.

The PRDM1 gene has been shown to play major roles in regulating the differentiation of B
and T lymphocytes in human (Martins et al. (2006)). Moreover, PRDM1 interacts with
multiple chromatin-modifying enzymes to induce transcriptional repression at the IFN-beta
promoter (Ren et al. (1999)). This gene represents a strong candidate to be investigated for
Johne’s disease susceptibility.

Conclusion
The results show that the pathway based analysis of regions with significant markers
identified from GWAS may identify biologically meaningful pathways associated with, in
this case, the response to disease. Study of these pathways may help to identify strong
candidate genes that may be tested further eg. in functional studies. This information may be
then useful in developing diagnostic tests or therapeutic approach to control the disease.
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