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Summary: Mycobacterium avium ssp. paratuberculosis (MAP), causes Johne's disease (JD), or 25 

paratuberculosis, a chronic enteritis of ruminants, which in goats is characterized by ileal lesions. The 26 

work described here is a case-control association study using the Illumina Caprine SNP50 BeadChip 27 

to unravel the genes involved in susceptibility of goats to JD. Goats in herds with high occurrence of 28 

Johne’s disease were classified as healthy or infected based on the level of serum antibodies against 29 

MAP, and 352 animals were selected for the association study. Whole genome association analysis 30 

(GWAS) identified four chromosomal regions that were significantly associated with antibody 31 

response to MAP (P <5x10-5) in the Jonica breed, on chromosomes 3, 9 and 11, while 3 regions, on 32 

chromosomes 1, 10 and 23, were identified in the Siriana breed. The regions on chromosomes 10 and 33 

11 overlapped in the combined GWAS of both breeds. These results provide evidence for genetic loci 34 

involved in the antibody response to MAP in goats and identified breed specific and non-specific loci.  35 
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 37 

Paratuberculosis or Johne's disease (JD) is a chronic granulomatous gastroenteritis caused by 38 

infection with Mycobacterium avium subspecies paratuberculosis (MAP) in ruminants. JD is not 39 

treatable, and is present worldwide [Nielsen & Toft (2009); Fernández-Silva et al. 2014]. In goats JD 40 

is clinically less evident than in cattle, and is characterized by chronic inflammatory lesions of the 41 

intestine and lymphoid organs that reduce nutrient uptake [Windsor 2015]. An Italian study found a 42 

high incidence of goat JD with farm level incidence between 29% and 39% [Galiero et al. 2017]. The 43 

estimated heritability of JD in goats ranges from 0.12 and 0.07 [van Hulzen et al. 2012].  44 

A genome wide association study (GWAS) in Garfagnina goats identified several regions 45 

associated with serological response to MAP [Cecchi et al. 2017]. In addition to the GWAS, RNAseq 46 

and MicroRNA sequencing studies in cattle have identified expression patterns associated with JD 47 

progression and have suggested their potential as diagnostic tools [Malvisi et al. 2020; Malvisi et al. 48 

2016; Marino et al. 2017; Casey et al. 2015; Fiorentina et al. 2020]. The extension of these studies to 49 

goats is of interest considering the differences in progression of the disease among species. 50 



The present study used a case-control design to identify genetic loci associated with antibody 51 

response against MAP in goats.  52 

Samples were collected in goat herds with high occurrence of JD, based on the serum antibodies 53 

produced in response to MAP infection detected using the ELISAID Screen® Paratubercolosis 54 

Indirect Screening test (Id.Vet Montpellier, France). All animals were at least two years of age, 55 

females and selected from as many herds as possible. The goats belonged to two breeds, the Siriana 56 

breed (174 samples, 87 cases and 87 controls) selected from 14 herds, and the Jonica breed (157 57 

samples, 77 cases and 80 controls) from 10 herds. The minimum number of positive animals 58 

belonging to one herd was 2. Negative controls were chosen from the same herd sampled on the same 59 

day. Cases were defined as animals serologically positive for MAP by ELISA with a sample to 60 

positive ratio (S/P) higher than 0.7 and MAP negative animals had a S/P lower than 0.6. Positive 61 

animals were tested twice with the ID Screen Paratuberculosis confirmation test (ID. Vet Montpellier, 62 

France). 63 

Blood samples were collected in EDTA vacutainers (BD Vacutainer Systems, Plymouth, UK), 64 

refrigerated at 4°C and then stored at -20°C. DNA was extracted from whole blood samples using the 65 

NucleoSpinVRBlood kit (Macherey-Nagel, Duren, Germany). The 331 samples were genotyped 66 

using the Illumina GoatSNP50 BeadChip (Illumina Inc., San Diego). Genotype quality control was 67 

performed in the R statistical environment using the “check.marker” function of the GenABEL 68 

package [Aulchenko et al. 2007a]. SNP missing 5% of data, or with MAF of less than 1% were 69 

removed. Genotyping efficiency for samples was also verified, and samples with more than 5% 70 

missing data were removed.  71 

Genome-wide association analysis was performed using the GenABEL package [Aulchenko et al. 72 

2007a] in R using a three step GRAMMAR-CG approach, (Genome Wide Association using Mixed 73 

Model and Regression - Genomic Control), using the genomic kinship matrix estimated from 74 

genomic marker data with the ‘‘ibs’’ (option weight= ‘‘freq’’) function of GenABEL [Amin et al. 75 



2007; Aulchenko et al. 2007b]. Analysis of the combined cohort included breed as fixed effect in the 76 

model. Uncorrected p-values of ≤ 5 x e-05 were considered as significant associations . SNP location 77 

and gene names were based on the Capra hircus ARS1 assembly. All analyses were carried out within 78 

the R statistical environment (R: The R project for statistical computing 2020). 79 

For the Jonica breed, the final data set that passed the quality controls consisted of 50864 SNPs and 80 

148 samples. Genome wide analysis identified 4 significant SNPs on chromosomes 3, 9 and 11 (Table 81 

1). All four highly significant SNPs were located in intronic regions of genes: respectively REV1, 82 

IMPG1, NCK2 and SETDB1. A further SNP on chromosome 14 was located in an intergenic region 83 

showed a p-value close to significance. The ten most significant SNPs are given in Table 1. 84 

For the Siriana breed the final data set contained 51215 SNPs and 151 samples. In total, 3 significant 85 

SNPs were identified on chromosomes 1, 23 and 10, all located in intergenic regions. Three further 86 

SNPs on chromosomes 4 showed p-values close to significance, these were in an intron of GSDME, 87 

on chromosome 29, in an intron of PACS1 and on chromosome 8 in an intron of MFSD14B.  88 

A combined analysis of data for both breeds was conducted on a final dataset set of 51151 genome 89 

wide SNPs and 299 samples, which identified significant SNPs on chromosomes 11, 10 and 7 (Figure 90 

1). The SNP on chromosome 11 was significant in the Jonica breed analysis, while the SNP on 91 

chromosome 10 was significant in the Siriana cohort. Two SNPs that had p-values close to 92 

significance on chromosomes 1 and 8 which were among the 10 SNPs identified in the Siriana breed. 93 

Five additional SNPs with p-values close to significance were identified on chromosomes 3, 11, 15, 94 

20 and 21 (Table 1).  95 

In summary, the analyses identified 26 SNPs located on 17 different chromosomes, 16 fall 96 

within genes, of these 2 are both functional and positional candidates (DOK5, PACS1), 2 are 97 

functional candidates (NCK2, GSDME) and 3 positional candidates (DDX51, SETDB1, IMPG1). 98 

The SNP rs268277403, identified in the Jonica cohort, is located on chromosome 13 in an intronic 99 

region of the gene DOK5. DOK5 is a member of the Docking Protein gene family, expressed in 100 

activated T cells that probably plays a role in immune regulation [Favre et al. 2003]. In both sheep 101 

https://www.ncbi.nlm.nih.gov/genome/10731?genome_assembly_id=281266
https://pubmed.ncbi.nlm.nih.gov/?term=Favre+C&cauthor_id=12595900


and goat DOK5 is located on chromosome 13 and is ~5 megabases from a significant SNPs identified 102 

in a GWAS for paratuberculosis in sheep, at positions 75853910 and 75853910 on OAEv3.1 [Moioli 103 

et al. 2016].  104 

The SNP rs268285112 which was close to significance in the Siriana cohort is located on 105 

chromosome 29 and lies in the intronic region of the gene Phosphofurin Acidic Cluster Sorting 106 

Protein 1 (PACS1), involved in the interaction of MAP with the immune system and may result in the 107 

persistence of infection and the long incubation period that occurs before the clinical stages of disease. 108 

PACS1 is located on chromosome 2 goat and cattle and is ~7Mb from APLP2 which was suggested 109 

as a candidate gene in two GWAS of JD in cattle [Kirkpatrick et al. 2011; Del Corvo et al. 2017]. 110 

The SNP rs268256774 was found to be significant in both Jonica cohort and Jonica and Siriana 111 

combined analysis.  It is located on chromosome 11 in an intronic region of NCK adaptor protein 2 112 

(NCK2). NCK2 is involved in the stimulation of the expression of the T cell antigen receptors 113 

[Ngoenkam et al. 2014], suggesting a potential role in disease progression [Koo et al. 2004]. 114 

The only other Johne’s disease GWAS of goats identified significant loci on 9 chromosomes [Cecchi 115 

et al. 2017], of which 5 are in common with present study. Among these, Cecchi et al found a 116 

significant SNP on chromosome 17 located less than 1Mb from the SNP rs268293054 identified in 117 

the present study.  118 

The significant SNP rs268264217 found in Jonica cohort located on Chromosome 9 is within the 119 

Interphotoreceptor Matrix Proteoglycan 1 gene (IMPG1), which also has no obvious connection with 120 

JD. However, IMPG1 is located on chromosome 8 in sheep, and is 2-3 mega bases away from CD109 121 

and LOC10111282, which have been identified as positional candidates for JD resistance [Moioli et 122 

al. 2016]. In addition, in cattle, IMPG1 is located on chromosome 9, close to a region that has been 123 

associated with JD in several studies [Kirkpatrick et al. 2011; Alpay et al. 2014; Del Corvo et al. 124 

2017]. Therefore, it is likely that this region of chromosomes 9 in goat has a functional variant with 125 

effect on response to JD.  126 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ngoenkam%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24670066


In conclusion this study identified several chromosomal regions significantly associated with JD. 127 

However, identifying the functional variations will require much larger sample sets. 128 
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 Table 1. List of TOP 10 SNP identified by GWAs to be associated with antibody response to MAP. 225 

 226 

Joniche rs chr Position A1 n EFF.B p-value Variant type Gene name Ensembl ID 

1 rs268236287 11 4499463 G 148 -0.26 9.38e-

06* 

intron variant REV1 ENSCHIG00000012748 

2 rs268264217 9 2833936 A 148 0.29 1.28e-

05* 

intron variant IMPG1 ENSCHIG00000008626 

3 rs268256774 11 45510753 G 148 0.21 4.93e-

05* 

intron variant NCK2 ENSCHIG00000010383 

4 rs268250033 3 100339710 G 148 0.22 4.94e-

05* 

intron variant SETDB1 ENSCHIG00000010698 

5 rs268282873 14 52902030 G 148 -0.21 8.18e-05 intergenic variant - - 

6 rs268283652 8 25285942 C 148 -0.23 1.22e-04 intron variant ADAMTSL1 ENSCHIG00000025981 

7 rs268264223 9 3115401 G 148 0.25 1.29e-04 intergenic variant - - 

8 rs268280287 1 89136936 A 148 0.28 1.32e-04 intergenic variant - - 

9 rs268277403 13 81560549 G 148 -0.24 1.61e-04 intron variant DOK5 ENSCHIG00000019478 

10 rs268254513 15 9755045 G 148 0.20 2.41e-04 intron variant - ENSCHIG00000001728 

Siriana  rs chr Position A1 n EFF.B p-value Variant Type Gene name Ensembl ID 

1 rs268272525 1 79233377 A 151 0.27 3.92e-

06* 

intergenic variant - - 

2 rs268281657 23 38870024 C 151 -0.27 1.49e-

05* 

intergenic variant - - 

3 rs268289803 10 67331443 G 151 -0.25 4.69e-

05* 

intergenic variant - - 

4 rs268259981 4 49132543 A 151 -0.23 6.48e-05 intron variant GSDME ENSCHIG00000026791 

5 rs268264182 9 12275894 G 151 -0.23 6.75e-05 intergenic variant - - 

6 rs268285112 29 44576267 A 151 0.22 8.31e-05 intron variant PACS1 ENSCHIG00000022748 

7 rs268235970 22 7214691 A 151 -0.21 9.25e-05 intergenic variant - - 

8 rs268293054 17 26179499 A 151 0,25 1.14e-04 Downstream 

gene variant 

DDX51 ENSCHIG00000014268 

9 rs268293054 17 26179499 A 151 0.25 1.14e-04 Downstream 

gene variant 

 ENSCHIG00000021392 

10 rs268275405 3 88668156 A 151 -0.21 1.59e-04 5’ UTR variant PIFO ENSCHIG00000008928 

11 rs268286138 8 251428 A 151 -0.24 1.63e-04 intron variant MFSD14B ENSCHIG00000015957 

Jonica&Siriana  rs chr Position A1 n EFF.B p-value Variant Type Gene name Ensembl ID 

1 rs268256774 11 45510753 G 299 0.17 1.22e-

05* 

intron variant NCK2 ENSCHIG00000010383 

2 rs268289803 10 67331443 G 299 -0.18 1.68e-

05* 

intergenic variant - - 

3 rs268247914 7 66849525 A 299 0.29 3.81e-

05* 

intergenic variant - - 

4 rs268272525 1  79233377 A 299 0.15 8.66e-05 intergenic variant - - 

5 rs268286138 S8 251428 A 299 -0.16 1.05e-04 intron variant MSFD14B ENSCHIG00000015957 

6 rs268290018 20 60967107 G 299 -0.15 1.16e-04 intergenic variant - - 

7 rs268275901 3 27660329 G 299 0.16 1.33e-04 intron variant SLC1A7 ENSCHIG00000019509 

8 rs268247750 21 8424938 G 299 -0.14 1.71e-04 intergenic variant - - 

9 rs268272606 11 28473481 A 299 0.15 1.74e-04 intergenic variant - - 

10 rs268274835 15 20174073 G 299 0.16 2.17e-04 intergenic variant - - 

 227 

rs: SNP rs; chr: goat chromosome; Position: position on the goat genome in base pairs; A1: coding of the minor allele A1; n: number of animals 228 

tested; EFF.B: effect of the minor allele; p-value: p-values adjusted for Genomic Control;  229 
 230 

  231 



 232 

Figure 1. Manhattan plot displaying the results of the Genome-wide scan with respect to their 233 

genomic position in the combined cohort of the Jonica and Siriana breeds. The threshold for genome-234 

wide significance (P < 5 x 10-5) is indicated by the red line. 235 
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