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ABSTRACT 

INVESTIGATION OF GENETIC VARIATION IN THE COLLAGENOUS 

LECTINS OF LIVESTOCK WITH AND WITHOUT INFECTIOUS 

DISEASES 

Russell S. Fraser       Advisor: 

University of Guelph, 2018      Brandon N. Lillie 

Infectious diseases in livestock are a major source of economic loss, decreased welfare, and 

antimicrobial usage. Typical interventions rely on treatment of the host and/or environmental 

modifications to reduce pathogen exposure and disease occurrence and/or severity. Various host 

genetic factors influence the resistance of animals to infectious diseases. In particular, mutations 

in genes of the immune system can alter disease susceptibility. Collagenous lectins (CLs) are 

pattern recognition receptors of the innate immune system that contribute to disease resistance by 

binding surface glycans of bacteria and other potentially pathogenic organisms. Studies in 

humans and animals have shown that mutations in certain CL genes are associated with 

infectious diseases. The main objectives of this thesis were to further investigate genetic 

variation in CLs in cattle, horses, and pigs, and their relationship to infectious disease resistance. 

Pooled, targeted next-generation sequencing of the CL genes identified 43 missense mutations in 

cattle, 11 of which were predicted to impact protein structure. In horses, 1 nonsense and 43 

missense mutations were identified, including 14 predicted to be functionally relevant. In 

particular, one missense mutation in the collagen-like domain of MBL1 was found that is similar 

to a triple-helix disrupting mutation in human MBL2 associated with susceptibility to infectious 



 

 

disease. Allele frequencies were compared to identify alleles (74 in cattle, 113 in horses) 

associated with infectious diseases. Additional in silico analysis of the equine variants associated 

with infectious diseases identified 2 variants predicted to impact miRNA binding, 8 variants that 

impacted transcription factor binding sites, and 1 missense variant. In pigs, expression 

quantitative trait locus (eQTL) analysis identified 298 eQTLs in innate immune genes, 74 of 

which were genotyped in 1013 pigs (592 healthy, 421 with infectious disease). Variants that 

altered expression of these genes were associated with Mycoplasma, E. coli, swine influenza 

virus, and porcine reproductive and respiratory syndrome virus infection. These studies 

identified polymorphisms in CL genes that are associated with infectious diseases of livestock. 

These alleles represent potential candidates for genetic selection for enhanced resistance to 

infectious diseases of livestock, and expand our understanding of the roles of collagenous lectins 

in innate immunity.



iv 

 

Acknowledgements 

 

I would like to start by expressing my sincere and heartfelt gratitude to Dr. Brandon 

Lillie. As a thesis advisor, as a mentor, as a pathology instructor, and as a friend, Brandon always 

had an open door and time to talk, whatever the subject. He excelled at providing just the right 

amount of guidance, largely allowing me to control the direction of the thesis, while at the same 

time providing gentle nudges in the right direction. I thank him for his positive attitude, his 

humour, his thoughtfulness, and for being an excellent academic role model.  

I also extend my thanks to the members of my advisory committee: Drs. L. Arroyo, T. 

Hayes, and J. Lumsden, each of whom provided valuable insights and comments as the thesis 

progressed, and have given me valuable career and life advice over the years. Thank you for your 

help, your relaxed and friendly attitudes, and for helping mentor me at this stage of my career. 

To my fellow graduate students, many of whom have become good friends over the 

years, my thanks for adding a social element to the degree. Whether it was at fluid rounds or 

sports, I value and cherish your friendship, and hope to maintain it in the years to come. 

My parents and my sisters have been a constant, unwavering source of support over the 

many years of post-secondary education, and I owe them more than can be put into words. To 

them I extend my thanks and my love. 

Finally, my own budding little family. Sonya and Felix, you bring so much joy into my 

life every day. You support me with your kindness, your love, your laughter, and your hearts. 

This endeavour would not have been possible without you, and I cannot wait for the next step in 

our adventure.  



v 

 

Statement of Work Performed 

 

All of the work described in this thesis was performed by me, with the following exceptions: 

Chapter 4: The microarray expression data was obtained from Dr. Hein Snyman’s doctoral 

thesis. Genomic material of normal pigs was isolated by Drs. Snyman, Hammermueller, and 

Lillie. Genomic material of diseased pigs was isolated by Dr. Lillie. Porcine sequencing library 

preparation was done by myself and by Dr. Ann Meyer, and it was sequenced by The Center for 

Applied Genomics (The Hospital for Sick Kids, Toronto, Canada). 

  



vi 

 

Table of Contents 

 

ABSTRACT .................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iv 

Statement of Work Performed ........................................................................................................ v 

List of Tables ............................................................................................................................... viii 

List of Figures ................................................................................................................................ ix 

List of Abbreviations ...................................................................................................................... x 

List of Appendices ........................................................................................................................ xii 

Chapter 1: Review of the Literature ................................................................................................ 1 

1.1 Introduction ........................................................................................................................... 1 

1.2 Overview of the Collagenous Lectins ................................................................................... 3 

1.2.1 Structure ......................................................................................................................... 6 

1.2.2 Evolution/Phylogeny.................................................................................................... 11 

1.2.3 Function ....................................................................................................................... 13 

1.2.4 The Lectin Pathway of Complement Activation ......................................................... 16 

1.2.5 Genetics and the Role of the Collagenous Lectins in Infectious Disease .................... 20 

1.2.6 Pigs ............................................................................................................................... 22 

1.2.7 Cattle ............................................................................................................................ 23 

1.2.8 Horses .......................................................................................................................... 28 

1.3 Methods of Investigating the Genetics of Infectious Disease ............................................. 30 

1.4 Conclusion and Research Proposal ..................................................................................... 34 

1.4.1 Objectives .................................................................................................................... 36 

1.4.2 Hypotheses ................................................................................................................... 36 

Chapter 2: Identification of Genetic Variation in Equine Collagenous Lectins Using Targeted 

Resequencing ................................................................................................................................ 37 

2.1 Abstract ............................................................................................................................... 38 

2.2 Introduction ......................................................................................................................... 40 

2.3 Materials and Methods ........................................................................................................ 43 

2.3.1 Animal Selection and Pooling ..................................................................................... 43 

2.3.2 Sample Preparation ...................................................................................................... 46 

2.3.3 Target Enrichment and Sequencing ............................................................................. 46 

2.3.4 Bioinformatic Analysis of Sequencing Data ................................................................ 49 



vii 

 

2.3.5 Variation Rate .............................................................................................................. 49 

2.3.6 In Silico Prediction of Functional Effects .................................................................... 50 

2.3.7 Allele Frequencies ....................................................................................................... 51 

2.4 Results ................................................................................................................................. 52 

2.5 Discussion ........................................................................................................................... 63 

Chapter 3: Identification of Polymorphisms in the Bovine Collagenous Lectins and their 

Association with Infectious Diseases in Cattle ............................................................................. 69 

3.1 Abstract ............................................................................................................................... 70 

3.2 Introduction ......................................................................................................................... 71 

3.3 Materials and Methods ........................................................................................................ 73 

3.3.1 Sample Selection and Library Preparation .................................................................. 73 

3.3.2 Bioinformatic Analysis of NGS Data .......................................................................... 80 

3.3.3 Variant Analysis........................................................................................................... 82 

3.3.4 Allelic Association ....................................................................................................... 83 

3.4 Results ................................................................................................................................. 84 

3.5 Discussion ........................................................................................................................... 94 

3.6 Supporting Information ..................................................................................................... 100 

Chapter 4: Identification and Frequency of Local Expression Quantitative Trait Loci in the 

Innate Immunome of Diseased and Healthy pigs ....................................................................... 101 

4.1 Abstract ............................................................................................................................. 102 

4.2 Introduction ....................................................................................................................... 103 

4.3 Materials and Methods ...................................................................................................... 104 

4.3.1 Next-Generation Sequencing ..................................................................................... 104 

4.3.2 Local eQTL Analysis ................................................................................................. 105 

4.3.3 Linkage Disequilibrium Analysis .............................................................................. 106 

4.3.4 Genotyping of Healthy and Diseased Pigs................................................................. 106 

4.4 Results ............................................................................................................................... 107 

4.5 Discussion ......................................................................................................................... 115 

4.6 Acknowledgements ........................................................................................................... 119 

4.7 Supporting Information ..................................................................................................... 120 

Chapter 5: Concluding Discussion.............................................................................................. 121 

5.1 Summary and Conclusions ................................................................................................ 133 

References ................................................................................................................................... 135 

Appendices .................................................................................................................................. 162 

 



viii 

 

List of Tables 

 

Table 1.1. Gene symbols, common protein names, and list of abbreviations for known 

mammalian collagenous lectins. ..................................................................................................... 5 

Table 1.2: Summary of additional immunomodulatory effects of several collagenous lectins. ... 15 

Table 2.1. Categorization of horses by diagnosis obtained at post-mortem. ................................ 45 

Table 2.2. Genomic coordinates (based on EquCab 2.0) of the regions targeted for resequencing.

....................................................................................................................................................... 48 

Table 2.3. Number of bases targeted for sequencing for each gene, the number of bases 

sequenced to a minimum of 5x, and the number of variants discovered in each gene region. ..... 55 

Table 2.4. In silico analysis of the missense mutations in the targeted genes using two separate 

algorithms. .................................................................................................................................... 58 

Table 2.5. Frequency of selected variants in Infectious and Non-Infectious horses. In silico 

analysis was performed to identify potential functional consequences for the variants. .............. 62 

Table 3.1. Pools of cattle grouped together by diagnosis determined at autopsy. ........................ 75 

Table 3.2. Breakdown of the bovine study population by breed and sex. .................................... 76 

Table 3.3. The regions targeted for resequencing are given for each gene included in the study. 

Genes in close proximity to each other were sequenced as a single unit. .................................... 79 

Table 3.4. Potentially deleterious missense mutations as determined by in silico analysis with 

two different prediction algorithms .............................................................................................. 90 

Table 4.1. Frequency of the alternate allele of local eQTLs in pigs diagnosed with bacterial 

infections. .................................................................................................................................... 111 

Table 4.2. Frequency of the alternate allele of local eQTLs in pigs diagnosed with viral 

infections. .................................................................................................................................... 113 

Table 4.3. Frequency of the alternate allele of local eQTLs in pigs classified by disease. ........ 114 

  



ix 

 

List of Figures 

 

Figure 1.1. Basic trimeric and higher order structures of collagenous lectins. ............................... 7 

Figure 1.2. The classical and lectin pathways of complement activation. .................................... 19 

Figure 2.1. Summary of the mean depth of coverage for each pool. ............................................ 53 

Figure 2.2. Rate of variation (variants / kb) between genes and within gene regions for all horses.

....................................................................................................................................................... 56 

Figure 2.3. Number and location of variants impacting miRNA recognition elements (MREs) in 

all horses. ...................................................................................................................................... 60 

Figure 2.4. Manhattan plot showing p values corrected for multiple testing from allelic 

association tests performed on variants in horses in the Infectious and Non-Infectious 

populations. ................................................................................................................................... 61 

Figure 3.1. Outline of the bioinformatic steps used to call variants following the two sequencing 

runs. ............................................................................................................................................... 81 

Figure 3.2. The overall mean of the mean depth of coverage for each pool in the Non-infectious 

and Infectious populations by gene target. ................................................................................... 86 

Figure 3.3. Variant density in cattle by gene and gene region. ..................................................... 87 

Figure 3.4. TFBS potentially impacted by SNVs. ........................................................................ 91 

Figure 3.5. The number of in silico predicted miRNA recognition elements found in the targeted 

genes. ............................................................................................................................................ 92 

Figure 3.6. Manhattan plot of the variants identified in the infectious and non-infectious pools of 

cattle. ............................................................................................................................................. 93 

Figure 4.1. Manhattan plot of significant local eQTLs in healthy pigs found within 50 kb of a 

targeted innate immune gene. ..................................................................................................... 109 

Figure 5.1: Comparison of variant density between different gene regions for horses and cattle.

..................................................................................................................................................... 124 

  



x 

 

List of Abbreviations 

3MC Carnevale, Mingarelli, Malpuech and Michels syndrome 

APP Actinobacillus pleuropneumonia 

BRD bovine respiratory disease 

BQSR base quality score recalibration 

BRSV bovine respiratory syncytial virus 

CHiP chromatin immunoprecipitation 

CLD collagen-like domain 

CRD carbohydrate recognition domain 

CTLD C-type lectin-like domain 

DAF decay accelerating factor 

eQTL expression quantitative trait loci 

FBG fibrinogen-like binding domain 

FDR false discovery rate 

GWAS genome-wide association study 

IAD inflammatory airway disease 

IAV influenza A virus 

IL interleukin 

indel insertion/deletion 

LD linkage disequilibrium 

LPS lipopolysaccharide 

MALDI-TOF Matrix-assisted laser desorption/ionization time of flight 

MASP mannan-binding lectin associated serine protease/mannose-associated serine protease 

miRNA microRNA 

MRE miRNA response element 

NGS next-generation sequencing 

NLR nucleotide-binding domain and leucine-rich repeat containing receptors 

NOD nuclear oligomerization domain 

PAMP pathogen associated molecular pattern 

PCV2 porcine circovirus type 2 

PI3 parainfluenza virus 3 

pQTL protein quantitative trait locus/loci 

PRR pattern recognition receptor 

PRRSV porcine reproductive and respiratory virus 

QTL quantitative trait loci 



xi 

 

QTN quantitative trait nucleotide 

RAO reactive airway obstruction 

RIG-I retinoic acid-inducible gene I 

RLR RIG-I-like receptor 

SCS somatic cell score 

SIV swine influenza virus 

SNP single nucleotide polymorphism 

SNV short nucleotide variant 

TF transcription factor 

TFBS transcription factor binding site 

TLR toll-like receptor 

UHN University Health Network 

UTR untranslated region 

VEP variant effect predictor 

WES whole exome sequencing 

WGS whole genome sequencing 

  

 

  



xii 

 

List of Appendices 

Appendix 1.1. Repository for the scripts for all the bioinformatic manipulations. .................... 162 

Appendix 2.1 Breakdown of the breed and sex of horses used in this study. ............................. 163 

Appendix 2.2. Detailed breakdown of variants discovered by gene and by gene region. .......... 164 

Appendix 2.3. List of SNVs found within a transcription factor binding site predicted in silico in 

this study, and predicted or identified in studies of collagenous lectins in other species. .......... 166 

Appendix 2.4. Variants impacting predicted miRNA recognition elements. ............................. 168 

Appendix 2.5. GC content and number of insertion/deletions by target region. ........................ 173 

Appendix 3.1. Coordinates and Ensembl IDs used to annotate the variants identified in cattle. 174 

Appendix 3.2. Conserved motifs found within the 5 kb upstream of the start codon of the 

collagenous lectin and MASP genes. .......................................................................................... 183 

Appendix 3.3. Manhattan plots, coverage, and bait information for bovine FCN1, COLEC11, and 

COLEC12. ................................................................................................................................... 187 

Appendix 3.4. The allele frequency of significantly associated alleles are shown, including 

estimations of the minor allele frequencies for both the Non-Infectious and Infectious 

populations. ................................................................................................................................. 189 

Appendix 3.5. The correlation between the percent GC content and the variant density in bovine 

collagenous lectins. ..................................................................................................................... 192 

Appendix 3.6. The correlation between the median variant density and the frequency of indels in 

bovine collagenous lectins. ......................................................................................................... 193 

Appendix 4.1. Median depth of coverage by target and relationship between depth and variant 

density. ........................................................................................................................................ 194 

Appendix 4.2. List of genes and coordinates (based on Sscrofa 10.2) targeted for re-sequencing.

..................................................................................................................................................... 196 

Appendix 4.3. SNVs associated with changes in gene expression (eQTL) in 69 healthy, market 

weight pigs. ................................................................................................................................. 199 

Appendix 4.4. List of eQTLs that were genotyped in healthy and diseased pigs. ...................... 207 

Appendix 4.5. Linkage disequilibrium analysis for significant eQTLs within 10 of 19 innate 

immune genes. ............................................................................................................................ 209 

Appendix 4.6. Porcine SNVs selected for genotyping are shown with the IDs of SNVs 

determined to be in LD. .............................................................................................................. 218 

Appendix 4.7. Allele density and corresponding eQTL profiles of the 28 eQTL associated with 

infectious disease. ....................................................................................................................... 222 



1 

 

Chapter 1: Review of the Literature 

1.1 Introduction 

 Immunity to infection is comprised of two intertwined systems: the innate immune 

system and the adaptive immune system, each of which involve genetic variation to contend with 

pathogen variation. Innate immunity is comprised of physical, chemical, and cellular barriers 

against infection, with evolution and selection of germline variants for functional components. In 

contrast, adaptive immunity involves lymphocytes that derive functional specificity and 

immunological memory through somatic mutations (immunoglobulin and T-cell-receptor 

recombinants) that can be selectively expanded in response to particular pathogens, resulting in 

enhanced subsequent responses to the same pathogen. 

 A relatively recent focus of research has been the role of pattern recognition receptors 

(PRRs) in the function of the innate immune system (Medzhitov and Janeway, 1997). PRRs are 

proteins that recognize motifs on pathogens called pathogen-associated molecular patterns 

(PAMPs), as well as host-derived material exposed under abnormal conditions (such as cellular 

stress or necrosis), termed damage associated molecular patterns (DAMPs) (Kawai and Akira, 

2009; Medzhitov and Janeway, 1997). In general, PAMPs are highly conserved across broad 

classes of pathogens (and non-pathogens), and represent structures important to the survival of 

the pathogen (Mogensen, 2009). These PAMP structures are generally not expressed by the host, 

providing a degree of host-pathogen differentiation, or specificity, to the innate immune system. 

 Pattern recognition receptors are frequently grouped into four major categories, based 

primarily on their ligand-recognition domains (Iwasaki et al., 2015). The first PRRs to be defined 

were the Toll-like receptors (TLRs) (Medzhitov et al., 1997). They are found within cellular and 

endosomal membranes and recognize a variety of PAMPs, including ssRNA, ssDNA, and 
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lipopolysaccharide (LPS), via a leucine-rich repeat domain (Mogensen, 2009; Takeuchi and 

Akira, 2008). Two other well characterized groups include the RIG-I like receptors (RLRs), 

which are cytosolic proteins that primarily recognize viral dsRNA via DExD/H box helicase 

domains (Kawai and Akira, 2009; Yoneyama and Fujita, 2007), and the nucleotide-binding 

domain and leucine-rich repeat containing receptors (NLRs) that are found in the cytoplasm of 

immune cells and recognize bacterial peptidoglycans (Chen et al., 2009; Ting et al., 2008). 

Although the NLRs contain a leucine-rich repeat ligand-binding domain, they are defined by the 

presence of a nucleotide-binding domain (NOD) that facilitates oligomerization (Chen et al., 

2009). Finally, certain subfamilies of the large C-type lectin-like domain (CTLD) superfamily 

comprise a fourth broad category of PRR, which includes both membrane-bound and soluble 

receptors capable of recognizing glycans, lipids, and proteins through a carbohydrate-recognition 

domain (CRD) (Chiffoleau, 2018). One subfamily of the CTLDs is the collagenous lectins, a 

well conserved group of plasma and membrane-bound proteins that recognize carbohydrate 

motifs of bacteria, viruses, protozoa, and fungi (Fujita, 2002; Fujita et al., 2004b). The 

collagenous lectins will be the primary focus of this literature review. 

 Altered expression, structure, and function of PRRs are well documented causes of 

immunodeficiencies and susceptibility to infection. Polymorphisms in TLRs can lead to an 

increase in susceptibility to malaria, tuberculosis, leprosy, and Legionnaire’s disease (Carpenter 

and O’Neill, 2007). Deficiencies of collagenous lectins in humans are associated with increased 

risk of HIV infection (Garred et al., 1997), bacterial meningitis (Hibberd et al., 1999), viral 

hepatitis (Eisen and Minchinton, 2003), and respiratory infections (Super et al., 1989). The 

situation in animals, however, is less clear. Genetic variants in some collagenous lectins are more 

common in pigs with common infectious diseases (Lillie et al., 2007), and preliminary data 



3 

 

indicate that certain lectin alleles are associated with bovine mastitis (C. Wang et al., 2011; 

Wang et al., 2012). However, the exact role that collagenous lectins play in the innate immune 

response remains insufficiently characterized in many species of veterinary interest, including 

cattle, horses, and pigs. 

 This review will provide a summary of the role of collagenous lectins in innate immunity, 

and will draw on evidence from a variety of veterinary and human studies. It will provide an 

overview of some common infectious diseases of cattle and horses, and by doing so will 

establish the basis for the central hypotheses that genetic abnormalities in collagenous lectins are 

common in animals, and that some of these abnormalities are more common in animals with 

infectious diseases.  

1.2 Overview of the Collagenous Lectins 

For the purposes of this review, the term collagenous lectins will be used to include both 

collectins and ficolins. Collectins are one of seventeen subgroups of the large C-type lectin-like 

domain (CTLD) superfamily (Zelensky and Gready, 2005). The defining characteristics of 

members of the CTLD superfamily have been revised several times. Originally, each member of 

the CTLD superfamily was described as having a C-terminal carbohydrate recognition domain 

(CRD) that bound carbohydrate residues in a calcium dependent (“C-type”) fashion. As new 

proteins were discovered, however, it was found that not all proteins with a CRD were calcium 

dependent, nor did they all bind carbohydrates. The broadly inclusive “C-type lectin-like 

domain” moniker was therefore adopted to encompass these proteins (Zelensky and Gready, 

2005). Ficolins are a group of proteins that share a similar collagen-like domain (CLD) with the 

collectins, but differ at their C-terminus, where they are characterized by a fibrinogen-like 

binding domain rather than a CRD. 
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 In mammals, thirteen collagenous lectins have been identified, though not all are present 

in a single species. They include the mannose-binding lectins A and C, surfactant proteins A and 

D, collectins 10, 11, 12, 43, 46, conglutinin, and ficolins 1, 2, and 3 (Hansen et al., 2003b; 

Holmskov et al., 2003, 1993; Keshi et al., 2006; Ohtani et al., 2001, 1999) . Some differences in 

nomenclature and expression exist between species, and the reader is referred to Table 1.1 for an 

overview of the naming conventions that will be used in this review. The ficolins in particular 

require disambiguation. For all species discussed in this review and subsequent chapters, the 

ficolin produced by leukocytes (commonly known as ficolin-M in humans) will be designated 

FCN-1. The ficolin that is produced by the liver (commonly referred to as ficolin-L in humans) 

will be designated FCN-2. Hakata antigen, also known as ficolin-H, will be referred to as FCN-3. 

In order to avoid confusion while discussing the various collagenous lectins from 

different species, where necessary, a single letter will be introduced in front of the abbreviated 

protein name to designate the species of origin. These will be “h” for human, “e” for equine, “b” 

for bovine, “p” for porcine, and “m” for murine. For example, eSP-D refers to SP-D in horses, 

while bMBL-A refers to bovine MBL-A.  
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Table 1.1. Gene symbols, common protein names, and list of abbreviations for known 

mammalian collagenous lectins. 

Gene Symbol Protein Name Protein Abbreviation 

MBL1* Mannose-binding lectin A MBL-A 

MBL2 Mannose-binding lectin C MBL-C 

SFTPA Surfactant protein A SP-A 

SFTPD Surfactant protein D SP-D 

CGN1 (COLEC8) Conglutinin CGN 

CL43 (COLEC9) Collectin 43 (Bovidae only) CL-43 

COLEC10 Collectin 10 (CL-L1) CL-10 

COLEC11 Collectin 11 (CL-K1) CL-11  

COLEC12 Collectin 12 CL-12 

CL46 Collectin 46 (Bovidae only) CL-46 

FCN1 Ficolin-1 (ficolin-M [human], FCN-2 [cow], 

FCN- [pig], FCN-B  [rodent]) 

FCN-1 

FCN2 
Ficolin-2 (ficolin-L [human], FCN- [pig], 

FCN-A [rodent]) 

FCN-2 

FCN3§ Ficolin-3 (ficolin-H [human]) FCN-3 

* pseudogene in humans and chimpanzees 
 

§  pseudogene in rodents 
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With the exception of FCN-1 (Fujita, 2002), CL-10, and CL-12 (Ohtani et al., 2012), 

collagenous lectins are found as circulating proteins. The MBLs, CL-10, CL-11, CGN, CL-43, 

CL-46, and FCN-2 are synthesized predominantly in the liver or gallbladder, the surfactant 

proteins and FCN-3 are produced primarily in the lung, and FCN-1 is produced mainly by 

leukocytes (Holmskov et al., 2003; Lillie et al., 2005; van de Wetering et al., 2004). CL-12 was 

classically considered a transmembrane protein, found primarily on the vascular endothelium, of 

numerous organs (Ohtani et al., 2001), but recently a soluble, circulating isoform was 

characterized (Ma et al., 2015). The functions of CL-10, a cytosolic protein produced in the liver 

and placenta, are as yet unclear (Ohtani et al., 2012, 1999). 

1.2.1 Structure 

 The basic structural unit of all collagenous lectins is a trimer composed of three identical 

polypeptides (Figure 1.1a). Depending on the lectin, these trimers are then further assembled into 

a variety of higher order multimers (Figure 1.1b). Each polypeptide is characterized by four 

distinct domains: an N-terminal domain, a collagen-like domain (CLD), a neck region, and a 

carbohydrate recognition domain (CRD) or fibrinogen-like binding domain (FBG). The N-

terminal domain varies between 7 and 28 amino acids but invariably contains 1 – 3 critical 

cysteine residues (Brown-Augsburger et al., 1996; Drickamer et al., 1986; McCormack et al., 

1999; Ohashi and Erickson, 2004). The cysteine residues on adjacent polypeptides form disulfide 

bridges that stabilize both the trimers and higher order multimers (Drickamer et al., 1986; Lillie 

et al., 2005; Ohashi and Erickson, 2004) . 
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Figure 1.1. Basic trimeric and higher order structures of collagenous lectins. 

a) Each monomer of a collagenous lectin trimer is composed a cysteine-rich N-terminal domain, followed by a 

sequence of repeating Gly-X-Y repeats forming the collagen-like domain. Near the middle of the CLD of MBL and 

SP-A is a short interruption in the repeating sequence, leading to a bend in the stem (not shown here). The CLD is 

followed by a short neck region and then the carbohydrate recognition domain, the site of ligand binding. The C-

terminal domain of ficolins is structurally different and not depicted here. 

b) The multimeric structure of collagenous lectins is variable. CL-43 and CL-10 are secreted as basic trimers, while 

the MBLs, FCNs, and SP-A form ‘bundles of tulips’ (sertiform) arrays of varying numbers of trimers. SP-D, CGN, 

and CL-43 form cruciform structures. CL-12 (CL-P1) is a membrane bound receptor and is not depicted here. Figure 

adapted from (Lillie et al., 2005; Selman and Hansen, 2012). 
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 The N-terminal domain is followed by the CLD, which is composed of repeating Gly-X-

Y amino acid triplets, where X and Y represent any amino acid, though proline, hydroxyproline, 

and hydroxylysine are overrepresented (Colley and Baenziger, 1987; Crouch et al., 1994; Davis 

and Lachmann, 1984; Drickamer, 1988). The number of triplets varies substantially between 

collagenous lectins, ranging from 19 in MBL-C to 59 in SP-D (Holmskov et al., 2003). When in 

trimeric form, the CLDs of three polypeptides are arranged in a triple helical structure typical of 

collagens. In addition to its structural features, the CLD of some collagenous lectins contains 

important functional residues. Near the middle of the CLD of the MBLs and SP-A, there is a 

short interruption in the Gly-X-Y repeats that creates a bend in the triple helical stem (Benson et 

al., 1985; Drickamer et al., 1986) that is thought to allow the allow trimers to angle away from 

the core, facilitating the formation of sertiform (“bundle of tulips”) structures (Holmskov et al., 

1994; van de Wetering et al., 2004). A relatively well conserved six amino acid sequence, 

GE(K/R/Q)GEP (residues 37-42 of hMBL-C), also has functional significance. This sequence, 

found in MBLs, FCNs, and SP-A, is also found in the collagenous domain of C1q, a complement 

protein. Interactions between this sequence and the C1q receptor, C1qRp, enhance phagocytosis 

by host monocytes (Arora et al., 2001).  

 The neck domain is a short sequence of four heptad repeats that link the collagen-like 

domain to the carbohydrate recognition domain (Zhang et al., 2001). The neck domain is 

considered essential for intracytoplasmic trimer formation. Initially, it was shown that 

recombinant proteins consisting of only the neck and carbohydrate recognition domains were 

able to form trimers, whereas proteins consisting of only the CRD were secreted as monomers 

(Wang et al., 1995). Subsequently, it was demonstrated that deletion of the amino-terminal 

heptad of SP-D resulted in complete abrogation of trimer formation (Zhang et al., 2001). It is 
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thought that the neck region assembles trimers by aligning the collagen-like chains of the CLD, 

thereby facilitating helix formation (Zhang et al., 2001). 

 The collectin and ficolin subgroups are primarily differentiated by their ligand binding 

domain, located at the C-terminus. The collectins have a CRD, a large globular structure 

responsible for the recognition of and binding to polysaccharide PAMPs. Within the CRD are 

fourteen invariant and eighteen well conserved amino acid residues (Drickamer, 1988). Four of 

the conserved residues are cysteines, which aid in the formation of the tertiary structure of the 

CRD via disulfide bridging. One pair joins the N- and C-terminus of the domain, while the other 

creates a long loop that contains a carbohydrate and calcium binding groove (van de Wetering et 

al., 2004; Veldhuizen et al., 2011). Within this groove are several invariant residues, including 

Glu-Pro-Asn (residues 185 – 187 of hMBL-C) and Trp-Asn-Asp (204 – 206), whose carbonyl 

groups directly bind Ca2+ (Veldhuizen et al., 2011; Weis et al., 1992). The Glu-Pro-Asn motif is 

the critical determinant of carbohydrate specificity (Drickamer, 1992). The position of the 

carbonyls of the Glu-Pro-Asn residues favours the binding of monosaccharides containing 

equatorial hydroxyl groups at the C3 and C4 position, such as mannose or glucose (Veldhuizen 

et al., 2011). This sequence is present in the collagenous lectins that bind mannose in all species, 

though at different absolute locations (Veldhuizen et al., 2011).  

 For the ficolins, the C-terminal globular structure analogous to the CRD of collectins is 

composed of a fibrinogen-like sequence of 200 – 250 amino acid residues, and is referred to as 

the fibrinogen-like binding domain (FBG) (Holmskov et al., 2003). Within the FBG are 24 

invariant hydrophobic residues, the functional significance of which have not been fully 

elucidated (Garred et al., 2010). The ultrastructural studies necessary to elucidate the ligand 

binding sites of ficolins have thus far been restricted to recombinant human proteins (Garlatti et 
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al., 2010). FCN-1 and FCN-3 share a single conserved ligand binding site found on the external 

part of the trimer (Garlatti et al., 2007). Significant differences in the amino acid composition at 

the ligand binding site account for the variation in binding preferences between the two proteins 

(Garlatti et al., 2010). In contrast, FCN-2 has three external binding sites of significantly 

different composition, reflecting its broader range of ligand recognition (Garlatti et al., 2010). 

Ficolins bind to various N-acetylated saccharides by targeting the N-acetyl group itself (Brooks 

et al., 2003a; Krarup et al., 2004). 

 The collectins and ficolins differ in their higher order structures. Although the ficolins 

form a sertiform structure similar to the MBLs and SP-A (Figure 1.1b), the lack of an 

interruption in the CLD results in a more linear arrangement of the trimeric subunits. Formation 

of the higher order structures of ficolins is facilitated by N-terminal cysteine residues (Ohashi 

and Erickson, 2004). 

 With the exception of CL-43 and CL-10, all collagenous lectins form higher order 

structures composed of multiple trimers (Figure 1.1b) (Holmskov et al., 1994). Multimers are 

formed through disulfide bridges linking cysteine residues in the N-terminal domain of adjacent 

trimers (Drickamer and Taylor, 1993). The formation of multimers reflects a “power in 

numbers” approach to ligand binding. By itself, the CRD of a single lectin monomer binds 

weakly to its oligosaccharide ligand. When multiple receptors are engaged, as is the case with 

multimeric structures, binding avidity exponentially increases (Lee et al., 1992, 1991). Thus, 

strong binding of collagenous lectins to pathogens requires both high numbers of CRDs as well 

as numerous saccharide residues on the pathogen.  

 The structure of CL-12 is unique amongst the collagenous lectins. Unlike most other 

collagenous lectins, which are found as circulating proteins, CL-12 is primarily found as a 
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transmembrane protein akin to the type A scavenger receptors (Ohtani et al., 2001). Between the 

N-terminal domain and the CLD there is a large transmembrane domain and a coiled-coil 

domain. More recently, however, soluble, circulating CL-12 with the ability to activate the 

alternative pathway of complement was discovered in human umbilical cord plasma (Ma et al., 

2015). Soluble CL-12 was able to recognize and respond to Aspergillus fumigatus by activating 

complement, solidifying its role as a classical collagenous lectin (Ma et al., 2015). The ratio of 

the soluble and membrane-bound form of CL-12 and their relative contributions have not been 

reported. 

1.2.2 Evolution/Phylogeny 

 Collagenous lectins are ancient and highly conserved proteins, present in a range of 

species including sea urchins, frogs, fish, birds, and mammals (Fujita, 2002; Lillie et al., 2005; 

Ohtani et al., 2012). Though these proteins are shared between invertebrates and vertebrates, the 

number of collagenous lectin proteins in different species varies. Through phylogenetic analysis 

of the CRDs of collagenous lectins, it has been proposed that CL-10, CL-11, the MBLs, SP-A, 

and SP-D evolved from a common ancestral collagenous lectin prior to the divergence of 

mammals and birds (Hughes, 2007; Selman and Hansen, 2012). The significant variability in the 

repertoire of collagenous lectins within mammals is the result of species-specific gene 

duplications and deletions (Hughes, 2007). All mammalian species have two MBL genes (MBL1 

and MBL2), though in humans and chimpanzees, a nonsense mutation has resulted MBL1 

becoming a pseudogene (Guo et al., 1998).  

 The evolution of the ficolins is more complex. Phylogenetic analysis suggests that FCN3 

is the most ancient ficolin gene, and that FCN1 branched out by gene duplication early in the 

course of vertebrate evolution, resulting in orthologues in many mammalian species (Garred et 
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al., 2010). In rodents, FCN3 has been identified as a pseudogene (Endo et al., 2004). Not all 

mammalian species possess an FCN2 gene. Phylogenetic studies suggest that FCN2 is the result 

of a duplication of the FCN1 gene that has occurred independently in multiple different 

mammalian families (Garred et al., 2010). Furthermore, within each branch of Garred et al.’s 

(2010) proposed phylogenetic tree, multiple lineage-specific duplication events have occurred, 

resulting in the expansion of the ficolins to much greater numbers in some lineages. For 

example, the tropical clawed frog, Xenopus tropicalis, possesses over 2 dozen ficolin proteins 

(Doolittle et al., 2012) possibly a reflection of a greater reliance on a PRR-type immune defence 

in this species. 

 Bovidae express three evolutionarily-related collagenous lectins: CL-43, CL-46, and 

conglutinin (Hansen et al., 2002). Structural similarities and close proximity within a 

chromosome between these collagenous lectins and SP-D suggests a common ancestry. An early 

duplication event of the SFTPD gene likely led to a common CGN/CL46 gene. After the 

divergence of CGN and CL46, CL43 then likely evolved from CGN (Gjerstorff et al., 2004a; 

Hansen et al., 2002). It is intriguing that these SP-D-like collagenous lectins evolved after the 

divergence of bovids from other mammals. One suggested explanation for this is that the large 

load of bacteria and protozoa required for rumination presented an additional need for 

immunological control (Gjerstorff et al., 2004a; Hansen et al., 2002). In humans, SFTPD is 

expressed and potentially serves a functional role in the stomach and intestine (Gowdy et al., 

2012; Lin et al., 2011; Murray et al., 2002), lending weight to the hypothesis that these SFTPD-

like collagenous lectins may do the same in cattle.  

 A repeating theme within the evolution of the collagenous lectins is species-dependant 

gene duplication or gene loss. Examples include the loss of MBL1 in primates and FCN3 in 
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rodents, independent duplication of FCN1 in multiple species, and the expansion of the SFTPD 

lineage into three descendant genes in Bovidae. The evolution of seemingly redundant genes 

may be a reflection of the unique infectious challenges posed to each species and the subsequent 

defensive adaptation. One group has hypothesized that pressure from viruses has selected for 

gains or losses of various collagenous lectins (Drickamer and Taylor, 2015), but this remains to 

be proven. Gene redundancies are also frequently thought to provide a fitness advantage to an 

organism, serving as a ‘backup’ should an inopportune mutation deactivate one copy (Kafri et 

al., 2006), and such an advantage would be beneficial in the context of immunity.  

1.2.3 Function 

 Collagenous lectins participate in host defense in various different ways, including 

agglutination, opsonisation, and complement activation (van de Wetering et al., 2004). They 

have been shown to bind a wide variety of bacteria, viruses, protozoa, and fungi (Clark et al., 

2000; Keirstead et al., 2011; Lillie et al., 2005; Lu et al., 2002). Sertiform and cruciform lectins 

can effectively bind multiple pathogens, creating large aggregates of microbes and lectins. 

Aggregation of microbes in turn inhibits their attachment to host cells, preventing invasion, and 

in the case of some pulmonary pathogens, facilitates mucociliary clearance by the respiratory 

tract (Ferguson et al., 1999; Hartshorn et al., 1997). The MBLs and SPs have been shown to 

directly opsonize bacteria, resulting in enhanced phagocytic clearance (Kuhlman et al., 1989; 

Pikaar et al., 1995; van Iwaarden et al., 1991), and SP-A and SP-D were found to have direct 

inhibitory effects on bacterial growth (van de Wetering et al., 2004). Some collagenous lectins, 

particularly the MBLs and FCNs, have important roles in the activation of the complement 

pathway.  
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 The collagenous lectins have a variety of other immunomodulatory effects (Table 1.2). In 

rodents and humans, MBL and SP-A have been shown to have anti-inflammatory effects, 

impacting the response to LPS at several different points in the LPS-CD14-TLR4 pathway 

(Borron et al., 2000; Nguyen et al., 2012; Sano et al., 2000; Van Rozendaal et al., 1999; M. 

Wang et al., 2011). The ficolin proteins, as determined through knock-out models, have a pro-

inflammatory affect (Luo et al., 2013). The surfactant proteins of rats have the ability to directly 

increase the cell membrane permeability of E. coli (Wu et al., 2003). 
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Table 1.2: Summary of additional immunomodulatory effects of several collagenous lectins. 

Species 
Collagenous 

lectin 

In vivo/ 

vitro 

 
Effect Pathogen Reference 

Rat SP-A, SP-D In vitro  Increases cell membrane 

permeability 

E. coli K12 Wu et al., 2003 

Rat SP-D In vivo  Binds (scavenges) LPS, likely CRD 

dependent 

LPS from Salmonella 

Enteriditis 

van Rozendaal 

et al,, 1999 

Mouse SP-A In vivo  Inhibits LPS-induced TNF-alpha and 

NO2 production 

LPS from E. coli Borron et al,, 

2000 

Rat SP-A, SP-D In vitro  Binds to CD14 (co-receptor along 

with TLR4 for LPS) 

LPS from Salmonella 

Minnesota 

Sano et al,, 

2000 

Rat SP-A In vitro  Dampens PGN-induced 

inflammatory response in a TLR2-

binding dependent manner. 

PGN from S. aureus Murakami et 

al,, 2001 

Human, 

rat 

SP-A (human), 

SP-D (rat) 

In vitro  Facilitates clearance of apoptotic 

neutrophils in the lung; non-CRD 

dependent for SP-A 

 
Schagat et al., 

2001 

Human MBL-C In vitro  Suppression of LPS-induced TNF-

alpha and IL-12 in a TLR4 

dependent manner 

LPS from E. coli Wang et al., 

2011 

Human SP-A In vitro  Upregulates IRAK-M, a negative 

regulator of TNF-alpha and IL-6 

Source of LPS not 

specified 

Nguyen et al., 

2012 

Mouse MBL1, MBL2 In vivo  KO mice have increased TNF-alpha 

and IL-12 

Cecal ligation and 

puncture 

Takahashi et 

al., 2002 

Mouse FCN2 In vivo  KO mice have decreased TNF-alpha 

and IL-17A in response to LPS 

LPS from E. coli Luo et al., 

2013 

Human SP-D In vitro  Trimers bind to LPS; higher order 

binds to mannan residues 

LPS from E. coli Sorensen et al., 

2009 

PGN: peptidoglycan; TNF: tumour-necrosis factor; IL: interleukin CRD: carbohydrate recognition domain , KO: 

knock out, LPS: lipopolysaccharide. 
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1.2.4 The Lectin Pathway of Complement Activation 

 A major strategy used by some collagenous lectins in host defense is the activation of 

complement, an essential component of the immune system. First discovered in the 1890s, the 

complement system is now known to be comprised of over thirty plasma and membrane bound 

proteins (Fujita, 2002), which are sequentially activated in cascades of enzymatic activity. 

Activation of complement can lead to the opsonization of pathogens via the deposition of 

complement protein C3b, or to the lysis of pathogens by the formation of a membrane attack 

complex (MAC) (Walport, 2001a). By-products such as C5a are chemoattractants that augment 

leukocyte responses. Complement can be activated by three different pathways: the classical, the 

lectin, and the alternative pathways. Each of these activating pathways then leads to a common 

lytic pathway, the endpoint of complement activation.  

 Although attempts were made to assign logical names to the proteins of the complement 

system, the biological inevitability of non-sequential discovery has led to an at times confusing 

nomenclature. The proteins of the classical pathway are tantalizingly designated C1 to C9, 

suggesting a potentially intuitive order of activation. Unfortunately, this is not the case. 

Activation of C1 is followed by C4, C2, C3 and then C5. The activation of C5, the first step of 

the lytic pathway, signals a return to reason in which proteins are now activated in order from C6 

to C9, leading to the formation of the membrane attack complex (Walport, 2001a, 2001b). 

Activation of the complement proteins is frequently the result of enzymatic cleavage, resulting in 

two protein fragments and further complications in the nomenclature. In general, the larger 

fragment is designated ‘b’ (e.g. C3b) and the smaller ‘a’ (e.g. C3a). The requisite exception to 

the rule is protein C2, whose large and small fragments are named C2a and C2b, respectively 

(Walport, 2001a). 
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 The classical pathway begins with the recognition of the Fc fragment of antibody bound 

to antigen by C1q complexed with C1r and C1s (Figure 1.2). The latter two proteins are serine 

proteases that are activated upon binding of C1q to antibody. C1s first cleaves C4, which binds 

to the microbial membrane, and then C2, leading to the formation of the C3 convertase, C4b2a. 

Formation of the C3 convertase is the first step of the lytic pathway, in which C3 is cleaved to 

form C3b which associates with C4b2a to form the C5 convertase, C4b2a3b. The resulting 

cleavage of C5 to C5b by the C5 convertase leads to the sequential activation of complement 

proteins 6 – 9 and the formation of the membrane attack complex (Walport, 2001a, 2001b). 

 The lectin pathway is similar to the classical pathway (Figure 1.2). Of critical importance 

to the lectin pathway of activation are four MBL-associated serine proteases (MASPs), MASP-1-

3 and sMAP. MASPs are structurally similar to C1r and C1s of the classical pathway (Matsushita 

et al., 2013; Thiel et al., 1997) and can bind in proenzyme form to the collagen-like domain of 

certain collagenous lectins. Of the thirteen described mammalian collagenous lectins, only the 

MBLs, the FCNs, and CL-11 are known to bind MASPs and activate complement, though 

theoretically the circulating heterocomplex of CL-10 and CL-11 may also play a role (Garred et 

al., 2016; Gibbs et al., 2009; Hansen et al., 2010; Matsushita et al., 2001; Matsushita and Fujita, 

1992). Upon binding of a collagenous lectin to its oligosaccharide ligand, MASP proenzymes are 

cleaved, thereby activating them as serine proteases. Initially, it was believed that MASP-2 was 

autoactivated to cleave C4 and C2, resulting in the formation of the C3 convertase C4b2a (Chen 

and Wallis, 2004; Vorup-Jensen et al., 2000). Recently, however, it was demonstrated that in 

vitro complement activity was abolished in a human patient with a nonsense mutation of MASP-

1, but restored upon supplementation with recombinant MASP-1, suggesting an absolute 

requirement for this protein (Degn et al., 2012). The same study also demonstrated that MASP-1 
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and MASP-2 associate on the same MBL oligomer, and theorized that MASP-1 was required for 

the activation of MASP-2, analogous to C1r and C1s of the classical pathway (Degn et al., 2013, 

2012). Although it was previously suggested that MASP-1 was capable of cleaving C3 and C2 

independently of MASP-2 (Matsushita and Fujita, 1995), it is now thought that MASP-1 is only 

capable of activating C2 (Degn et al., 2012). The roles of MASP-3 and sMAP are less clear. 

Both compete with MASP-2 for binding to MBL, and it is thought that they may thereby serve as 

negative regulatory proteins (Degn et al., 2013; Iwaki et al., 2006; Matsushita et al., 2013).  
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Figure 1.2. The classical and lectin pathways of complement activation. 

The classical pathway is characterized by a series of cascading enzymatic protein cleavages, initiated by the binding 

of C1q to antibody and ending with the formation of the C3 convertase C4b2a. The lectin pathway begins with the 

binding of a lectin to a sugar residue, leading to the activation of MASP-2 by MASP-1. MASP-2 cleaves C4 and C2, 

resulting in the formation of the C3 convertase. The C3 convertase initiates the lytic pathway, and results in the 

formation of the membrane attack complex. Dashed lines indicate hypothesized roles; “x” indicates a contested role. 

Figure adapted from (Walport, 2001a).   
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1.2.5 Genetics and the Role of the Collagenous Lectins in Infectious Disease 

 Genetic polymorphisms affecting the expression, structure and function of collagenous 

lectins are well documented. The first indication of genetically induced collagenous lectin 

dysfunction came from children with an opsonic defect and recurring infections (Super et al., 

1989). It was demonstrated that these children were heterozygous for a missense mutation 

(G230A) in the coding region of the collagen-like domain of hMBL-C, resulting in defective 

trimer assembly (Sumiya et al., 1991). It was later shown that unusual and recurrent infections in 

adults were associated with homozygous carriage of the same defective hMBL2 allele 

(Summerfield et al., 1995). Subsequently, two additional single nucleotide polymorphisms 

(SNPs) (C223T and G239A) were described in the coding region of hMBL2, resulting in four 

hMBL2 alleles, designated A, B, C, and D (allele A is the wild-type allele) (Lipscombe et al., 

1995; Madsen et al., 1994; Steffensen et al., 2000). The SNPs in alleles B-D result in the 

destabilization of the basic trimers and inhibit the formation of higher order multimers. In 

heterozygote carriers, this has a dominant effect, as half the available hMBL-C cannot assemble 

normally (Sumiya et al., 1991). In addition to the coding region SNPs, two polymorphisms 

(G550C and G221C) in the promoter region and one polymorphism (C4T) in the 5′-untranslated 

region of hMBL2 have been well characterized (Eisen and Minchinton, 2003; Madsen et al., 

1998; Minchinton et al., 2002), and are referred to as H/L, X/Y, and P/Q, respectively. These 

alleles are in complete linkage disequilibrium with the coding region alleles, and only seven of 

the sixty-four possible haplotypes have been recognized (Munthe-Fog et al., 2008). Genetically 

determined deficiencies of hMBL-C have been associated with various infectious diseases 

including HIV, hepatitis B and C, meningococcal disease, and parasitic infections (Eisen and 

Minchinton, 2003).  
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 Genetic variation of the ficolins has been investigated in the Danish population. Several 

polymorphisms in FCN1 were discovered, however, all were sense mutations and none were 

associated with altered FCN-1 levels. In contrast, numerous polymorphisms were demonstrated 

in FCN2, some of which decreased expression, and one of which affected oligosaccharide 

binding (Hummelshoj et al., 2005). The relevance of these SNPs in disease susceptibility has not 

been determined. A frameshift mutation in FCN3 resulting in decreased FCN-3 expression has 

also been described (Munthe-Fog et al., 2008), however, it has only been associated with disease 

in one homozygous patient (Munthe-Fog et al., 2009). 

 Mutations in hCOLEC11 and hMASP1 are the cause of Carnevale, Mingarelli, Malpuech 

and Michels syndromes, known as 3MC, though the causative mutations appear not to affect the 

lectin pathway of complement (Rooryck et al., 2011). Several promoter and coding region 

mutations in hCOLEC10 and hCOLEC11 are associated with serum levels of CL-L1 and CL-K1, 

however, they have not been linked to the increased evidence of infectious disease (Bayarri-

Olmos et al., 2015). 

 Among the surfactant proteins, a missense mutation in hSFTPD correlates to lower 

circulating levels of SP-D and leads to the absence of higher-order oligomerization, resulting in 

decreased activity against influenza A virus (IAV) and various bacteria (Leth-Larsen et al., 

2005). It is also associated with interstitial pneumonia (Ishii et al., 2012). Certain SFTPA 

haplotypes are associated with increased susceptibility to IAV, community-acquired pneumonia 

and tuberculosis (García-Laorden et al., 2011; Herrera-Ramos et al., 2014; J. Li et al., 2016). 

 Polymorphisms in the complement activating MASP genes are associated with decreased 

circulating protein levels, and consequently decreased complement activity (Beltrame et al., 

2015). Accordingly, haplotypes associated with decreased circulating levels of the various 
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MASP proteins are more frequent in some infectious diseases, including leprosy (Boldt et al., 

2013) and Chagas disease (Boldt et al., 2011). 

 In animal species of veterinary interest, the collagenous lectins have been most 

thoroughly investigated in pigs, both in terms of their functional capabilities and genetics. 

Comparatively little work has been conducted in cattle or horses on the relative role of the 

collagenous lectins in the innate immune system, or on how the genetics of these proteins might 

impact susceptibility to disease. The following sections review the existing literature and present 

a brief overview of some of the common infectious diseases in cattle and horses, and discusses 

diseases where collagenous lectins have potential roles. 

1.2.6 Pigs 

Ficolins were first identified as TGF-β-binding proteins in the porcine uterus (Ichijo et 

al., 1993). FCN-α in porcine plasma was found to bind to Actinobacillus pleuropneumonia 

(APP) (Brooks et al., 2003b) in an N-acetyl-dependent manner (Brooks et al., 2003a), and to 

several gram-negative and gram-positive organisms, and may bind to lipopolysaccharide (LPS) 

alone (Nahid and Sugii, 2006). Plasma and recombinant porcine FCN-α (Keirstead et al., 2008) 

and recombinant SP-A (L. Li et al., 2016) were shown in vitro to bind and neutralize porcine 

reproductive and respiratory syndrome virus (PRRSV), an economically important pathogen of 

pigs. FCN-β is expressed by porcine neutrophils but does not bind APP, and its innate immune 

functions remain unclear (Brooks et al., 2003c). Porcine plasma MBL-A binds APP, 

Actinobacillus suis, and Haemophilus parasuis (Lillie et al., 2006a), and the porcine pulmonary 

collagenous lectins, SP-A and SP-D, are, when compared to their homologues in other species, 

especially capable of inhibiting hemagglutination of IAV, facilitated by a unique asparagine-
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linked oligosaccharide in their CRDs (van Eijk et al., 2012, 2003). The binding affinities of the 

remaining porcine collagenous lectins have not been directly examined. 

  After showing that porcine collagenous lectins could bind various pathogens, and in 

combination with observation that some pigs succumbed to infectious disease more readily than 

others, the role of the genetics of the collagenous lectins was explored. Three SNPs were 

identified in MBL1, one of which (G271T) is predicted to disrupt trimer formation (Lillie et al., 

2006b). It was subsequently shown that the presence of this SNP in a population of pigs is 

associated with decreased serum concentrations of MBL-A (Juul-Madsen et al., 2011). The 

promoter region of MBL2 contains several point mutations that are associated with decreased 

MBL2 expression, with one mutation (G1081A) having a marked association with expression 

levels (Lillie et al., 2007). In a large population of normal and diseased pigs subsequently 

screened for the presence of these alleles, pigs with pneumonia, enteritis, serositis, or septicemia 

were almost twice as likely to carry the allele as were normal pigs (Lillie et al., 2007). Finally, 

recent work in Rongchang pigs, an indigenous Chinese breed, showed that a 9 bp deletion in 

exon 2 of SFTPA1 was associated with pulmonary edema in a model of acute respiratory distress 

syndrome (Zhang et al., 2015). 

1.2.7 Cattle 

Some of the most detailed work on bovine collagenous lectins revolves around their 

involvement in an infectious disease that is of little concern to the species: influenza A virus 

(IAV). The bovine specific CL-43, CL-46, and CGN have well characterized anti-viral activity 

against IAV, a virus which does not appear to successfully infect cattle. Conglutinin aggregates 

and opsonizes IAV, and inhibits viral infectivity (Hartshorn et al., 1993), while CL-43 strongly 

enhances neutrophil uptake of IAV (Hartshorn et al., 2002). CL-46 neutralizes virus infectivity, 
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inhibits viral induced hemagglutination, aggregates IAV, and increases neutrophil uptake of IAV 

(Hartshorn et al., 2010a, 2010b). In contrast, in an experimental model of an important bovine 

pathogen, Mycobacterium bovis, type II pneumocytes had increased immunolabeling for SP-A as 

compared to controls (Beytut, 2011), demonstrating a potential response to the pathogen, but the 

contribution of SP-A to the overall immunopathogenesis is still unknown. 

There is limited information regarding the genetics of the bovine collagenous lectins. The 

plasma concentration of conglutinin is variable and heritable, and low levels are associated with 

a predisposition to infection (Holmskov et al., 1998). Proteomic analysis of endometrial tissue in 

cows with and without endometritis identified increased levels of CL-43, however, expression of 

CL43 mRNA was not detected, suggesting the increase may have been from circulating CL-43 

expressed elsewhere (Choe et al., 2010). Whole transcriptome analysis of cattle with a parasite-

resistant phenotype revealed higher levels of expression of CL46  when compared to parasite-

susceptible cattle, but again, the underlying mechanism(s) leading to increased expression are 

still unknown (Li et al., 2011). Theoretically, in depth analysis may identify regulatory or 

promoter mutations (similar to those found in MBL2 of pigs) associated with CL46 expression. 

Several studies have implicated the polymorphisms in collagenous lectins with mastitis in 

Chinese Holstein cattle, and these are reviewed further in the discussion on bovine mastitis. 

 There are several significant infectious diseases in which the bovine collagenous lectins 

might play an important immunological role. Bovine respiratory disease (BRD) is a significant 

cause of morbidity, mortality, and economic loss within the cattle industry (Patrick, 2009; Taylor 

et al., 2010). In the U.S.A. alone, BRD is estimated to cost approximately $500 million USD per 

year (Miles, 2009). The current approaches to the control of BRD have not been entirely 

effective, and have focused primarily on pathogen control rather than host immunity (Miles, 
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2009). Novel approaches targeting host immunity may present an effective alternative means of 

controlling BRD. The role of collagenous lectins in pulmonary disease is especially intriguing in 

cattle, as they uniquely possess three evolutionary descendants of SP-D (conglutinin, CL-43, and 

CL-46) which have been implicated in the defense against primary pulmonary pathogens such as 

influenza A virus (Hartshorn et al., 2010b, 2002, 1993).  

 Bovine respiratory disease frequently involves multiple factors, including 

immunodeficiency, stress, and infectious agents. The most common agents isolated from cases of 

BRD are Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, Mycobacterium 

bovis, Trueperella pyogenes, Mycoplasma bovis, bovine viral diarrhea virus (BVDV), 

parainfluenza-3, bovine respiratory syncytial virus (BRSV), and bovine herpesvirus 1 (infectious 

bovine rhinotracheitis) (Maxie, 2015; Panciera and Confer, 2010; Taylor et al., 2010). 

 M. haemolytica, P. multocida, and H. somni are gram-negative bacteria of the family 

Pasteurellaceae. Although no studies have specifically investigated the interactions between 

collagenous lectins and these bacteria in cattle, several studies have demonstrated the effects of 

lectins on gram-negative bacteria of the Pasteurellaceae family in animals (Brooks et al., 2003a, 

2003b, Lillie et al., 2006a, 2005). Bovine parainfluenza 3 virus (bPI3) and bovine respiratory 

syncytial virus (BRSV) are both members of the Paramyxoviridae family. On their own, these 

pathogens generally cause only mild pneumonia in young calves, however, they are frequently 

complicated by secondary bacterial infections (Ellis, 2010; Gershwin, 2012). Both viruses are 

enveloped and encode multiple membrane bound glycoproteins critical to viral attachment and 

cellular infection (Ellis, 2010; Gershwin, 2012). Investigations focusing on the innate immune 

response in cattle to these pathogens are sparse, though BRSV has been shown to activate TLR-4 

in vitro (Lizundia et al., 2008). Supporting evidence from studies on human respiratory syncytial 
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virus (HRSV), however, have shown that hSP-A and hSP-D bind viral envelope proteins and 

significantly reduce viral load in a murine model (Ghildyal et al., 1999; Hickling et al., 1999). 

An experimental model of RSV infection in sheep used BRSV to infect lambs, and noted marked 

increases in both SFTPA and SFTPD mRNA expression in airway epithelial cells following 

challenge (Kawashima et al., 2006).   

 Bovine herpesvirus 1 (bHV1) is a large, double-stranded DNA α-herpesvirus of the 

Herpesviridae family. It is the causative agent of infectious bovine rhinotracheitis and can also 

cause immunosuppression leading to secondary bacterial bronchopneumonia (Levings and Roth, 

2013). The virus encodes 12 membrane bound proteins, 10 of which are glycosylated (Levings 

and Roth, 2013). The proteins are variably N- and O- glycosylated, and share a high degree of 

structural and functional conservation amongst herpesviruses (Turin et al., 1999), but the glycan 

structures might differ among species. The role of lectins in the defense against bHV1 is 

unknown, though MBL deficiencies are more common in human patients with herpes simplex 

virus-associated meningitis (Eisen and Minchinton, 2003). Whether a similar association exists 

in cattle with bHV1 is as yet unknown. 

 Bovine viral diarrhea virus (BVDV) is arguably one the most important pathogens in 

cattle. Although not a cause of primary respiratory disease, the virus infects and functionally 

impairs leukocytes. The subsequent immunodepression is a frequent cause of secondary bacterial 

pneumonia (Panciera and Confer, 2010). BVDV is an enveloped virus (family Flaviviridae, 

genus Pestivirus) with a positive sense, single-stranded RNA genome encoding up to fourteen 

proteins (Neill, 2013). Two of these proteins, E1 and E2, are membrane bound glycoproteins 

accessible to the immune system. Each of these proteins contain N-linked oligosaccharides 

critical to the replication of the virus (Donis and Dubovi, 1987).  
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 All of the above described bovine viruses contain glycosylated proteins within their 

envelopes which are exposed to various circulating or cell-associated collagenous lectins. It is 

thus reasonable to hypothesize that some collagenous lectins might recognize glycans of some of 

these pathogens. However, further studies are needed to assess the ability of particular lectins to 

bind and neutralize viruses with envelope glycans generated in bovine cells. 

 Mastitis is a significant cause of morbidity and economic loss to the dairy cattle industry 

(Halasa et al., 2007; Heikkilä et al., 2012; Schepers and Dijkhuizen, 1991). Within Canadian 

dairy herds, the most common causes of mastitis are Staphylococcus aureus, Escherichia coli, 

and Streptococcus uberis (Olde Riekerink et al., 2008). Pathogens establish infection in the teat 

cistern, where microbial PAMPS are recognized by PRRs, including TLR-2 and TLR-4 

(Goldammer et al., 2004), resulting in the production of IL-1β, TNF-, and the recruitment of 

large numbers of neutrophils. The alternative pathway of the complement system is activated in 

milk and opsonizes bacteria, and recruits and activates neutrophils (Rainard, 2003). Interestingly, 

the classical complement pathway is virtually non-existent in the bovine mammary gland, where 

little to no C1q is present. Although there is no specific mention of the lectin pathway of the 

complement system, it seems unlikely to be active, as an analysis of the proteome of normal and 

mastitic bovine milk did not find the presence of the requisite molecules, including the MBLs, 

CL-11, the FCNs, MASP-1 or -2 (lectin pathway) (Reinhardt et al., 2013). However, the same 

analysis found that CL-12, the collagenous lectin capable of activating the alternate pathway of 

complement, was present in milk. 

 A series of studies have highlighted the potential relevance of collagenous lectins in 

bovine mastitis. A marked decrease in the serum levels of both CGN and MBL-C is associated 

with mastitis in cattle, and both proteins were shown to recover to levels seen in unaffected 
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animals upon clearance of infection, suggesting that decreased protein levels were a response to, 

and not cause of, mastitis (Akiyama et al., 1992). More recent work has described associations 

between increased somatic cell score (SCS) and two SNPs (c.2534G>A and c.2651G>A) in exon 

2 of bovine MBL1 (bMBL1) (C. Wang et al., 2011; Yuan et al., 2012). Another SNP in the 

promoter region of bMBL1 (c.1330G>A) was associated with decreased SCS, possibly indicating 

a marker of mastitis resistance (Liu et al., 2011). The same group described four SNPs in bovine 

MBL2, c.201G>A, c.234C>A, c.1197C>A, and c.1164G>A, which were significantly associated 

with SCS (Wang et al., 2012; Zhao et al., 2012). The effects of these SNPs on protein 

expression, structure, and function were not evaluated. A study on MASP2 similarly found that 

the missense mutation, c.533G>A, was associated with increased SCS (Wu et al., 2015). 

However, there is little information directly linking collagenous lectins and host defense against 

mastitis. Given this information, it is possible that the bMBL1 and bMBL2 genes are linked to 

other genes relevant to the immunological response to mastitis.  

1.2.8 Horses 

 The equine collagenous lectins are perhaps the least characterized of the three species 

discussed in this thesis. As in cattle and pigs, infectious diseases are a significant concern in 

horses, and investigation into predisposing factors is a valuable endeavor. The respiratory and 

gastrointestinal systems of horses are two of the most commonly affected by infectious diseases. 

Inflammatory airway disease (IAD) is a significant source of economic loss and 

morbidity in the thoroughbred racing industry (Wilsher et al., 2006). IAD may be either 

infectious or non-infectious in origin. Common infectious agents include Actinobacillus spp., 

Streptococcus equi var zooepidemicus, Rhodococcus equi., equine influenza A virus, and equine 

herpesvirus 4 (Maxie, 2015). Little research into the role of collagenous lectins and equine 
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infectious respiratory disease has been performed, though both SP-A and SP-D have been 

isolated from the bronchoalveolar lavage fluid (BALF) of horses (Hobo et al., 1999a, 1999b). 

Interestingly, in one study of experimental S. zooepidemicus infection, SP-D expression initially 

rose before tapering off, mirroring the response of the acute phase proteins fibrinogen and serum 

amyloid A (Hobo et al., 2007), suggesting that SP-D plays a role in the defense against S. 

zoopepidemicus, and potentially a broader role in the innate defense of the airways against 

infectious agents. 

 Reactive airway obstruction (RAO), also known as equine asthma (Lavoie, 2015), is a 

non-infectious cause of respiratory disease in horses. RAO shares a number of similar 

pathophysiological features with human allergic asthma, making it an attractive target for 

translational research (Leclere et al., 2011). Studies in rodent models of allergic asthma have 

demonstrated a potential immunomodulatory role for SP-D (Qaseem et al., 2013). The 

immunologic hallmark of human allergic asthma is an exuberant TH2 cell response, characterized 

by increased levels of IL-13, IL-4, IL-5, IL-6, mast cells and eosinophils (Qaseem et al., 2013). 

In rodent models of asthma, challenge with an allergen produced an increase in SP-D levels, 

while administration of exogenous SP-D prior to airway challenge led to an increase in 

protective type 1 cytokines (IFN-, IL-10, IL-12) and decreased airway hyperresponsiveness 

(Takeda et al., 2003). Eventually, a putative feedback loop was identified between the TH2 

polarizing cytokine IL-13 and SP-D (Haczku et al., 2006). Increased levels of IL-13 lead to an 

increase in SP-D levels, which in turn negatively feeds back on IL-13, creating a regulatory loop. 

Decreased IL-13 and increased SP-D shifts T-cell polarization away from an asthmatogenic type 

2 response and towards a protective type 1 response (Qaseem et al., 2013). Thus, the rise in SP-D 

noted after allergic challenge in rodents may be a protective counter-regulatory response. 
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 It is unknown whether SP-D plays a similar role in horses with RAO. In a single study on 

horses with non-infectious IAD, affected horses had significantly higher SP-D levels than normal 

controls (Richard et al., 2012). These preliminary results suggest a potential role for SP-D in 

equine non-infectious respiratory disease. Further work, however, is needed to fully characterize 

the immunomodulatory effect of SP-D in equine reactive airway obstruction.  

 Equine enteritis is an important cause of colic, a costly and frequent issue of horses 

(Egenvall et al., 2008; Feary and Hassel, 2006). Enteritis may be caused by a wide range of 

pathogens, including various Salmonella spp., Lawsonia intracellularis, Clostridium difficile, C. 

perfringens, and strongyle parasites (Feary and Hassel, 2006). To date, the role of collagenous 

lectins in equine enteritis has gone unstudied. Data from studies in other species, however, 

suggest that collagenous lectins might play a role in mucosal immunity of the gastrointestinal 

tract. Human gastrointestinal mucosa expresses SP-D, and significantly more SP-D is expressed 

in gastric pits infected with Helicobacter pylori (Murray et al., 2002). An experiment using 

knockout mice deficient in SP-A showed that SP-A helps protect against gastrointestinal graft-

versus-host disease by immunomodulating the T-cell response (Gowdy et al., 2012). At the 

population level, a variety of SNPs in SFTPD were highly associated with the presence of 

Crohn’s disease in humans (Lin et al., 2011). Although these studies provide only weakly 

associative evidence, they provide a basis of a role for the surfactant proteins in mucosal 

immunity of the gastrointestinal tract, and justify preliminary investigations on the role of 

collagenous lectins in equine enteritis.  

1.3 Methods of Investigating the Genetics of Infectious Disease 

 Infectious disease pathophysiology is frequently represented as a triad of interrelated 

factors: the host, agent, and the environment, each contributing important aspects to the 
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development of disease. Investigating the genetic basis of infectious disease susceptibility 

centers on the host, and is dependent on a well-defined host phenotype. The phenotype is 

composed of both genetic and environmental factors, and the degree to which a phenotype is 

dominated by the genetic portion is known as heritability. Thus, a good candidate trait for 

genetic investigation (with respect to selective breeding) should be significantly heritable. In 

addition, a suitable trait should harbor some amount of economic, welfare, or production 

importance. Traits can be inherited in a mono- or polygenic fashion, though generally complex 

phenotypes such as disease resistance are polygenic. Although there is a degree of subjectivity in 

the evaluation of these parameters, a scoring system based on six categories was devised to help 

prioritize infectious diseases impacted by genetically-determined variation to resistance (Davies 

et al., 2009). These criteria included industry concern, economic impact, public concern, food 

safety and zoonotic threat, animal welfare, and threat to international trade (Davies et al., 2009). 

In cattle, mastitis was ranked highly, and was followed by a variety of enteric and respiratory 

infections. In pigs, E. coli and porcine respiratory and reproductive syndrome virus (PRRSV) 

ranked highest, followed by a variety of other bacterial and viral conditions (Davies et al., 2009). 

Horses were not evaluated. For some of these conditions (e.g. mastitis in cattle, PRRS and 

various bacterial infections of pigs), there is evidence supporting the involvement of the 

collagenous lectins, while for others, a role for the collagenous lectins can be reasonably 

hypothesized based on a) their ability to bind a broad range of pathogens and b) supportive 

evidence from other species (primarily humans) (discussed in section 1.2.5. Genetics and the 

Role of the Collagenous Lectins in Infectious Disease). 

 There are various strategies for the investigation of the genetic basis of infectious disease 

resistance. Historically, specific genes were targeted, laboriously sequenced in multiple animals 
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through Sanger sequencing of PCR amplicons, variants were manually identified, and 

associations with disease phenotype(s) were calculated (Lillie et al., 2007). Modern approaches 

instead make use of high-throughput technology, often targeting tens to hundreds of thousands of 

SNPs across a wide range of genes, offering a non-biased approach to the association of variants 

and disease phenotypes. Genome-wide association studies (GWAS) make use of high density 

SNP arrays to profile pre-defined variants, often in a population of cases and controls (Goddard 

and Hayes, 2009). Occasionally, these studies directly identify variants influencing the disease 

under investigation, but more commonly the results instead implicate entire genes or regions 

within a chromosome, which are known as quantitative trait loci (QTL). The identification of 

disease associated QTL is then followed by more detailed examination (fine-mapping) to identify 

specific, causative mutations. 

 GWAS has been used to investigate infectious disease resistance in livestock. In pigs, the 

host genetics of PRRS resistance has been well studied. GWAS identified a locus associated with 

PRRS in swine on chromosome 4 (ssc4) (Boddicker et al., 2014), and eventually fine-mapping 

identified an intronic SNP in an innate immune protein, guanylate binding protein 5 (GBP5), that 

led to an alternative transcript with a premature stop codon, and thus decreased levels of GBP5 

(Koltes et al., 2015). In cattle, GWAS identified variants in cattle with high and low immune 

responses (Thompson-Crispi et al., 2014), illustrating the broad influence of genetics on the 

immune system, and indirectly, on disease resistance. GWAS studies have identified resistance 

loci to specific pathogens, such as Mycobacterium bovis (Bermingham et al., 2014), and have 

made progress in defining risk loci for BRD (Neibergs et al., 2014; van Eenennaam et al., 2014) 

and mastitis (Sender et al., 2013). Genomic studies in horses have tended to focus primarily on 

athletic performance traits, however, an equine 50k SNP array was used to investigate the 
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pathogenesis of latent equine arteritis virus infection in stallions, and identified several missense 

mutations in equine CXCL16 associated with infection (Sarkar et al., 2016). The same array was 

used to evaluate the susceptibility of horses to bovine papillomavirus, the causative agent of 

equine sarcoids, and identified QTLs on chromosomes 20 and 22, including one associated with 

an MHCII related gene (Staiger et al., 2016).   

  The decreasing cost of next-generation sequencing (NGS) is providing an alternative 

approach to high density SNP arrays. Whole genome sequencing (WGS) and whole exome 

sequencing (WES) are two powerful applications of NGS to the discovery of novel or disease-

causing mutations. Although WGS bypasses the need for fine-mapping of a gene within a QTL, 

WGS of the large number of animals required for GWAS is still beyond the economic grasp of 

many laboratories, and exome capture is not available for all species of livestock (and can also 

be cost prohibitive). A modified approach is to selectively target and enrich regions of interest in 

the genome for sequencing. While this provides the advantage of reducing the required 

sequencing capacity, it also carries the disadvantage of requiring a more laborious and 

technically demanding sequencing library preparation, along with restricting short nucleotide 

variant (SNV) detection only to pre-defined DNA sequence. It does, however, sequence a much 

greater number of SNVs within the targeted region, thus allowing for a more detailed 

examination of the region of interest. Relatively few studies have used targeted sequencing to 

investigate the host genetics of infectious disease resistance in animals. A study on cattle native 

to India identified variants within the exomes of a subset of innate immune genes, however, all 

animals were healthy (Patel et al., 2015), thus no associations with disease were made. Including 

animals with infectious diseases can increase the likelihood that variants associated with disease 

resistance are found.  
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Variants associated with a trait of interest can then be used to inform breeding programs. 

In marker-assisted selection, livestock are genotyped for variants of interest, and those with 

beneficial genotypes are selected for breeding. Markers can be specific, causative alleles, with a 

known impact on the phenotype, or they may be present in QTL associated with a phenotype and 

assumed to be in linkage disequilibrium with a causative allele (Dekkers, 2004). A classic 

example of successful selective breeding approaches include the nearly complete removal of 

bovine leukocyte adhesion deficiency from Holstein dairy cattle, caused by a mutation to the 

gene encoding CD18 (ITGB2) (Dekkers, 2004; Shuster et al., 1992). Selecting for complex, 

polygenic traits that are difficult to quantify, such as immunological fitness, is more difficult. 

Identifying variants associated with such traits is frequently done through a candidate gene 

approach, in which genes with suspected involvement in the trait are examined in detail. 

1.4 Conclusion and Research Proposal 

 Collagenous lectins, and more broadly, the innate immune system, are critical in the 

immune response of animals to a variety of pathogens, which represent major causes of 

morbidity and mortality in cattle, horses, and pigs. The role of collagenous lectins is exemplified 

by the manifestation of disease in pigs and humans who lack, or who have dysfunctional, 

proteins, usually as the result of an underlying genetic mutation. Their relative contribution to 

infectious disease susceptibility in cattle and horses, however, remains poorly defined. Similarly, 

though the role of the collagenous lectins MBL1, MBL2, and FNC1 have been documented in 

swine, there are gaps in knowledge surrounding the role of the remaining collagenous lectins, 

along with other innate immune genes, and their contributions to the genetics of infectious 

disease resistance. 
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This thesis proposes to investigate the role genetic variation plays in the resistance to 

common infectious diseases of livestock, specifically horses, cattle, and swine. In horses and 

cattle, the focus will be primarily on the collagenous lectin and associated MASP genes, while in 

swine, the investigation will encompass a broader set of genes in the innate immune system.   
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1.4.1 Objectives 

 To identify, via targeted NGS, mutations in the collagenous lectin genes and associated 

regulatory DNA of horses and cattle, and in a larger subset of innate immune genes in 

swine. 

 To determine if genetic variants in collagenous lectins of cattle and horses are more 

frequent in animals with evidence of infectious disease. 

 To perform in silico predictions on the functional impact of any identified single 

nucleotide variants (horses, cattle) within the coding region, promoter region, and 3 

UTR. 

 Identify SNVs associated with altered hepatic expression of innate immune genes in 

swine (expression quantitative trait loci (eQTL)).  

 Determine whether significant eQTL are associated with infectious diseases of swine. 

1.4.2 Hypotheses 

1) There is substantial genetic variation within the collagenous lectin genes of horses and cattle. 

2) Variant density will be lowest in the coding regions and regions with significant functional 

roles. 

3) Some variants will be more or less frequent within populations of animals diagnosed with or 

without infectious diseases. 

4) There are significant local, cis-acting eQTL within the porcine innate immune genes. 

5) Some eQTL will be significantly more frequent within pigs diagnosed with an infectious 

disease as compared to normal, healthy control animals. 
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Chapter 2: Identification of Genetic Variation in Equine 

Collagenous Lectins Using Targeted Resequencing 

 

This chapter corresponds to the following manuscript currently under review: 

Fraser, RS, Arroyo, LG, Meyer, A, Lillie, BN, 2018. Identification of genetic variation in equine 

collagenous lectins using targeted resequencing. Vet Immunol and Immunopathol.  
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2.1 Abstract 

Collagenous lectins are a family of soluble pattern recognition receptors that play an 

important role in innate immune resistance to infectious disease. Through recognition of 

carbohydrate motifs on the surface of pathogens, some collagenous lectins can activate the lectin 

pathway of complement, providing an effective means of host defense. Genetic polymorphisms 

in collagenous lectins have been shown in several species to predispose animals to a variety of 

infectious diseases. Infectious diseases are an important cause of morbidity in horses, however 

little is known regarding the role of equine collagenous lectins. Using a high-throughput, 

targeted re-sequencing approach, the relationship between genetic variation in equine 

collagenous lectin genes and susceptibility to disease was investigated. DNA was isolated from 

tissues obtained from horses submitted for post-mortem examination. Animals were divided into 

two populations, those with infectious diseases (n = 37) and those without (n = 52), and then 

subdivided by dominant pathological process for a total of 21 pools, each containing 4-5 horses. 

DNA was extracted from each horse and pooled in equimolar amounts, and the exons, introns, 

upstream (approximately 50 kb) and downstream (approximately 3 kb) regulatory regions for 11 

equine collagenous lectin genes and related MASP genes were targeted for re-sequencing. A 

custom target capture kit was used to prepare a sequencing library, which was sequenced on an 

Illumina MiSeq. After implementing quality control filters, 4559 variants were identified. Of 

these, 92 were present in the coding regions (43 missense, 1 nonsense, and 48 synonymous), 

1414 in introns, 3029 in the upstream region, and 240 in the downstream region. In silico 

analysis of the missense SNVs identified 12 mutations with potential to disrupt collagenous 

lectin protein structure or function, 280 mutations located within predicted transcription factor 

binding sites, and 95 mutations located within predicted microRNA binding elements. Analysis 

of allelic association identified 113 mutations that segregated between the infectious and non-
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infectious populations. The SNVs discovered in this survey represent potential genetic 

contributors to disease susceptibility of horses, and might serve as candidates for further 

population-level genotyping. This study contributes to the growing body of evidence that pooled, 

high-throughput sequencing is a viable strategy for cost-effective SNV discovery. 

Keywords: Collagenous lectins, equine, infectious diseases, innate immunity, next-generation 

sequencing, pooled sequencing 
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2.2 Introduction 

Infectious diseases are a significant cause of morbidity and mortality in horses, and the 

negative impact on their performance can have significant economic consequences for those in 

the equine industry. Identifying genetic causes of infectious disease susceptibility can help 

reduce the impact of infectious diseases on performance, and help mitigate the unnecessary use 

of antimicrobials. Collagenous lectins are a group of evolutionarily conserved pattern recognition 

proteins with important roles in the innate immune system, and deficiencies in the collagenous 

lectins are associated with increased susceptibility to infectious diseases in a range of species 

(Fujita, 2002; Holmskov et al., 2003; Lillie et al., 2005).  

The most well-known of the collagenous lectins are the surfactant proteins A and D, 

while others in the group include mannose (mannan) binding lectin 1 and 2, the ficolins, and a 

species-dependent number of other collectins. The basic structural unit of all collagenous lectins 

is a trimer composed of three polypeptides, which then form variable higher order structures. 

Each polypeptide is composed of an N-terminal domain, collagen-like domain (CLD), a neck 

region, and a C-type lectin carbohydrate recognition domain (CRD) (collectins) or fibrinogen-

like domain (FBG) (ficolins) (Holmskov et al., 2003). The N-terminal domain contains 1 - 3 

cysteine residues that stabilize trimer formation (Drickamer et al., 1986; Ohashi and Erickson, 

2004). The CLD is composed of a variable number of repeating Gly-X-Y residues that result in a 

triple-helix formation upon trimer formation (Colley and Baenziger, 1987), and the short neck 

region composed of heptad repeats is required for trimer formation (Zhang et al., 2001). Finally, 

the CRD (Weis et al., 1992) or FBG (Garred, 2008) is the site of ligand binding. 

After binding of carbohydrate motifs on the surface of pathogens, certain collagenous 

lectins can activate the lectin pathway of complement (Fujita et al., 2004b; Matsushita, 2010), 
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agglutinate (Ferguson et al., 1999; Hartshorn et al., 1997) or opsonize pathogens (Kuhlman et al., 

1989; Pikaar et al., 1995; van Iwaarden et al., 1991). The activation of the lectin pathway of 

complement relies on five splice variants derived from the MASP1 and MASP2 genes, consisting 

of the serine proteases MASP-1, MASP-2 and MASP-3 that are analogous with the serine 

proteases in the classical complement pathway, C1s and C1r , along with two non-enzymatic 

proteins, sMAP and MAP-1 (Ma et al., 2013). 

Genetic variants in the collagenous lectins have been linked to increased susceptibility to 

both infectious and non-infectious diseases in multiple species. In humans, three coding and 

three promoter mutations in MBL2 have been well characterized (Lipscombe et al., 1995; 

Madsen et al., 1994; Steffensen et al., 2000; Super et al., 1989) and certain haplotypes are 

associated with a variety of infectious diseases, including childhood respiratory infections, HIV, 

hepatitis B and C, and meningococcal disease (Minchinton et al., 2002; Super et al., 1989). 

Several polymorphisms in FCN2 are associated with lower circulating levels of FCN-2, but it is 

unclear whether this predisposes to disease (Hummelshoj et al., 2005). Mutations in the MBL2, 

FCN2, and MASP2 genes have been associated with increased risk of sepsis in humans 

(Bronkhorst et al., 2013). In pigs, a point mutation in the promoter region of MBL2, which 

encodes the MBL-C protein, (rs80823244:G>A) was associated with a significantly decreased 

level of expression (Lillie et al., 2006b), and this mutation was twice as frequent in animals 

suffering from pneumonia, enteritis, serositis, or septicemia (Lillie et al., 2007). In cattle, 

mutations in MBL1 and MBL2 are associated with somatic cell score, an indicator of mastitis (C. 

Wang et al., 2011; Wang et al., 2012). 

Relatively little is known about equine collagenous lectins. Three collagenous lectins 

(MBL-C, SP-A, SP-D) have been biochemically characterized in the horse (Hobo et al., 1999a, 
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1999b; Podolsky et al., 2006). Low levels of MBL-C were significantly associated with 

infectious disease in one study, while serum levels of SP-D were increased in an experimental 

model of Streptococcus zooepidemicus infection (Hobo et al., 2007; Podolsky et al., 2006). Most 

recently, a study found moderately increased levels of circulating SP-D in horses suffering from 

non-infectious inflammatory airway disease (Richard et al., 2012). To date, no investigations on 

genetic variation in equine collagenous lectins have been performed. Given that genetic variants 

in the collagenous lectin genes of other species have a demonstrated impact on susceptibility to 

infectious disease, we hypothesized that similar differences exist in equine collagenous lectin 

genes that may contribute to variable resistance to infectious diseases in horses.   

To investigate this, we used a pooled, high-throughput, targeted re-sequencing approach 

to identify genetic variants in the equine collagenous lectins in a population of 89 horses with a 

mix of infectious and non-infectious disease processes. Pooled sequencing is a cost-effective and 

accurate method of discovering sequence variants as well as determining population-level allele 

frequencies (Mullen et al., 2012; Schlötterer et al., 2014). Rather than generating sequence 

information for individual animals, pooled sequencing combines the genetic material of multiple 

animals sharing a similar phenotype and identifies variants and generates an accurate estimate of 

allele frequency (Gautier et al., 2013).  

We identified potentially deleterious genetic variants in the genes themselves, and in the 

upstream and downstream regulatory regions through in silico analysis. Additionally, variants 

associated with infectious disease were identified by comparing estimated allele frequencies in 

horses diagnosed with infectious diseases to horses lacking any evidence of infectious disease. 

These variants can serve as candidate quantitative trait nucleotides (QTN) for infectious disease 

susceptibility in horses. 



43 

 

2.3 Materials and Methods 

2.3.1 Animal Selection and Pooling 

DNA from horses (n = 89) presenting to the Ontario Veterinary College (OVC) or 

Animal Health Laboratory (AHL) post-mortem services at the University of Guelph was used for 

sequencing. Horses underwent a complete post-mortem examination or had a detailed clinical 

history. Post-mortem examinations were performed under the supervision of a veterinary 

anatomic pathologist certified by the American College of Veterinary Pathologists. Horses were 

broadly classified into two populations, Infectious and Non-Infectious, based on evidence of an 

infectious disease process diagnosed at post-mortem. Where appropriate, ancillary diagnostic 

testing, such as bacterial culture or pathogen-specific PCR, was performed to confirm the 

presence of pathogens. Horses were then subdivided into 21 groups of 3-5 animals (as dictated 

by the composition of cases) (Table 2.1). Grouping of animals was based on the presence or 

absence of a condition that might be affected by genetic mutations in the collagenous lectins and 

related genes. The collagenous lectins respond to a wide variety of pathogens, including bacteria, 

viruses, and fungi (Keirstead et al., 2011; Lillie et al., 2005); inclusion in the study was thus not 

limited to a single type or species of pathogen. Thirty-four horses had a primary diagnosis of an 

infectious disease and were divided into 8 groups. This included horses with infections with no 

predisposing cause; horses with infectious diseases resulting from gastrointestinal accidents, 

such as colonic rupture, were placed into the Non-Infectious groups, as even immunocompetent 

animals would be expected to succumb to infection in these cases. An additional subgroup of 3 

horses diagnosed with reactive airway obstruction (RAO) was added to the Infectious population 

(total of 37 animals, 9 groups). Equine RAO is a condition similar to asthma, and has been 

suggested as an animal model of the human disease (Leclere et al., 2011). The collagenous lectin 

SP-D has been implicated in asthma in humans (Qaseem et al., 2013), as well as in non-
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infectious lower airway inflammatory disease in horses (Richard et al., 2012). Given the 

similarity between the two conditions and the possible role of a collagenous lectin in the disease 

pathogenesis, these animals were considered to have a condition potentially impacted by genetic 

mutations in collagenous lectins, and were included in the Infectious population. Fifty-two 

horses had no evidence of primary infectious disease (Non-Infectious) and were split into 12 

groups (4-5 horses/pool). The study population consisted of 32 Thoroughbreds, 14 

Standardbreds, and 43 horses from a variety of other breeds and crosses (Appendix 2.1).  
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Table 2.1. Categorization of horses by diagnosis obtained at post-mortem. 

Status Group Diagnosis Number of animals 

Non-Infectious Group 1 Wobbler (1) 5 

  Group 2 Wobbler (2) 5 

  Group 3 Fractures (1) 4 

  Group 4 Fractures (2) 4 

  Group 5 Myocardial disease 4 

  Group 6 Idiopathic disease 4 

  Group 14 Laminitis 4 

  Group 15 Gastrointestinal accident (1) 5 

  Group 16 Gastrointestinal accident (2) 5 

  Group 17 Gastrointestinal accident (3) 4 

  Group 19 Sudden infant death/abortion 4 

  Group 24 Miscellaneous 4 

       

Infectious Group 7 Streptococcal disease 4 

  Group 8 Equine Herpes Virus type 1 4 

  Group 9 Enteritis 4 

  Group 10 Septicemia 5 

  Group 11 Miscellaneous infections 4 

  Group 12 Bronchopneumonia 4 

  Group 13 Colitis 5 

  Group 18 Heaves 4 

  Group 20  Pneumonia 3 
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2.3.2 Sample Preparation 

Samples of liver, lung, or skeletal muscle were collected from each animal at post-

mortem and stored at -20 ˚C. DNA was extracted using a commercial column-based DNA 

extraction kit (QIAGEN DNeasy Blood and Tissue kit, Mississauga, ON, Canada) and sample 

concentration was evaluated via fluorometry (Qubit 2.0, Thermo Fisher Scientific, Mississauga, 

ON, Canada). The DNA from animals in each group was pooled in equimolar amounts to obtain 

a final concentration of 1 µg of DNA in 50 µl of low-EDTA buffer TE. Each pool of DNA was 

then acoustically sheared to a target range of 300 bp (peak incident power: 50, duty factor: 20, 

cycles per burst: 200, time: 175s)(Covaris M220, Woburn, MA, USA).  

Following acoustic shearing, each pool of DNA underwent end repair, A-tailing, and 

adapter ligation (including a unique index) using a KAPA Library Preparation Kit for Illumina 

Platforms (KAPA Biosystems, Wilmington, MA, USA) as per the manufacturer’s instructions, 

with the following exception: a single cleanup step was performed following adapter ligation. 

The cleanup was performed by adding 0.55X PEG/NaCL SPRI solution and only the DNA 

bound to the magnets was retained. The pools were then combined in equimolar amounts to 

create a single sequencing library.  

2.3.3 Target Enrichment and Sequencing 

The study was designed to capture exons, introns, and the upstream and downstream 

regulatory regions of the equine collagenous lectins and two MASP genes (Table 2.2). There are 

seven annotated equine collagenous lectins in the Ensembl database version 90; we identified a 

further three (MBL1, FCN1, and a similar gene noted here as FCN1-like) through sequence 

alignment. FCN1-like (ENSECAG00000024620) is composed of 4 exons that align to exons 6-9 

of FCN1. The 633 nt coding sequence of FCN1-like completely overlaps the 3ʹ end of the FCN1 



47 

 

coding sequence with 93 % sequence similarity, while the sequence identity between the 

overlapping portions of FCN1 and FCN1-like amino acid sequences is 88 %. BLAST searches of 

the first 5 exons of FCN1 did not identify any stretches of DNA with a similar sequence within 

the FCN1-like region. The predicted protein product of FCN1-like does not contain a CLD, 

instead consisting almost entirely of a FBG. Despite the absence of protein domains consistent 

with ficolin proteins, it was included in this study based on its current annotation as a gene in the 

EquCab 2.0 genome (note: the EquCab 3.0 was released following the complete analysis of the 

data), its high degree of similarity to FCN1, and its close genomic proximity to FCN1, 

suggesting it may be the product of a duplication event. 

The regulatory regions of the equine collagenous lectin genes are incompletely annotated. 

To investigate regulatory DNA, regions of up to ~50 kb upstream of the start and up to ~3 kb 

downstream of the end of gene were included, with upstream and downstream targeted regions 

adjusted to avoid overlap with unrelated nearby genes, such as occurs in the collectin locus, 

which in horses includes SFTPA1, MBL1, and SFTPD clustered on chromosome 1. Target 

coordinates were obtained from the EquCab 2.0 genome (Wade et al., 2009) hosted by 

University of Santa Cruz, California (Karolchik et al., 2004), and custom target enrichment 

probes were designed by Nimblegen (Roche, Wisconsin, USA). In total, 658 kb of DNA was 

targeted for re-sequencing (Table 2.2). Target enrichment was performed using a SeqCap EZ 

Developer Enrichment Kit as per the SeqCap EZ Library SR User’s Guide v.4.2. Following 

enrichment, the library was sequenced using MiSeq Reagent Kit v3 (600-cycle) sequencing 

chemistry on an Illumina MiSeq (San Diego, California, USA).
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Table 2.2. Genomic coordinates (based on EquCab 2.0) of the regions targeted for resequencing. 

Gene name Ensembl gene ID Chromosome Target start (bp) Target end (bp) Total sequenced 

MBL2 ENSECAG00000018357 1 43,242,494 43,299,035 56,541 

SFTPA11 ENSECAG00000018767 1 

88,892,827 89,006,558 113,731 MBL11 ENSECAG00000023001 1 

SFTPD1 ENSECAG00000006706 1 

FCN3 ENSECAG00000014857 2 28,409,278 28,419,936 10,658 

MASP2 ENSECAG00000021756 2 40,412,424 40,446,898 34,474 

COLEC12 ENSECAG00000018963 8 40,892,387 40,987,322 94,935 

COLEC10 ENSECAG00000018266 9 62,213,522 62,301,779 88,257 

COLEC11 ENSECAG00000017488 15 88,547,816 88,602,733 54,917 

MASP1 ENSECAG00000008259 19 25,141,928 25,256,816 114,888 

FCN1-like2,* ENSECAG00000024620 25 
36,785,097 36,875,451 90,354 

FCN12 ENSECAG00000000436 25 
1,2 The genes within these groups are in close proximity on the same chromosome, thus only a single target region was generated for 

each. 

* FCN1-like is an unnamed gene predicted by Ensembl with close sequence and protein homology to FCN1. 
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2.3.4 Bioinformatic Analysis of Sequencing Data 

Indexed reads were separated into their respective groups and preliminary metrics were 

generated using FASTQC (Andrews, 2010). Trimmomatic v.0.36 (Bolger et al., 2014) was used 

to retain reads with a minimum length of 75 and an average Phred score of 20 over a 5 bp sliding 

window. Reads were aligned to the EquCab 2.0 genome using the BWA-MEM algorithm of the 

Burrows-Wheeler Aligner (BWA) v.0.7.5 (Li and Durbin, 2009). PCR and optical duplicates 

were removed using Picard v.1.127 (http://broadinstitute.github.io/picard). The Genome 

Analysis Toolkit (GATK) Best Practice Guidelines were followed (DePristo et al., 2011; van der 

Auwera et al., 2013) and GATK v.3.6 was used for in/del realignment and base score 

recalibration, resulting in a single, analysis ready BAM file for each pool. The ploidy of each 

group was manually specified where required. 

Variants were called using the joint genotyping protocol described by the GATK Best 

Practice Guidelines, and filtered using separate hard filtering parameters for single nucleotide 

polymorphisms and insertions/deletions. A minimum of four variant alleles across the entire 

study population was required to call a variant in order to reduce errors while minimizing false 

negatives. Mixed and multiallelic variants were excluded and known variants were obtained 

from dbSNP build 144 (Sherry, 2001). Variant annotation was performed with SnpEff v.4.2 

using the EquCab2.82 annotation database (Cingolani et al., 2012). 

2.3.5 Variation Rate 

To estimate the intergenic and intragenic rates of variation, we first calculated the total 

number of bases in our target regions that were sequenced to a minimum depth of 5x per animal 

(445x total). GATK was used to output the depth of coverage for each base in our target 

coordinates. The output was cross-referenced to an annotation file containing detailed genomic 
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coordinates obtained from Ensembl (Yates et al., 2016). The untranslated regions (UTRs) of 

most equine collagenous lectins are either incompletely or totally unannotated; to maintain 

consistency between genes we thus defined our regions of analysis as the coding sequence (CDS: 

the start codon to the stop codon), introns, downstream, and upstream DNA. The 50 kb of 

targeted upstream sequence was split into two regions: the 5 kb proximal to the start codon of the 

targeted genes was separated from the remaining (up to) 45 kb of upstream DNA. Downstream 

sequence was defined as the (up to) 3 kb downstream from the stop codon. The same coordinates 

were used to determine the number of variants in each region. Of note, MBL1 is 6.87 kb 

downstream of SFTPA1. Variants occurring within, upstream, and downstream of SFTPA1 were 

considered to have the potential to affect the expression of MBL1. Variants that occurred in 

overlapping areas were counted once to generate the total number of variants discovered, but 

were counted separately to generate counts for regional and gene totals for SFTPA1 and MBL1.  

2.3.6 In Silico Prediction of Functional Effects 

All missense mutations were analyzed using both Polyphen2 (Adzhubei et al., 2010) and 

SIFT (Sim et al., 2012). For Polyphen2, a database comprised of protein sequences 

corresponding to our genes of interest was obtained from the Ensembl database and the 

algorithm was run in batch mode at default settings. For SIFT, variants were input into the 

Variant Effect Predictor of Ensembl and run at default settings.  

Promo3 was used to identify potential transcription factor binding sites (TFBSs) in the 5ʹ 

promoter region (defined here as within 5 kb of the start codon) (Farré et al., 2003; Messeguer et 

al., 2002). Only mammalian TFBSs were considered when using Promo3, and a maximum 

matrix dissimilarity of 0 was selected. Custom Perl scripts were used to identify mutations found 

in our dataset that intersected with predicted TFBSs. 
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Equine microRNA sequences were accessed from miRbase (Kozomara and Griffiths-

Jones, 2014). All genes analyzed in this study had a single annotated transcript with incompletely 

defined 3ʹ UTRs. For the purposes of this analysis, we defined the 3ʹ UTR as the 3 kb of 

sequence downstream from the stop codon. The source code for two computational miRNA 

target prediction algorithms, TargetScan v7.0 (Agarwal et al., 2015) and miRanda v3.3a (Enright 

et al., 2003), was downloaded and run locally. TargetScan predicts miRNA binding sites through 

analysis of the miRNA seed sequence (5ʹ nucleotides 2-8 of the mature miRNA), whereas 

miRanda uses the entire miRNA sequence and calculates alignment and thermodynamic stability 

scores. The seed sequences of equine miRNAs were isolated using a custom Python script. 

TargetScan was run at default parameters using the entire collection of equine miRNA seed 

sequences against the 3ʹ UTR regions of the equine collagenous lectins. For miRanda, the 

alignment score was set at 140 and the free energy score at -20 kcal/mol. The genomic 

coordinates of the seed region of matching miRNA targets predicted by both algorithms were 

identified using a custom Python script, and variants falling within these coordinates were 

identified using GATK’s SelectVariant tool. 

2.3.7 Allele Frequencies 

Allele frequencies were compared by merging individual trimmed, mapped, sorted, and 

deduplicated Infectious and Non-Infectious pool BAM files into a single BAM file for each 

population using Samtools v.1.3 (Li et al., 2009). An mpileup file was generated with minimum 

mapping alignment and base qualities of 20 and then converted to a sync file using Popoolation2 

(Kofler et al., 2011). To mitigate the impact of variable depth of sequencing on the output of 

Popoolation2, the data was first downsampled (as per the software documentation 

recommendations) to a uniform target coverage of 370x (reflecting approximately 10x coverage 
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per horse in the Infectious population) across all loci. Fisher’s exact tests (calculated by 

Popoolation2) were used to calculate the significance of allele frequency differences between the 

Non-Infectious and Infectious pools. The subsampling method of “fraction” was chosen to 

maintain the exact fraction of the allele frequencies. The Benjamini-Hochberg procedure was 

used to control for false discovery, with a false discovery rate set to 1 x 10-6 (Benjamini and 

Hochberg, 1995), using R (R Core Team, 2017). 

2.4 Results 

Out of a total of 22.1 million reads, approximately 20.9 million reads passed filter, 

representing approximately 12.6 Gb of total sequence data. The percentage of reads present in 

each pool ranged from 3.32 - 4.56 % (mean 4.01 %). An average of 56.3 % of reads in each pool 

covered the regions targeted for enrichment representing a total of 3.4 Gb of DNA. Removal of 

duplicates and application of quality control filters resulted in an average depth of coverage of 

158x per pool (range 128 - 192x) in the targeted regions. Coverage between targeted regions 

varied significantly (ANOVA, p < 0.05), however, all regions achieved a depth of coverage 

adequate for variant calling (Figure 2.1a). There was no significant variation in coverage 

between the Non-Infectious and Infectious populations in the targeted regions for any gene (two 

sample t-test, p > 0.05) (Figure 2.1b).
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Figure 2.1. Summary of the mean depth of coverage for each pool. 

a) The entire study and b) subdivided between the Infectious and Non-Infectious populations of horses. The depth of coverage for the targeted regions 

differed significantly (a) (ANOVA and Tukey’s post-hoc test), however, the mean depth of coverage between the two populations was not significantly 

different (b) (two sample t-test, p > 0.05). Solid lines represent the median, and the dashed line is the mean. 

*, †: these target regions differ significantly from all others (p < 0.05).  

‡ The MBL2 target region differs significantly from FCN3and MASP1 (p < 0.05).
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A total of 4559 variants were identified in the targeted regions across all pools, composed 

of 4174 single nucleotide variants (SNVs) and 385 indels. Our target regions contained 1174 

known variants annotated in dbSNP v.144, 962 of which were identified in our dataset. Of the 

remaining 212 variants present in dbSNP but not our dataset, 66 loci were not variable in our 

population (despite adequate coverage), and 146 variants were initially identified in our data set 

but did not pass various filtering parameters. There was a 98.7 % overlap in the variants 

discovered in the Infectious and Non-Infectious populations. As such, the numbers of variants, 

and their predicted in silico effects, are reported for the entire study, and not subdivided by 

population, except for the allele frequency comparison between the two groups.  

Within the entire study population, there were 92 variants in coding regions, 1414 in 

introns, 240 in the downstream 3 kb, 513 in the proximal upstream 5 kb, and 2516 in the distal 

upstream 5 - ~50 kb. The number of variants and variation rate by gene is given in Table 2.3, and 

a complete breakdown by gene and gene region can be found in Appendix 2.2. The rate of 

variation within the targeted genes was investigated by comparing the number of variants 

discovered to the number of bases successfully sequenced. The rate of variation within the FCN1 

and FCN1-like target regions was significantly higher compared to the remaining genes 

(ANOVA and Tukey’s post-hoc test, p < 0.05) (Figure 2.2a). The rate of variation between 

different gene regions (exons, introns, upstream, and downstream) was not significantly different 

(Kruskal-Wallis, p > 0.05) (Figure 2.2b). This is likely the result of the elevated variation rate in 

FCN1 and FCN1-like in all gene regions, thus creating similar variation in the distribution for all 

gene regions.  
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Table 2.3. Number of bases targeted for sequencing for each gene, the number of bases 

sequenced to a minimum of 5x, and the number of variants discovered in each gene region.  

 

Gene 
Total targeted 

(bp) 

Sequenced to 

5x (bp) 

Number of 

variants 

Variation rate 

(per kb) 

COLEC10 88,258 88,258 371 4.2 

COLEC11 54,918 54,918 566 10.3 

COLEC12 94,479 94,479 521 5.5 

FCN1 60,957 60,957 810 13.3 

FCN1-like 22,437 22,437 411 18.3 

FCN3 10,659 10,054 42 4.2 

MASP1 114,890 114,889 639 5.6 

MASP2 34,475 34,475 91 2.6 

MBL1 45,907 45,025 288 6.4 

MBL2 56,542 56,542 468 8.3 

SFTPA1 35,227 34,344 217 6.3 

SFTPD 61,732 61,732 352 5.7 
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Figure 2.2. Rate of variation (variants / kb) between genes and within gene regions for all horses.  

a) Median variation across all gene regions was significantly different between genes (ANOVA and 

Tukey’s post-hoc test). b) The rate of variation within gene regions, taken across all genes, was not 

significantly different. Solid lines represent the median, and dashed lines are the mean, boxes represent 1st 

and 3rd quartiles and whiskers represent 1.5 x the interquartile range 

*: p < 0.05 
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Of the 92 variants in the coding regions, 44 were non-synonymous. These included 1 

nonsense mutation and 43 missense mutations. The nonsense mutation, 

ENSECAT00000000831.c465A>G, was present in exon 6 of FCN1, leading to a TGA stop 

codon at amino acid position 155 of the protein product. Computational analysis of the missense 

mutations using Polyphen2 identified 12 mutations with potential deleterious effects to protein 

structure and function, five of which were assigned a score of 0.99 or higher, predicting a likely 

damaging effect (Table 2.4). These five variants were also predicted by SIFT to have a 

deleterious effect. An additional two variants were predicted as deleterious by SIFT, but not by 

Polyphen2. A missense mutation in FCN3 resulted in a leucine to serine change for which 

Polyphen2 was unable to predict an outcome, but SIFT predicted the change to be tolerated. 

A total of 513 sequence variants were found in the 5 kb upstream of the targeted genes. 

TFBS analysis using Promo3 identified 559 putative binding sites in this region for 91 different 

transcription factors. Two hundred and eighty of the 513 identified variants were located within 

the predicted TFBS. Although, to our knowledge, there are no studies on the promoter regions of 

equine collagenous lectins, the promoter region of a variety of collagenous lectins in humans 

(Grageda et al., 2014; Naito et al., 1999; Tachibana et al., 2013; Wu et al., 2011), chickens 

(Kjærup et al., 2013), cattle (Hansen et al., 2003a), and mice (Liu et al., 2008) have been 

characterized, and a series of transcription factors identified or predicted. Eight of the 

transcription factors (TFs) identified in our dataset that also contained a variant were identified in 

the aforementioned studies, including c-Ets-1, c-Myc, E47, MZF-1, N-Myc, PEA3, Sp1. These 

eight TFs accounted for 37 of the predicted TFBSs spread across five genes: FCN1, FCN1-like, 

COLEC11, MBL2, and MBL1 (Appendix 2.3).
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Table 2.4. In silico analysis of the missense mutations in the targeted genes using two separate algorithms. 

Gene Chr Position 
Ref 

allele 

Alt 

allele 

Amino acid 

change 
Protein domain 

Polyphen2 

score 
Polyphen2 result 

SIFT 

score 

SIFT 

prediction 

FCN1 25 36,824,050 G T Pro54Gln CLD 1 probably damaging 0 deleterious 

MBL1 1 88,935,539 G A Cys237Tyr CRD 1 probably damaging 0.04 deleterious 

MASP1 19 25,180,346 C T Ala137Thr CUB domain 1 probably damaging 0 deleterious 

MBL1 1 88,933,562 G C Gly82Ala CLD 0.999 probably damaging 0 deleterious 

FCN3 2 28,415,514 G T Gln123His FBG 0.998 probably damaging 0 deleterious 

MASP1 19 25,154,003 A G Ile463Thr Peptidase S1 domain 0.926 possibly damaging 0.05 deleterious 

MBL1 1 88,933,006 A C Thr36Pro N-terminal domain 0.86 possibly damaging 0.05 tolerated 

FCN1 25 36,824,033 C T Val60Met CLD 0.859 possibly damaging 0.06 tolerated 

FCN1 25 36,820,482 C G Asp149His FBG 0.651 possibly damaging 0.18 tolerated 

FCN1 25 36,824,026 G A Pro62Leu CLD 0.539 possibly damaging 0.04 deleterious 

SFTPD 1 88,950,438 G A Pro191Leu CLD 0.483 possibly damaging 0.23 tolerated 

FCN1 25 36,819,956 G T Ala174Glu FBG 0.465 possibly damaging 0.04 deleterious 

COLEC10 9 62,298,342 C T Thr193Met CRD 0.284 benign 0.04 deleterious 

MASP2 2 40,427,714 G A Lys90Arg CUB domain 0.057 benign 0 deleterious 

Abbreviations: Chr: chromosome; Ref: reference; Alt: alternate; SIFT: Sorting Intolerant from Tolerant algorithm; CLD: collagen-like domain; CRD: 

carbohydrate recognition domain; FBG: fibrinogen like domain; CUB: complement C1r/C1s, Uegf, Bmp1 domain.
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microRNA recognition element (MRE) analysis of the downstream 3 kb of the targeted 

regions was performed using miRanda and TargetScan. The miRanda algorithm identified 1892 

potential miRNA recognition elements, while TargetScan identified 7503. Of these, 701 were 

predicted by both algorithms. Twenty-seven variants were present in the seed region of 33 

unique MREs; an additional 68 variants were found in the complete sequence of 70 MREs 

(Figure 2.3 and Appendix 2.4). 

Estimates of allele frequencies were compared between the Infectious and Non-Infectious 

populations (Figure 2.4). Significant differences, as determined by Fisher’s exact test, were 

found at 113 different loci. The top 15 most significant variants (p < 7.1 x 10-7), along with any 

variant predicted to have a functional impact, are presented in Table 2.5. The majority (103) 

occurred in non-coding DNA with no in silico predicted function, however, 10 loci intersected 

with a predicted MRE (n = 2), a TFBS (n = 7), or a missense mutation (n = 1). The missense 

mutation in MBL2, c.521T>A resulting in p.(Gln174Leu), was predicted to be benign by both 

Polyphen2 and SIFT.
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Figure 2.3. Number and location of variants impacting miRNA recognition elements (MREs) in 

all horses.  

Variants are subdivided based on whether they impact the region in which the seed sequence of the miRNA 

is expected to bind versus the remaining miRNA sequence. 
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Figure 2.4. Manhattan plot showing p values corrected for multiple testing from allelic 

association tests performed on variants in horses in the Infectious and Non-Infectious 

populations.  

The horizontal line represents a cut-off value of p < 1x10-6 for selecting significant variants as determined 

by using the Benjamini-Hochberg procedure. Inset: a zoomed in portion of chromosome 1 representing the 

collectin locus. Sex chromosomes are omitted. 
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Table 2.5. Frequency of selected variants in Infectious and Non-Infectious horses. In silico analysis was performed to identify 

potential functional consequences for the variants. 

Gene Chr Position 
Ref 

allele 

Alt 

allele 

Freq in Non-

Infectious 

Freq in 

Infectious 
-log(p)* Gene region Predicted impact (in silico) 

SFTPD 1 88,982,902 T G 0.338 0.673 15.49 Upstream 5 - 50 kb - 

SFTPD 1 88,956,159 G C 0.192 0.014 13.32 Intron 2-3 - 

SFTPA1 1 88,902,080 G A 0.208 0.022 13.19 Upstream 5 - 50 kb - 

SFTPA1 1 88,907,177 C T 0.189 0.019 11.67 Upstream 5 - 50 kb - 

SFTPA1 1 88,912,707 A G 0.178 0.016 11.32 Upstream 5 - 50 kb - 

SFTPD 1 88,944,953 C T 0.151 0.008 11.19 Downstream 3 kb MRE for eca-miR-221 

SFTPA1 1 88,905,280 C T 0.181 0.019 11.01 Upstream 5 - 50 kb - 

SFTPD 1 88,981,103 C A 0.270 0.538 10.08 Upstream 5 - 50 kb - 

SFTPA1 1 88,904,227 C G 0.165 0.016 10.07 Upstream 5 - 50 kb - 

SFTPD 1 88,951,906 G A 0.184 0.024 10.07 Intron 2-3 - 

MASP1 19 25,244,848 T G 0.257 0.065 9.81 Upstream 5 - 50 kb - 

SFTPD 1 88,946,787 G A 0.151 0.014 9.77 Downstream 3 kb - 

SFTPA1 1 88,904,178 C T 0.173 0.022 9.69 Upstream 5 - 50 kb - 

SFTPA1 1 88,901,863 G A 0.159 0.016 9.67 Upstream 5 - 50 kb - 

SFTPD 1 88,983,525 C G 0.186 0.030 9.28 Upstream 5 - 50 kb - 

MBL1 1 88,936,937 C T 0.157 0.019 8.84 Downstream 3 kb MRE for eca-miR-8954 

SFTPA1 1 88,921,646 G A 0.157 0.022 8.54 Upstream 5 kb TFBS for Msx-1 

MBL1 1 88,931,351 G A 0.149 0.022 7.74 Upstream 5 kb TFBS for ZF5 

SFTPD 1 88,959,630 A G 0.459 0.689 7.66 Upstream 5 kb 
TFBS for Msx-1, Zic1, Zic2, Zic3, 

and VDR 

FCN1-like 25 36,798,301 T C 0.205 0.062 6.31 Upstream 5 kb TBFS for En-1 

MBL2 1 43,245,721 T A 0.119 0.016 6.25 ENSECAE00000138507 Gln174Leu 

FCN1-like 25 36,796,958 G A 0.176 0.046 6.15 Upstream 5 kb 
TFBS for Zic1, Zic2, Zic3, and 

VDR 

FCN1-like 25 36,796,961 G A 0.176 0.046 6.15 Upstream 5 kb TFBS for ZF5 

MBL2 1 43,252,523 T C 0.081 0.003 6.15 Upstream 5 kb TFBS for Zic2 

Abbreviations: Chr: chromosome; Freq: frequency; MRE: miRNA recognition element; TFBS: transcription factor binding site. 

* The p value is the result of Fisher’s exact test and has been adjusted using the Benjamini-Hochberg procedure.
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2.5 Discussion 

This study was designed to identify and characterize variants in the equine collagenous 

lectin genes, as these encode potentially important proteins in the innate immune response 

against infectious diseases. Horses diagnosed with infectious diseases were included in order to 

increase the likelihood that disease-associated alleles would be captured in the study population, 

and allelic association was performed to identify candidate alleles associated with infectious 

disease resistance. To maximize the number of animals sequenced, we pooled DNA from 

animals sharing similar phenotypes. Pooled sequencing has been shown to be an accurate and 

cost-effective method of SNP discovery and allele frequency estimation (Bansal et al., 2011; 

Bertelsen et al., 2016; Mullen et al., 2012; Rellstab et al., 2013). Fundamental to the accuracy of 

pooled sequencing experiments is the accurate equimolar pooling of DNA from individual 

samples. Our two study populations were subdivided into 21 pools of 3 - 5 animals each. 

Although the percentage of DNA originating from individual horses within a pool cannot be 

determined, the percentage of reads mapped to each pool ranged from 3.3 - 4.6 % (mean 4.01 %, 

SD 0.37), indicating a relatively uniform contribution from each pool. However, there were 

significant differences in average coverage between different targets (Figure 2.1). The collectin 

locus, a region also found in cattle (Gjerstorff et al., 2004a) and mouse (Akiyama et al., 1999), is 

comprised of SFTPA1, MBL1, and SFTPD, and had the highest average read depth of 230x, 

compared to MASP2, which had the lowest average read depth of 118x. Although the exact 

reasons underlying the differences in sequencing depth cannot be explained, the efficacy of 

genomic capture when using hybridization methods is known to be variable (Bodi et al., 2013). 

Regardless of capture efficiency, all targets achieved sufficient depth for the purposes of variant 

calling. Importantly, there was no significant difference in coverage between the Infectious and 
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Non-Infectious populations at any target region, indicating that target capture was similar across 

the two populations. 

Unlike the design of other pooled-sequencing experiments, in which large numbers of 

animals are sequenced at relatively shallow depths (Bertelsen et al., 2016; Mullen et al., 2012), 

we instead used fewer animals and achieved high coverage in each pool. A higher depth of 

coverage increased the sensitivity of our analysis to low-frequency variants present within our 

study population; we thus set the minimum required number of variant alleles present in our 

dataset to four (equivalent to a MAF of 2.3 %). However, the reduction in the total number of 

animals in the experiment potentially reduces the accuracy of our allele frequency estimates 

(Kim et al., 2010). Furthermore, some rare variants may not have been present in our study 

population of 89 horses. 

Identifying quantitative trait nucleotides (QTN) in livestock associated with complex 

traits such as immunity is difficult. Challenges include obtaining adequate sample sizes of 

animals with a well characterized phenotype in species that have long generation intervals, and 

for which the production of transgenic animals is frequently not feasible (Ron and Weller, 2007). 

In this study, animals were stratified into groups based on phenotypes that were the defined 

either by a detailed clinical history or a comprehensive post-mortem examination. Post-mortem 

examinations were conducted under the supervision of a veterinary pathologist to ensure the 

accuracy of the diagnosis. Complete medical histories were not available for all post-mortem 

cases. It is thus possible that some animals that were assigned into the Non-Infectious group 

based on post-mortem examination may have had a medical history of infectious disease, but 

were free from disease or evidence of prior infectious disease at the time of death. 
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Some collagenous lectins have an established role in the innate immune response in some 

mammalian species, so variants within these genes are potential QTN for infectious disease 

susceptibility. Using a pooled and targeted next-generation re-sequencing approach, we 

identified 4559 sequence variants in the equine collagenous lectin and related MASP genes, 113 

of which were found to have significantly different allele frequencies in horses with and without 

infectious diseases. The majority of these variants occurred in non-coding DNA and had no 

predicted biological relevance. Fifty-nine of the variants were present in the genomic sequence 

between 5 and 50 kb upstream from the start of our genes of interest. Although no bioinformatic 

analysis was performed on this location, DNA up to 1 Mb upstream of genes can have a 

regulatory impact through enhancer, silencer, insulator, or locus control region elements (Maston 

et al., 2006) that are difficult to predict, and for which the equine genome lacks annotation. 

Intronic DNA can harbour mutations that affect gene function, as exemplified by a mutation in 

intron 3 of porcine IGF2 that impacts muscle growth (van Laere et al., 2003). Of the segregating 

alleles with predicted function, nine occurred in putative regulatory regions (two downstream, 

seven upstream). The two downstream regulatory variants were predicted to impact miRNA 

binding elements, potentially disrupting the typically dampening effect of miRNA binding. The 

seven upstream regulatory variants bound putative TFBS, potentially impacting TF binding 

affinity and altering transcription. While it is possible that some variants identified as having 

significantly different allele frequencies may be in linkage disequilibrium with each other or with 

other functional mutations in untargeted areas of the genome, the design of this study did not 

allow for linkage analysis, as genotype information at the individual level is unavailable. 

Two studies have investigated quantitative trait loci (QTL) relating to equine infectious 

diseases. A study on R. equi identified a single locus on chromosome 26 associated with 
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susceptibility in foals (McQueen et al., 2014), while a study on equine arteritis virus identified a 

locus on chromosome 11 (Go et al., 2011). Our genes of interest were not present on the 

chromosomes identified in those studies, and thus there was no overlap. None of the variants 

identified in this study were present within any QTL in the equine QTL database (Hu et al., 

2016). 

The variation rate amongst the genes targeted in this study varied significantly. The 

number of variants in the FCN1 and FCN1-like targeted region was higher than in all other genes 

sequenced. Increased variation can be due to several factors: at the sequence level, high GC 

content of the DNA and the presence of indels in the region are frequently predictive of variation 

(Hodgkinson and Eyre-Walker, 2011). The GC content of the FCN1/FCN1-like locus was the 

highest of all the targeted regions at 54.7 % (Appendix 2.5). The same region also contained 85 

indels, the most of any region sequenced (Appendix 2.5). At a functional level, genes that 

interact with the environment, such as genes of the immune response, are often localized to ‘hot 

spots’ of variation in the genome, in which they are subject to increased adaptive evolutionary 

pressure (Chuang and Li, 2004). Of the 15 missense variants found in FCN1, seven were found 

in the FBG, the site of ligand binding, and could reflect evolutionary adaptation to differing 

pathogens. The elevated mutation rate in the FCN1-like gene is more difficult to reconcile, as its 

status as a functional ficolin remains unclear. The lower rate of variation in the remaining 

collagenous lectin genes, which also are genes that interact with the environment, may suggest 

that FCN1 is under comparatively greater evolutionary pressure, and may play a more significant 

role in horses. 

The in silico prediction of the functional effects of missense mutations is imperfect, and 

even though a mutation may be predicted to be damaging, it is not necessarily pathogenic 
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(Eilbeck et al., 2017). Evidence from studies in other species on similar proteins can help 

identify potentially pathogenic missense mutations. In this regard, the p.(Gly82Ala) (Table 2.4) 

substitution in equine MBL-A is of particular interest. This mutation falls within the collagen-

like domain of MBL-A, a region characterized by repeating Gly-X-Y amino acid residues critical 

to the formation of a collagen-like triple-helix (Holmskov et al., 2003). Comparable mutations to 

glycine residues in the collagen-like domain have been found in porcine MBL1 (Lillie et al., 

2006b) and in human MBL2 (Sumiya et al., 1991). In human MBL2, the mutation disrupts triple 

helix formation and acts in a dominant negative fashion, resulting in lower levels of functional, 

circulating MBL-C (Sumiya et al., 1991). Humans carrying this mutation have been shown to 

have an increased susceptibility to infectious disease, particularly as children (Sumiya et al., 

1991; Super et al., 1990). Similarly, coding mutations in porcine MBL1 are associated with 

decreased circulating levels of MBL-A (Juul-Madsen et al., 2011). Whether the equine mutation 

described here has similar effects on the structure of equine MBL-A is unknown, but is of 

particular interest as evidence suggests that decreased levels of the related MBL-C (as 

determined by a complement deposition assay) were significantly associated with infectious 

disease (Podolsky et al., 2006). The allele frequency of this mutation was not significantly 

different between Infectious and Non-Infectious populations, though only 14 variant alleles were 

present in our population. Further elucidation of the relationship of this variant and MBL-A 

levels and function is thus warranted. 

Analysis of the putative upstream and downstream regulatory regions was performed 

primarily to assign potential function to alleles that segregated in the allele frequency analysis. 

The results of these predictions should be interpreted with caution, as they have not been 

functionally validated. Studies of collagenous lectins of other species have identified or predicted 
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36 potential transcription factors, eight of which were also predicted in our study; however, 

despite the presence of conserved TFBS sequence identities, the majority of transcription factor 

binding events appear to be species specific (Schmidt et al., 2010). The accuracy of these 

predictions awaits confirmation from high quality studies focussed on transcription factor 

binding. 

This is the first study, to our knowledge, that has performed targeted next-generation 

resequencing on genes of the equine innate immune system. This study has identified genetic 

variants with predicted impacts on protein structure, function, or expression in genes of 

importance to the equine innate immune system. Through analysis of allele frequencies, potential 

quantitative trait nucleotides associated with equine infectious diseases have been described. 

Future directions include larger scale genotyping studies on individual horses and investigation 

of the impact of a missense mutation in the CLD of MBL1 on serum protein levels.  

Conflicts of interest: none. 
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Chapter 3: Identification of Polymorphisms in the Bovine 

Collagenous Lectins and their Association with Infectious Diseases 

in Cattle 

 

This chapter is a modified version of the following manuscript currently in press: 

Fraser, RS, Lumsden, JS., Lillie, BN, 2018. Identification of polymorphisms in the bovine 

collagenous lectins and their association with infectious diseases in cattle. Immunogenetics. 

doi:10.1007/s00251-018-1061-7 
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3.1 Abstract 

 Infectious diseases are a significant issue in animal production systems, including both 

the dairy and beef cattle industries. Understanding and defining the genetics of infectious disease 

susceptibility in cattle is an important step in the mitigation of their impact. Collagenous lectins 

are soluble pattern recognition receptors that form an important part of the innate immune 

system, which serves as the first line of host defence against pathogens. Polymorphisms in the 

collagenous lectin genes have been shown in previous studies to contribute to infectious disease 

susceptibility, and in cattle, mutations in two collagenous lectin genes (MBL1 and MBL2) are 

associated with mastitis. To further characterize the contribution of variation in the bovine 

collagenous lectins to infectious disease susceptibility, we used a pooled NGS approach to 

identify single nucleotide variants (SNVs) in the collagenous lectins (and regulatory DNA) of 

cattle with (n = 80) and without (n = 40) infectious disease. Allele frequency analysis identified 

74 variants that were significantly (p < 5 x 10-6) associated with infectious disease, the majority 

of which were clustered in a 29 kb segment upstream of the collectin locus on chromosome 28. 

In silico analysis of the functional effects of all the variants predicted 11 SNVs with a deleterious 

effect on protein structure and/or function, 148 SNVs that occurred within potential transcription 

factor binding sites, and 31 SNVs occurring within potential miRNA binding elements. This 

study provides a detailed look at the genetic variation of the bovine collagenous lectins, and 

gives and identifies potential genetic markers for infectious disease susceptibility. 

KEYWORDS: collagenous lectins, infectious disease, cattle, pooled next-generation sequencing, 

genetic variants  
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3.2 Introduction 

 Infectious diseases are a major source of morbidity, mortality, and economic loss to the 

cattle industry. Infectious respiratory diseases alone account for close to $0.5-1 billion USD 

annually in North America (Miles, 2009), and while estimates for other common infectious 

diseases, such as mastitis and gastrointestinal disease, are difficult to obtain, they undoubtedly 

add significantly to the economic impact of infectious disease (Halasa et al., 2007; Heikkilä et 

al., 2012; Schepers and Dijkhuizen, 1991). Infectious diseases also represent a large source of 

agricultural antimicrobial use, which contributes to the development of antimicrobial resistance 

(Prescott et al., 2012). The approach to managing the impact of infectious disease has 

traditionally been to control the pathogen, largely ignoring the potential contributions of an 

immunologically deficient host (Miles, 2009; Prescott et al., 2012). Recently, however, there has 

been a broadening in focus to include host factors that contribute to infectious disease 

susceptibility. 

 The innate immune system represents the first line of defense against infectious diseases. 

Pattern recognition receptors (PRRs), a key part of the innate immune system, recognize 

conserved motifs on pathogens called pattern associated molecular patterns (Janeway, 1989). 

The collagenous lectins are a subset of membrane bound and/or soluble, circulating C-type 

lectins that function as PRRs, recognizing carbohydrate residues on the surfaces of bacteria, 

viruses, and fungi. The collagenous lectin family includes the collectins and ficolins, which share 

structural and functional similarities. Eleven collagenous lectin genes have been identified in 

cattle, including the genes encoding mannose-binding lectins 1 and 2 (MBL1 and MBL2), 

surfactant proteins A and D (SFTPA1 and SFTPD), collectins 10, 11, 12, 43, 46, conglutinin 

(CGN1), and ficolin-1 (FCN1). CL43, CL46, and CGN1 are found in cattle and a few select 
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herbivores, and structural similarities between these collagenous lectins and SFTPD suggesting 

suggest that they are evolutionarily related (Gjerstorff et al., 2004a; Hansen and Holmskov, 

2002). 

Certain collagenous lectins (MBLs, FCNs, and CL-11) can activate the lectin pathway of 

complement, and can agglutinate or opsonize pathogens (Fujita, 2002; Fujita et al., 2004a). The 

lectin pathway of complement is activated in part by four MBL-associated serine proteases 

(MASPs), encoded by two MASP genes, MASP1 and MASP2. The MASP proteins are 

structurally and functionally similar to C1r and C1s of the classical complement pathway 

(Matsushita et al., 2013; Thiel et al., 1997) and bind in proenzyme form to the collagen-like 

domain of the MBLs, FCN-1, and CL-11 (Hansen et al., 2010; Matsushita et al., 2001; 

Matsushita and Fujita, 1992). Following ligand recognition, the MASP proteins lead to the 

cleavage of complement components C2 and C4, resulting in the activation of complement. 

 Single nucleotide variants (SNVs) in the collagenous lectin genes are associated with 

infectious disease susceptibility in a variety of species. A dominant negative missense mutation 

in human MBL2 leads to an opsonic defect and is a cause of recurring infections in children 

(Sumiya et al., 1991) and adults (Summerfield et al., 1995). Deficiencies of MBL-C resulting 

from MBL2 polymorphisms in humans are also associated with HIV, hepatitis B and C, 

meningococcal disease, and parasitic infections (Eisen and Minchinton, 2003). Polymorphisms 

in the human ficolin genes are associated with leprosy (Andrade et al., 2017; Boldt et al., 2013), 

pneumonia (van Kempen et al., 2017), and Chagas disease (Luz et al., 2016), while variation in 

SFTPA2 is associated with different outcomes to influenza A virus infection (Herrera-Ramos et 

al., 2014). In animals, mutations in the promoter region of porcine MBL2 are associated with 

decreased expression of MBL-C and are more frequent in animals diagnosed with pneumonia, 
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enteritis, serositis, or septicemia (Lillie et al., 2007). A missense mutation in porcine MBL1 is 

associated with decreased serum concentrations of MBL-A (Juul-Madsen et al., 2011). 

Relatively little is known about genetic variation in bovine collagenous lectins, and the few 

investigations that have been done have focused solely on mastitis and the MBL genes. Both a 

missense mutation in exon 2 and a promoter mutation of MBL1 are associated with altered 

activity of the classical complement pathway as well as with somatic cell score (SCS), a measure 

of the inflammatory cell content of milk and an indicator of mastitis (Liu et al., 2011; C. Wang et 

al., 2011; Yuan et al., 2012). Mutations in the coding region of MBL2 are also associated with 

SCS and complement activity (Wang et al., 2012; Zhao et al., 2012).  

 In order to address this gap in knowledge, we designed a targeted, next-generation 

sequencing study that captured the bovine collagenous lectin and related MASP genes as well as 

surrounding regulatory DNA, in order to examine and characterize genetic variation of these 

genes, including in silico predictions of functional effects of identified variants. We sequenced 

our target regions in 120 cattle, 80 of which were diagnosed with infectious disease, and 40 of 

which lacked any evidence of infectious disease. We also performed association analysis and 

identified 74 variants significantly associated with infectious disease. 

3.3 Materials and Methods 

3.3.1 Sample Selection and Library Preparation 

Samples of liver or lung were collected from cattle presenting to the post-mortem service 

at the Ontario Veterinary College or the Animal Health Laboratory at the University of Guelph. 

Cattle underwent a complete autopsy under the supervision of a veterinary pathologist certified 

by the American College of Veterinary Pathologists. Ancillary testing (e.g. bacterial culture, 

viral PCR, etc.) was performed as necessary to confirm the presence of pathogens. Cattle were 
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broadly divided into two major populations: those with and without evidence of infectious 

disease (referred to as Infectious and Non-infectious in this article). They were then subdivided 

into pools of 5 animals each based on the similarity of their diagnosis at autopsy (Table 3.1). The 

study population consisted predominantly of female Holstein-Friesians (66.7 %), with fewer 

intact and castrated male Holstein-Friesians (8.3 %). The remainder (25.0 %) was composed of a 

variety of other breeds and crosses (Table 3.2). 
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Table 3.1. Pools of cattle grouped together by diagnosis determined at autopsy. 

Status Group Diagnosis 

Normal Group 1 Normal (no lesions) 
 Group 2 Fractures or trauma 
 Group 3 Dental malocclusion, peripheral neuropathy 
 Group 4 Intestinal accident or musculoskeletal trauma 
 Group 5 Neoplasia 
 Group 6 Metabolic disease 
 Group 7 Congenital malformations 
 Group 8 Organ torsion or rupture 
   

Diseased Group 9 Endocarditis 
 Group 10 Meningitis 
 Group 11 Bronchopneumonia 1 
 Group 12 Bronchopneumonia 2 
 Group 13 Pneumonia (M. haemolytica) 
 Group 14 Mycoplasma arthritis, osteomyelitis, or pneumonia 
 Group 15 Pneumonia (T. pyogenes) 
 Group 16 Sepsis 
 Group 17 Omphalophlebitis 
 Group 18 Foot abscess or ulcer 
 Group 19 Infectious arthritis 
 Group 20 Abortion or perinatal death of infectious cause 
 Group 21 Diarrhea 
 Group 22 Mastitis 
 Group 23 Multifocal abscesses 
 Group 24 Metritis or endometritis 
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Table 3.2. Breakdown of the bovine study population by breed and sex. 

 Breed F M MN Total 

Non-infectious Holstein-Friesian 30 1 2 33 
 Limousin 1 1  2 
 Hereford-Limousin 1   1 
 Limousin cross 1   1 
 Not available 1   1 
 Angus  1  1 
 Jersey  1  1 

Sub-total  34 4 2 40 

      

Infectious Holstein-Friesian 50 7  57 
 Limousin 2 2 1 5 
 Shorthorn 1 1  2 
 Red Angus 1   1 
 Wagyu 1   1 
 Black Angus 1 3 2 6 
 Simmental cross 1   1 

 Unspecified beef 

breed 
2   2 

 Angus  1 1 2 
 Angus-Simmental  1  1 
 Charolais cross   1 1 
 Jersey  1  1 

Sub-total  59 16 5 80 

Total  93 20 7 120 

MN: male neutered (steer). 
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Tissue samples were stored at -20 ºC until processed. DNA was extracted using a 

commercial column-based DNA extraction kit (QIAGEN DNeasy Blood and Tissue kit, 

Mississauga, ON, Canada) and sample concentration was evaluated via fluorometry (Qubit 2.0, 

Thermo Fisher Scientific, Mississauga, ON, Canada). Equimolar amounts of DNA from cattle in 

each group were pooled to obtain a final concentration of 1 µg of DNA in 50 µl of low-EDTA 

buffer TE. Each pool of DNA was acoustically sheared to a target range of 600 bp (peak incident 

power: 50, duty factor: 20, cycles per burst: 200, time: 29s) (Covaris M220, Woburn, MA, 

USA).  

Following acoustic shearing, each pool of DNA underwent end repair, A-tailing, and 

adapter ligation (including a unique index) using a KAPA Library Preparation Kit for Illumina 

Platforms (KAPA Biosystems, Wilmington, MA, USA) as per the manufacturer’s instructions, 

with the following exception: a single cleanup step was performed following adapter ligation. 

The cleanup was performed by adding 0.6X PEG/NaCl SPRI solution and only the DNA bound 

to the magnets was retained. The pools were then combined in equimolar amounts to create a 

single sequencing library. 

Target enrichment was performed using a SeqCap EZ Developer Enrichment Kit as per 

the SeqCap EZ Library SR User’s Guide v.4.2. Target regions consisted of the collagenous 

lectins and related MASP genes, and were based on coordinates obtained from the UMD3.1.1 

(bosTau8) genome (Zimin et al., 2009) hosted by the University of Santa Cruz, California 

(Karolchik et al., 2004) (Table 3.3). Up to 50 kb upstream and 3 kb downstream of each gene 

was targeted for sequencing, in an attempt to capture a portion of regulatory DNA. Due to some 

inconsistencies in the annotation of the bovine collagenous lectins, annotations from NCBI and 

Ensembl were compared and reviewed, and the most appropriate annotation for each gene was 
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chosen. For example, the MBL1 gene is not annotated in Ensembl or UCSC, while the SFTPA1 

gene, located nearby on the same chromosome, has four annotated transcript variants in 

Ensembl. The NCBI RefSeq accession for MBL1, NM_001010994.3, is identical to the Ensembl 

SFTPA1 transcript ENSBTAT00000001165, leading to some uncertainty surrounding the true 

identity of these transcripts. Alignment of the four bovine SFTPA1 transcripts to the coding and 

protein sequences SFTPA1 and MBL1 from other species using Clustal Omega (Goujon et al., 

2010; Sievers et al., 2011) showed that ENSBTAT00000031298 and ENSBTAT00000001165 

had the highest percent identity matrices to SFTPA1 and MBL1, respectively. Thus, in 

contradiction to the annotation found in Ensembl, ENSBTAT00000001165 was considered to 

represent the bovine MBL1 gene, while only the ENSBTAT00000031298 transcript was 

considered to represent the SFTPA1 gene. Similarly, we believe the gene annotated as FCNB in 

Ensembl and FCN1 in NCBI more closely resembles FCN1, and is referred to as such in this 

study. Coordinates for COLEC10 and MASP2 were adjusted slightly based on sequence 

homology to other species in order to ensure they contained start codons. CL43 was adjusted to 

correspond to the findings of Hansen et al. (2003). A complete list of the coordinates for gene 

annotation in this study is provided in Appendix 3.1. 

Following enrichment, the library was sequenced using MiSeq Reagent Kit v3 (600-

cycle) sequencing chemistry on an Illumina MiSeq (San Diego, California, USA). In order to 

achieve adequate depth of sequencing, the same library was sequenced twice. All statistical 

analyses were performed in R unless otherwise specified (R Core Team, 2017). 
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Table 3.3. The regions targeted for resequencing are given for each gene included in the study. 

Genes in close proximity to each other were sequenced as a single unit. 

Name Ensembl ID Chr Target start Target end Total bp 

MASP1 ENSBTAG00000012467 1 80,546,924 80,652,367 105,443 

COLEC11 ENSBTAG00000016225 8 112,860,707 112,896,491 35,784 

FCN1 ENSBTAG00000048155 11 106,773,026 106,834,643 61,617 

COLEC10 ENSBTAG00000017343 14 47,260,662 47,359,061 98,399 

MASP2 ENSBTAG00000012808 16 43,449,518 43,481,362 31,844 

COLEC12 ENSBTAG00000007705 24 35,627,928 35,866,269 238,341 

MBL2 ENSBTAG00000007049 26 6,294,785 6,351,912 57,127 

CGN1 ENSBTAG00000006536 28 

35,541,900 35,726,104 184,204 CL46 ENSBTAG00000048082 28 

CL43 ENSBTAG00000047317 28 

SFTPD ENSBTAG00000046421 28 

35,764,587 35,870,565 105,978 MBL1 ENSBTAT00000001165* 28 

SFTPA1 ENSBTAT00000031298* 28 
* Both of these transcript IDs are from the gene ENSBTAG00000023032 (SFTPA1). The transcript given for MBL1 is identical to the NCBI RefSeq accession 

for MBL1 (NM_001010994.3), and percent identity matrices comparing the coding and protein sequences of these accessions to MBL1 and SFTPA1 in other 

species supports their identities as we have determined them based on in silico analysis. 

Abbreviations: Chr: chromosome 
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3.3.2 Bioinformatic Analysis of NGS Data 

The sequencing data was processed in two stages (Figure 3.1). In the first stage, data 

from each run was processed separately, while in the second stage, data from the same pool from 

different runs was merged and then further processed. The data from both sequencing runs was 

first trimmed using Trimmomatic v. 0.36 (Bolger et al., 2014) based on the following criteria: a) 

leading and trailing bases with a quality score of less than 20 were trimmed; b) reads were 

trimmed if quality dropped below an average score of 20 over a 5 bp sliding window; and c) 

reads were dropped if they were less than 75 bp in length. Reads were then mapped to the bovine 

genome UMD3.1.1 using BWA-MEM algorithm of BWA v. 0.75 (Li and Durbin, 2009). PCR 

and optical duplicates were removed with Picard v. 1.127 (http://broadinstitute.github.io/picard/, 

accessed 2018-01-12). The Genome Analysis Toolkit (GATK) Best Practices Guidelines 

(DePristo et al., 2011; van der Auwera et al., 2013) were followed for in/del realignment and 

base quality score recalibration (BQSR) using GATK v. 3.6 (McKenna et al., 2010). At this 

point, BAM files for each pool generated during the different runs were merged. Each merged 

BAM file was reprocessed for PCR duplicates and in/del realignment. Variant calling was 

performed on merged BAM files using the joint genotyping protocol outlined in the GATK Best 

Practices guidelines. Variants were filtered using separate hard filters for SNVs and in/dels. 

Multiallelic variants and spanning deletions were excluded, and known variants were obtained 

from dbSNP v. 150 (Sherry, 2001). Evaluation of target capture between the Non-infectious and 

Infectious populations was performed by comparing the overall mean of the mean of each pool 

within each population using a 2-way ANOVA and a least-square means post-hoc test. 
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Figure 3.1. Outline of the bioinformatic steps used to call variants following the two sequencing 

runs.  
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3.3.3 Variant Analysis 

In silico analysis of the variants was performed for coding region variants, downstream 3 

kb, and the upstream 5 kb of potential regulatory DNA. Variant density was evaluated both in 

terms of target regions and functional genomic regions using a 1-way ANOVA and Kruskal-

Wallis post-hoc test. Correlations between variant density and GC content as well as indel 

number were assessed using a Pearson’s correlation coefficient. Missense coding variants were 

analyzed using Polyphen2 (Adzhubei et al., 2010) and the SIFT algorithm (Sim et al., 2012) run 

by the Variant Effect Predictor (VEP) hosted by Ensembl (McLaren et al., 2010). For Polyphen2, 

batch submission was used and a FASTA file containing the protein sequences was submitted. 

For VEP, options were left at their default settings.  

The 3 kb downstream from the stop codon of the targeted genes was analyzed for 

potential miRNA recognition elements (MREs). Although the 3′ UTR was annotated within 

Ensembl for all genes with the exception of COLEC10 and SFTPD, we opted to analyze the 

entire 3 kb for each gene to maintain consistency. Multiple MRE discovery algorithms were used 

to maximize the accuracy of the predictions (Riffo-Campos et al., 2016). miRanda v. 3.3a 

(Enright et al., 2003) and Targetscan v. 7.0 (Agarwal et al., 2015) were used to identify MREs 

binding mature miRNA sequences from cattle accessed from miRbase 21 (Kozomara and 

Griffiths-Jones, 2014). The energy threshold parameter of miRanda was set to -20 kcal/mol, with 

other parameters for both programs left at their default settings. The intersection of the seed 

region of predicted MREs from both programs was obtained using BEDtools v. 2.25.0 (Quinlan 

and Hall, 2010). BEDtools was then used to identify variants in our dataset that intersected with 

the seed sequence of MREs predicted by both algorithms. 
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Transcription factor (TF) binding site (TFBS) analysis was performed on the 5 kb 

upstream to the start codon for each target gene using CIS-BP v. 1.02 (Weirauch et al., 2014). 

The species was set as Bos taurus, and a motif model of “PWM - LogOdds” with a minimum 

threshold of 8 was selected; only cis acting TFBSs were considered. Variants falling within 

predicted TFBSs were identified using BEDtools. Many of the TFBSs shared identical sequences 

and bound TFs belonging to the same family, and were thus collapsed into a single result with 

results reported by TF family. Putative TFBSs were further refined by identifying conserved 50-

bp long DNA sequence motifs within the 5 kb upstream from the start codon for each gene 

across 8 different species, cattle (UMD3.1.1), pig (Sscrofa10.2), horse (EquCab2), rat 

(Rnor_6.0), mouse (GRCm38), gorilla (gorGor3.1), chicken (Galgal4), and human (GRCh38), 

using MEME v 4.10.1 (Bailey and Elkan, 1994). The bovine specific genes CGN, CL43, and 

CL46 were aligned to the sequences of SFTPD from other species, as they are believed to be 

evolutionarily related (Gjerstorff et al., 2004b; Hansen and Holmskov, 2002). A minimum E-

value of 0.05 was used to consider a motif conserved. The conserved motifs were then examined 

for the presence of TFBSs predicted by CIS-BP and containing variants. 

3.3.4 Allelic Association 

The estimated frequency of variant alleles was compared between the Non-infectious and 

Infectious populations using Popoolation2 (Kofler et al., 2011). Processed BAM files for each 

pool were combined using Samtools into a single BAM file for each population, and an mpileup 

file was generated using minimum mapping and base qualities of 20 (Li et al., 2009). 

Popoolation2 was used to transform the mpileup file into a sync file, which was then down-

sampled according to the recommendations of Popoolation2 to 400 reads per population using 

the method “fraction” to mitigate the impact of variable read depths on statistical testing. 



84 

 

Fisher’s exact test was used to determine the significance of allele frequency estimates between 

the two populations. A minimum of 5 % of the reads (20) across both populations combined was 

required for the allele to be considered in the allele frequency estimation. The Benjamini-

Hochberg procedure was used to correct for multiple testing (Benjamini and Hochberg, 1995) 

with adjusted p-value cut-offs labeled as described in the BADGE system, which provides 

recommendations on minimal p-values for significance in allelic association studies (Manly, 

2005). 

3.4 Results 

Evaluation of target capture efficiency showed that the median of the mean target 

coverage was 172.5, however there were significant differences (p < 0.05) both in terms of the 

depth of coverage for each target region, as well as the total depth of coverage between the Non-

infectious and Infectious populations (Figure 3.2). The depth of coverage between the two 

populations at individual target regions was not statistically different. 

Joint genotyping identified a total of 5439 unique variants, all of which were present in 

both the Non-infectious and Infectious populations. These included 5418 SNVs and 21 in/dels. 

The majority (5317, 97.7 %) of the variants identified were present in dbSNP 150, while 122 

were novel discoveries. A further 32,794 variants were present in dbSNP 150 within our target 

intervals. Of these, 2922 were present in our population but were excluded due to various 

filtering parameters, 29,696 loci were not variant in our population, and 356 loci were not 

successfully sequenced. 

A total of 83 coding variants (40 synonymous, 43 missense), 2297 intronic variants, 309 

variants within the downstream 3 kb of the stop codon, 414 variants within the 5 kb upstream of 

the start codon, and 2915 variants in the region between 5-50 kb upstream of the start codon 
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were identified. The density of variants was examined both by gene and by region (Figure 3.3). 

Significant differences (p < 0.05) in variant density were observed between genes, with the 

highest density of variants found in the FCN1 gene and surrounding DNA (Figure 3.3a). Variant 

density by region was not significantly different, though the coding region tended to have the 

lowest density (Figure 3.3b). 
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Figure 3.2. The overall mean of the mean depth of coverage for each pool in the Non-infectious 

and Infectious populations by gene target. 

There were no significant differences between populations in a gene target, however there was a significant 

difference in depth of coverage between different gene targets (2-way ANOVA and least-squares means post-hoc 

comparison, p < 0.05). Genes that share a letter are not significantly different: for example, MASP2 is not 

significantly different from MASP1, but is significantly different from the remaining gene targets. Solid line 

represents the median, dashed line is the mean. The hinges represent the 1st and 3rd quantiles, while the whiskers 

represent 1.5x the interquartile range. Data points beyond this range are illustrated as solid circles. 
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Figure 3.3. Variant density in cattle by gene and gene region. 

a Variant density across the entire study population was significantly different amongst the targeted genes. †: 

Variant density in these genes was significantly different from COLEC12 and MASP1. ‡: Variant density was 

significantly different from MASP2, COLEC10, COLEC12, and MASP1 (1-way ANOVA and Kruskal-Wallis post-

hoc test, p < 0.05). b Variant density between functional genomic regions was not significantly different. Note that 

due to the proximity of some genes (e.g. MBL1 and SFTPA1), some variants occurring downstream, upstream, or 

within the introns and coding regions of SFTPA1 were also counted as being upstream from MBL2, thus, the total of 

variants by region is different than the total of unique variants discovered. Solid line represents the median, dashed 

line is the mean. The hinges represent the 1st and 3rd quantiles, while the whiskers represent 1.5x the interquartile 

range. Data points beyond this range are illustrated as solid circles. 
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Amongst the coding variants, 43 missense variants were identified. In silico predictions 

of the effects of the mutations using either algorithm identified a total of 11 SNVs expected to 

have damaging or possibly damaging effects on protein structure or function (Table 3.4), with 

three of the variants (within SFTPD, MBL2, and CL43) predicted to be damaging by both 

algorithms. 

A total of 20,147 potential cis TFBSs were predicted in the upstream 5 kb of the targeted 

genes. Of these, 1351 contained a SNV identified in this study. In highly conserved DNA 

sequence motifs (based on our multispecies comparison of upstream regulatory regions, 

Appendix 3.2), 148 TFBSs containing a SNV were found across 10 of the targeted genes (Figure 

3.4a). These TFBSs were members of 30 TF families (Figure 3.4b). 

Analysis of the 3 kb downstream from the stop codon using both algorithms identified 

469 potential miRNA recognition elements. Within the seed region of the predicted MREs there 

were 31 SNVs (Figure 3.5), two of which impacted two separate miRNAs. A total of 28 unique 

miRNAs were predicted to bind in these regions, 5 of which bound multiple loci. A single MREs 

intersected with the annotated 3′ UTR of SFTPA1. 

Evaluation of the frequency of variant alleles identified 25 BADGE class I (p < 2 x 10-7) 

and 49 class II (p < 5 x 10-6) variants that were significantly associated with either the Non-

infectious or Infectious populations (Figure 3.6a). Seventeen associations were found clustered 

in intron 2 of MASP1 (Figure 3.6b), and a further 48 associations were present in a ~21 kb region 

~29 kb upstream from CGN1, the first gene of the bovine collectin locus (Figure 3.6c). Four 

associations were found distributed upstream, downstream, and within intron 8 of FCN1 

(Appendix 3.3a); 4 associations were found in the introns 4 and 5 and the downstream region of 
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COLEC11 (Appendix 3.3b); and a single association was found in intron 2 of COLEC12 

(Appendix 3.3c).  
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Table 3.4. Potentially deleterious missense mutations as determined by in silico analysis with two different prediction algorithms 

Gene Chr Position rsID Ref  Alt  
Protein 

change 

Protein 

domain 

Polyphen2 

Prediction 

Polyphen2 

Score 

SIFT 

Prediction 

SIFT 

Score 

FCN1 11 106,827,968 rs382216843 C T Arg142Cys FBG probably damaging 0.986 tolerated 0.06 

MBL2 26 6,344,919 rs210611099 C A Pro42Gln CLD probably damaging 0.974 deleterious 0 

SFTPD 28 35,820,078 rs380240341 C T Pro132Ser CLD probably damaging 0.958 deleterious 0.05 

CGN 28 35,598,640 rs208842091 G A Arg173His CLD possibly damaging 0.72 tolerated 0.16 

CL46 28 35,675,371 rs383278255 C T Pro185Leu CLD possibly damaging 0.672 tolerated 0.32 

CL43 28 35,718,034 rs42967143 A G Thr117Ala CLD possibly damaging 0.659 tolerated 0.9 

CL43 28 35,718,807 rs211678602 G T Gln185His neck region possibly damaging 0.634 deleterious 0.01 

MASP2 16 43,463,621 rs207667073 G A Gly102Ser CUB domain benign 0.191 deleterious 0.01 

FCN1 11 106,828,710 rs385211468 C T Thr193Met FBG benign 0.042 deleterious 0.03 

CGN 28 35,602,463 rs466869949 A C Glu302Asp CRD benign 0.036 deleterious 0.04 

SFTPD 28 35,824,136 rs110476851 C G Ala288Gly CRD benign 0.002 deleterious 0.02 

FBG: Chr: chromosome; Ref: reference allele; Alt: alternate allele; SIFT: Sorting Intolerant from Tolerant algorithm; FBG: fibrinogen-like domain; CLD: collagen-

like domain; CUB: complement C1r/C1s, Uegf, Bmp1; CRD: carbohydrate recognition domain. 
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Figure 3.4. TFBS potentially impacted by SNVs. 

a) The number of predicted transcription factor binding sites within conserved DNA sequences of the targeted genes 

that contained a SNV identified in this study. b) Number of predicted transcription factor families containing a SNV 

identified in this study. 
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Figure 3.5. The number of in silico predicted miRNA recognition elements found in the targeted 

genes. 
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Figure 3.6. Manhattan plot of the variants identified in the infectious and non-infectious pools of 

cattle. 

a Manhattan plot of the allelic association analysis identified 25 variants significant at BADGE class I and 49 

variants at class II (Manly, 2005) in 5 different targeted regions. The p value has been adjusted for multiple testing 

using the Benjamini-Hochberg procedure. b,c The areas highlighted in a are shown in greater detail. Significant 

associations were found within the intron of MASP1 (b) and upstream of the collectin locus (c). The red line within 

the Manhattan plot indicates the cutoff for class II significance (p < 5 x 10-6). The depth of sequencing (total from all 

pools) and the regions with probes designed for target capture are shown to illustrate gaps in sequencing and variant 

discovery. Red line within the depth indicates the minimum depth required for variant calling.  
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3.5 Discussion 

The overall objective of this study was to characterize the genetic variation in the bovine 

collagenous lectin genes. Variation in certain collagenous lectins have been shown, both in cattle 

and other species, to be associated with increased susceptibility to infectious diseases. 

Associating polymorphisms with infectious disease susceptibility has important implications in 

agricultural economics, animal breeding, and animal health and welfare. Probing the underlying 

genetics of complex traits like innate immunity is challenging, and requires large numbers of 

animals with well-defined phenotypes (Ron and Weller, 2007). The phenotypes of our study 

samples were determined through complete autopsies supervised by certified veterinary 

pathologists. This included evaluation of gross tissues, ancillary testing as required, and review 

of histopathological specimens to define the extent and nature of disease. In order to address the 

considerable expense required to sequence large numbers of animals, we opted to use a pooled 

and targeted next-generation sequence approach. Pooled sequencing has been shown to be an 

accurate and cost-effective method of variant discovery and allele frequency estimation in next-

generation sequencing experiments (Bansal et al., 2011; Bertelsen et al., 2016; Mullen et al., 

2012; Rellstab et al., 2013), as well as in genome-wide association studies (Keele et al., 2015). 

While whole genome sequencing of larger groups of disease-specific phenotypes would provide 

a more complete picture of disease associated variants, the cost remains prohibitive, despite 

decreasing sequencing costs. Instead, targeted re-sequencing allows specific regions of interest in 

the genome to be queried, providing much more detail than the available high-density SNP array 

from Illumina: of the 5439 variants found in our study, only 223 are present in the Illumina 

BovineHD BeadChip 

(https://support.illumina.com/array/array_kits/bovinehd_dna_analysis_kit/downloads.html, 

accessed 2018-01-12). 
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Allele frequency estimation identified 74 significant variants (BADGE class II or higher), 

after correction for multiple testing, that were associated with infectious disease. Over half of the 

significant alleles occurred in a 29 kb segment of DNA upstream from CGN1, and these alleles 

met the highest level of statistical significance proposed by the BADGE system (Manly, 2005). 

CGN1 is the first gene in the bovine collectin locus, a 260 kb region on chromosome 28 which 

includes the CL46, CL43, SFTPD, MBL1, and SFTPA1 genes (Gjerstorff et al., 2004a), and 

several of these genes have been implicated in infectious disease susceptibility. Plasma 

concentration of conglutinin is known to be heritable and low levels of plasma conglutinin are 

associated with increased incidence of respiratory disease in cattle, though whether it is the cause 

or a consequence (e.g. protein consumption) of respiratory disease is unknown (Holmskov et al., 

1998). Whole transcriptome sequencing of the abomasum of parasite-susceptible and resistant 

calves found that resistant animals expressed higher levels of CL46 (Li et al., 2011). In cattle 

breeds native to China, certain MBL1 haplotypes are associated with somatic cell score, an 

indirect marker of mastitis (C. Wang et al., 2011). The block of highly significant associations 

discovered here could theoretically impact any of the genes within the collectin locus, as DNA 

kilobases to megabases upstream of genes can have a regulatory impact through enhancer, 

silencer, insulator, or locus control region elements (Maston et al., 2006) that are difficult to 

predict, and for which the bovine genome lacks annotation. The relative similarity of the allele 

frequencies in the Non-infectious and Infectious populations was similar for all of these variants, 

suggesting that they are likely in linkage disequilibrium (Appendix 3.4). The pooled design of 

this study precludes haplotype analysis so further study of these variants, and the genes of the 

nearby collectin locus, both in terms of RNA expression and epigenetics, is warranted.  
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Two class I and 15 class II associations were found in intron 2 of MASP1. Human 

MASP1 encodes three protein isoforms with distinct functions, MASP-1, MASP-3, and MAP1 

(Beltrame et al., 2015). Only a single transcript is annotated for bovine MASP1, which best 

corresponds to the MASP-3 isoform, and an additional 4 transcripts are predicted by NCBI. As 

with human MASP1, the transcript and predicted transcripts that encode the three MASP1 

isoforms share the first 8 exons; thus, the cluster of variants noted in intron 2 is also present in 

intron 2 for all of these predicted transcripts. Genetic mutations resulting in human MASP1 

deficiency are associated with infectious disease, and several intronic mutations leading to 

MASP1 deficiency have been identified, though none are identical to the associations found here 

(Beltrame et al., 2015; Ingels et al., 2014). Again, the relative similarity of the allele frequencies 

for the different loci suggests significant linkage disequilibrium. It should be noted that 

mutations that inhibit the function of the MASPs (and complement-activating collagenous 

lectins) may also confer benefits: excess activation of complement can contribute to tissue 

damage or auto-immune disease, and decreased or more moderate levels of complement activity 

may therefore be beneficial in some scenarios (Beltrame et al., 2015).  

A further four associations were found in COLEC11 and two in COLEC12, however no 

in silico consequences were predicted for any of the six. There is little known about the relative 

importance of CL-K1 and CL-P1, the proteins encoded by these two genes, in the innate immune 

response to infectious disease, and, to the authors knowledge, these are the first reported 

associations between mutations in these genes and infectious disease of cattle. Recently, CL-P1 

was shown to have a soluble form that can activate the alternative pathway of complement (Ma 

et al., 2015), and CL-K1 is capable of activating the lectin pathway of complement (Ma et al., 
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2013), presenting possible pathways through which genetic mutations could hamper the immune 

system. 

Although in silico analysis of the disease-associated alleles did not identify any biological 

effects, several interesting predictions were made regarding other variants present in our dataset. 

Two missense mutations found in MBL2 and one in MASP2 (Table 3.4) were previously shown 

to be associated with SCS in Chinese Holstein cattle (Wang et al., 2012). The frequency of these 

three variants was not significantly different in our populations of Infectious and Non-infectious 

cattle. Variant rs210611099:c.125C>A was rare, with only 8 alleles predicted across both 

populations (MAF 3.3 %). Though rare, this is substantially higher than the reported allele 

frequency of 0.27 % in Chinese Holstein cattle (Wang et al., 2012), and may be the result of 

different breeds (Chinese Holsteins versus the mixture of breeds common to North America in 

our study). The mutation occurs in the collagen-like domain (CLD) of MBL-C, and is predicted 

in silico to have a significant impact on protein structure and function. Previously reported 

mutations in the CLD had an impact on MBL-C driven complement activation (Larsen et al., 

2004), as well as on higher-order oligomerization through disruption of the Gly-X-Y collagen-

like repeats (Sumiya et al., 1991). Thus, despite its rarity, the role of this variant in infectious 

disease susceptibility remains of interest. Genotyping of a larger number of animals may be 

useful in clarifying the discrepancy between studies in allele frequencies, and may provide the 

statistical power required to determine whether this rare variant plays a role in bovine innate 

immune defense. 

The second MBL2 missense variant associated with SCS, rs210426415:c.92G>A, leads to 

the substitution of glutamine for arginine in the N-terminal domain of MBL-C. This domain is 

believed to utilize conserved cysteine residues to facilitate the functionally critical 
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oligomerization of MBL-C (Wallis and Drickamer, 1999). This variant was predicted by both in 

silico algorithms to have a low impact on protein structure and function, and was not associated 

with disease in our study, possibly the result of a smaller cohort of animals diagnosed with 

mastitis. Thus, although genotyping of larger numbers of North American cattle may reveal an 

association with infectious disease, this study does not provide evidence for further investigation.  

The MASP2 variant previously shown to be associated with SCS, rs207667073.G>A, 

results in an amino acid change in the CUB domain that is predicted by the SIFT algorithm, but 

not Polyphen2, to be deleterious to protein structure or function. This allele showed no 

significant difference between the Non-infectious and Infectious populations. Again, genotyping 

of larger number of North American cattle may prove useful in further defining the role of this 

variant. 

Only one variant, rs381773088 in SFTPA1, was present within an annotated 3′ UTR and 

intersected with a predicted MRE for bta-miR-328. To our knowledge, there are no published 

studies on the role of bta-miR-328 in cattle; however, a study on the human homologue 

demonstrated that it plays a role in vitro in the innate immune defense against Haemophilus 

influenza through negative regulation of phagocytosis (Tay et al., 2015). Gram-negative 

pulmonary pathogens related to H. influenza, notably M. haemolytica, P. multocida, and H. 

somni, are important causes of respiratory disease in cattle; thus, this predicted MRE affected by 

a variant may hold relevance for future investigations.   

In silico prediction of transcription factor binding sites relies on the observation that the 

amino acid sequence of the DNA-binding domain of transcription factor proteins largely predicts 

their DNA-binding specificity, and does so in a highly conserved manner (Jolma et al., 2013; 

Kasahara et al., 2006; Weirauch et al., 2014). Regulatory DNA is also highly conserved in 
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animals (Nitta et al., 2015). Thus, to reduce the large number of predicted TFBSs identified in 

the targeted genes, conserved DNA sequences present in the potential promoter region were 

identified by comparing sequences from up to 8 different animals including domestic livestock 

and more distantly related species (human, gorilla, cattle, horse, pig, rat, mouse, and chicken). 

This conservative approach narrowed the results to 148 potential TFBSs, some of which were 

similar to TFBSs predicted or shown in previous studies to be involved in the regulation of 

collagenous lectins. For example, we identified binding sites for SRF (a member of the MADS 

box family of transcription factors) in SFTPA1, and an SRF binding site was also identified in 

human SFTPA2 (Grageda et al., 2014). Initial characterization of the promoter of CL43 included 

in silico prediction of TFBSs (Hansen et al., 2003a), and the same binding sites were predicted in 

our study for Myb, ARNT, cEBP, Myc, MyoD, Mzf-1, N-Myc, and USF, however, only Mzf-1 

was both present within a conserved motif and contained a SNV. This discrepancy may be the 

result of more stringent requirements in our study (including exclusion of trans binding sites and 

sites outside of conserved sequences), or potentially due to differing prediction algorithms. 

HNF3alpha (also known as FOXA1) is known to regulate the expression of human and chicken 

MBL2 (Kjærup et al., 2013; Naito et al., 1999), and while binding sites were predicted in CL43 

and COLEC11, no binding site was predicted for bovine MBL2. 

The density of variants varied significantly by gene, but not by gene region (Figure 3.3). 

FCN1 and the two surfactant protein genes, SFTPA1 and SFTPD, had a significantly higher 

variant density than the bottom two (for FCN1) and four (for SFTPA1 and SFTPD) genes. Both 

intrinsic and extrinsic factors can affect the degree of sequence variation. Intrinsically, the GC 

content and the number of indels in a region are predictive of variation (Hodgkinson and Eyre-

Walker, 2011). The GC content of the FCN1 gene was the second highest of the targeted genes 
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at 55.1%, however, the overall correlation between GC content and the density of variants was 

not significant (R = 0.36, p = 0.23, Appendix 3.5). Although the FCN1 target contained the 

highest number of indels (13/21), there was no correlation between number of indels and 

variation density (R = 0.36, p = 0.23, Appendix 3.6). Extrinsically, genes that interact with the 

environment (such as innate immune response genes) can often be found in ‘hot spots’ in the 

genome, which show higher levels of variation in response to increased adaptive pressures 

(Chuang and Li, 2004). Interestingly, a recent study on the equine collagenous lectins found that 

two equine ficolin genes, FCN1 and FCN1-like, also had the highest variant density amongst the 

equine collagenous lectins (Fraser, unpublished). Five of the eight coding region mutations found 

in FCN1 were located within the fibrinogen-like domain, and three were missense. Although the 

relative role of the ficolin genes in the innate immune response of these two species is still under 

investigation, the increased variation observed in both species might suggest increased 

evolutionary pressure imposed by different pathogens. 

 Here, we have documented the variation in a subset of innate immune genes, the 

collagenous lectins, in cattle with and without infectious diseases. Comparison of mutant alleles 

in the two populations identified 74 alleles associated with infectious disease. These alleles 

warrant further investigation, both in terms of population level frequencies, and, if confirmed to 

be significantly associated with disease susceptibility, in terms of their biological mechanisms of 

action.  

  

3.6 Supporting Information 

The variants identified in this study have been submitted to the European Variant Archive 

(EVA) accession PRJEB24763 and will be released upon publication. 
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Chapter 4: Identification and Frequency of Local Expression 

Quantitative Trait Loci in the Innate Immunome of Diseased and 

Healthy pigs 

 

This corresponds to the following manuscript being prepared for submission: 

Fraser, RS, Meyer, A, Snyman, HN, Hayes, MA, Lillie, BN. 2018. Identification and frequency 

of local expression quantitative trait loci in the innate immunome of diseased and healthy pigs. 

Animal Genetics.  
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4.1 Abstract 

Infectious diseases are a major source of economic loss, antibiotic use, and reduced 

animal welfare in the swine industry. The innate immune system is an important first line of 

defence against a variety of different infectious diseases, and some mutations in innate immune 

genes can impair the ability of pigs to respond to pathogens. Previous work has shown that 

sequence variants in various genes of the innate immune system are more common in animals 

suffering from infectious diseases. The objective of this study was to identify sequence variants 

associated with variability in innate immune gene expression of pigs, and to determine the 

prevalence of these variants in a population of diseased pigs. Innate immune genes known to 

have variable hepatic expression were targeted for next-generation sequencing to 

comprehensively identify mutations in the genes and their surrounding regulatory DNA. 

Genomic material originated from the liver of 72 healthy market-weight pigs sourced at 

slaughter, with the same animals used in both the expression microarray and sequencing 

experiments. After applying quality control filters, 41,331 sequence variants were identified 

(41,035 single nucleotide variants, 296 indels). Expression quantitative trait loci (eQTL) analysis 

identified 298 significant local eQTLs associated with 19 different innate immune genes. After 

linkage disequilibrium analysis, 1013 pigs (592 healthy, 421 with infectious diseases) were 

genotyped for 74 of the eQTLs. Significant differences in allele frequencies between healthy and 

diseased pigs were found at 28 loci spread across 8 different genes. These alleles represent 

significant eQTLs associated with infectious disease. 

 

Keywords: eQTL, porcine, innate immunity, microarray, next-generation sequencing  
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4.2 Introduction 

Genetic variation in the immune system of animals is an important factor in their 

susceptibility to a variety of infectious diseases. In the swine industry, infectious diseases are a 

significant source of decreased animal welfare, economic loss, and antimicrobial usage. 

Mitigating the impact of infectious diseases in pigs through the identification of genetic 

determinants of infectious disease susceptibility holds potential to reduce these negative effects. 

Some differences in expression or function of innate immune proteins that interact with 

pathogens result from genetic variations. We have previously shown that various mutations in a 

subset of innate immune genes are more prevalent in pigs suffering from infectious diseases 

(Keirstead et al., 2011). Expression of MBL-C, a collagenous lectin capable of binding to 

bacterial surfaces and activating the lectin pathway of complement, is reduced by a promoter 

mutation in MBL2, and this mutation was found to be more frequent in pigs with infectious 

diseases (Lillie et al., 2007). Regulatory variation of this type is proving to be important in the 

understanding of the genetic basis of disease in humans (Maurano et al., 2012), and it is likely 

that such mechanisms are similarly important in animals. 

Expression quantitative trait loci (eQTL) are genomic regions that carry one or more 

variants that impact gene expression (Albert and Kruglyak, 2015). eQTLs can be either cis or  

trans acting, and can be found close to the genes they influence or distantly. Several eQTLs with 

disease associations have been described in humans (see review by Albert and Kruglyak (2015)), 

and the aforementioned porcine MBL2 promoter mutation is an example of a disease-associated 

eQTL in pigs. With high throughput technologies, it is now feasible to perform large-scale eQTL 

studies on the porcine innate immunome. In a previous study, we identified 114 innate immune 

genes with variable hepatic expression in healthy pigs (Snyman, 2013). Using the genomic 

material from the same animals, we performed targeted, next-generation re-sequencing on these 
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genes and their surrounding regulatory DNA and identified sequence variants. We then 

performed local eQTL analysis and identified variants impacting innate immune gene 

expression. Finally, we genotyped both healthy pigs and pigs diagnosed with infectious diseases 

and common swine pathogens and compared the frequency of eQTL alleles in the different 

populations.  

We identified 298 eQTLs that are associated with altered innate immune gene expression, 

27 of which are significantly different in healthy pigs and those with infectious disease. This 

represents the first study of infectious disease associated eQTLs in the porcine innate 

immunome. 

4.3 Materials and Methods 

4.3.1 Next-Generation Sequencing  

DNA was obtained from samples of liver collected from healthy, market weight, Duroc x 

Yorkshire x Landrace pigs from a local abattoir as described previously (Snyman, 2013). Briefly, 

DNA was extracted using a QIAGEN DNeasy tissue kit (QIAGEN Inc, Mississauga, ON, 

Canada) according to manufacturer’s instructions and transferred into low-EDTA buffer TE. The 

concentration of DNA was fluorometrically determined (Qubit 2.0, Thermo Fisher Scientific, 

Mississauga, ON, Canada) prior to acoustic shearing to a target range of 300 bp (peak incident 

power: 50, duty factor: 20, cycles per burst: 200, time: 80s) (Covaris M220, Woburn, MA, 

USA). A total of 72 pigs representing a range of hepatic innate immune gene expression were 

chosen for sequencing based on previous results (Snyman, 2013).  

A next-generation sequencing library for each pig was prepared with a NEXTFlex Rapid 

Pre-Capture Combo Kit (BIOO Scientific, Austin, TX, USA) as per the manufacturer’s 

instructions. Innate immune genes previously determined to have variable hepatic expression (n 
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= 107) (Snyman, 2013) were targeted for resequencing, along with potential regulatory DNA up 

to approximately 50 kb upstream and downstream of the genes using a custom SeqCap EZ 

Enrichment kit from Nimblegen (Roche, Madison, WI, USA) (Appendix 4.2). Coordinates were 

obtained from the Sscrofa 10.2 genome (Groenen et al., 2012) hosted by the University of Santa 

Cruz, California (Karolchik et al., 2004). Following target capture and enrichment, libraries were 

sequenced on two lanes of an Illumina HiSeq 2500 (San Diego, CA, USA) using 250 bp PE 

chemistry at The Center for Applied Genomics (Hospital for Sick Children, Toronto, ON, 

Canada). 

The quality of raw fastq files was assessed using FastQC (Andrews, 2010). Reads were 

trimmed using Trimmomatic v0.36 (Bolger et al., 2014) based on the following criteria: a) 

leading or trailing bases below a Phred score of 20 were trimmed; b) reads were trimmed if the 

average Phred score dropped below 20 over a 5 bp sliding window; and c) reads less than 40 bp 

in length were dropped. Reads were aligned to the Sscrofa 10.2 genome using the BWA-MEM 

algorithm of BWA v0.7.5 (Li and Durbin, 2009). PCR and optical duplicates were removed with 

Picard v1.127. Base quality score recalibration and indel realignment were performed with the 

Genome Analysis Toolkit (GATK) v3.6 and followed the GATK Best Practices guidelines 

(DePristo et al., 2011; McKenna et al., 2010; van der Auwera et al., 2013). The GATK joint 

genotyping protocol for variant calling was followed, using separate hard filters for single 

nucleotide variants (SNVs) and insertions/deletions. Multi-allelic variants were excluded. 

Known variants were obtained from the porcine dbSNP build 145 (Sherry, 2001). 

4.3.2 Local eQTL Analysis 

The NGS results were paired with previously reported gene expression microarray results 

(Snyman, 2013) for local eQTL analysis. Genetic material originated from the same pigs in both 
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experiments. The analysis was performed using the Matrix eQTL v2.1.1 (Shabalin, 2012) 

package for R (R Core Team, 2017). Linear regression assuming an additive model of gene 

expression was chosen and the maximum distance for local (cis) gene-SNP pairs was defined as 

50 kb. A minimum of 3 animals of a particular genotype was required for inclusion of that 

genotype in the analysis. Correction for multiple testing was performed using the Benjamini-

Hochberg procedure with a false discovery rate (FDR) of 0.05 (Benjamini and Hochberg, 1995). 

4.3.3 Linkage Disequilibrium Analysis 

Haploview v4.2 (Barrett et al., 2005) was used to determine whether significant local 

eQTLs found affecting the same gene were in linkage disequilibrium (LD). Animals missing 

genotypic information at greater than 50 % of the queried loci were excluded, and only variants 

that occurred in more than 50 % of the remaining animals were included. 

4.3.4 Genotyping of Healthy and Diseased Pigs 

Using the results of the LD analysis, animals were genotyped at 86 different loci (31 of 

which were in LD with 144 additional SNVs). In total, 1013 pigs were genotyped using 

Sequenom MassARRAY matrix-assisted laser desorption/ionization time-of-flight (MALDI-

TOF) mass spectrometry (Sequenom, San Diego, CA, USA) at the University Health Network 

(UHN) Clinical Genomics Centre at the Mount Sinai Hospital, Toronto, Ontario. This included 

592 healthy pigs (sourced as described in the section on next-generation sequencing) and 421 

pigs diagnosed with infectious disease. Of the 592 healthy pigs, 67 were used in the NGS portion 

of this study. Genomic material from diseased pigs was obtained from the spleen and liver of 

pigs presenting to the Animal Health Laboratory, University of Guelph, for post-mortem 

examination, from the period of 2004 - 2007. Presence of diseases was determined based on the 

pathological findings from the post-mortem exams and the presence of pathogens was 
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determined by ancillary diagnostics at the discretion of the pathologist. DNA was extracted from 

tissue samples as previously described (Lillie et al., 2007). Animals were grouped based on the 

presence of disease and/or pathogen. If multiple pathogens were present, the animal was 

assigned to each group; however, co-morbidities were not tracked further.  

 Following genotyping, local eQTL frequencies were compared between diseased and 

healthy pigs using PLINK v1.9 (Chang et al., 2015; Purcell et al., 2007). The non-reference 

allele was always defined as the minor allele using the ‘a2-allele’ option, regardless of which 

allele was most frequent within our population. Contingency tables composed of healthy animals 

versus animals subdivided by disease processes or pathogen types were created, and Fisher’s 

exact test was used to determine significance. Results were corrected for multiple testing using 

the Benjamini-Hochberg procedure and an FDR cut-off of 0.05. 

4.4 Results 

After trimming, mapping, and de-duplication of raw data, 120,194,140 million reads 

remained, approximately 51.2 % of which aligned to the targeted regions. The success of target 

capture was variable, with a significantly higher average depth of coverage achieved in certain 

target capture regions (Appendix 4.1). Three pigs were poorly sequenced (< 25,000 total reads) 

and were excluded from the variant calling results and subsequent analyses. In the 69 pigs that 

were adequately sequenced, 41,035 single nucleotide variants (SNVs) and 296 small insertions 

or deletions (indels) were found. Approximately 97.1 % (40,035) of the variants sequenced in 

this study were present in dbSNP build 145; the remaining 2.9 % (1196) were novel in our 

population. There were 141,589 variants in the target sequence regions in dbSNP that were not 

called in our population of pigs. A portion of these variants (19,149) were present in our dataset 

but did not pass various quality control filters at the time of variant calling. The remainder 
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(122,440) were not present in our population of pigs. This may be due in part to the origin of the 

variants in dbSNP, which are derived from a wide variety of pig breeds, whereas our population 

consisted of breeds common to North American production units (Duroc, Landrace and 

Yorkshire crosses). Furthermore, some rare variants may not have been present in our population 

of 69 pigs. 

The variants from the 69 pigs were combined with gene expression microarray data of 

107 innate immune genes from the same animals generated in a previous study (Snyman, 2013). 

Analysis using Matrix eQTL identified 298 significant eQTLs in 19 different innate immune 

genes (Figure 4.1 and Appendix 4.3). We selected the top 86 SNVs with the most significant 

eQTL results for genotyping (Appendix 4.4), 31 of which were in LD (R2 ≥ 0.95) with one or 

more other SNV(s), such that the genotyping panel represented 230 SNVs (Appendix 4.5 and 

Appendix 4.6). Following genotyping, ten loci had unresolved clusters and two had poor 

extension and were excluded from the analysis. The remaining 74 SNVs (28 of which were in 

LD with 141 other SNVs) had a mean rate of genotyping by SNV of 99.6 %, while the mean rate 

for genotyping of samples was 98.8 %; all samples and SNVs were included in the subsequent 

analysis. 

We examined the frequency of the local eQTLs in healthy pigs and pigs diagnosed with a 

variety of different infectious diseases. Animals were grouped into pathogen-specific groups as 

well as disease-specific groups. Allele frequency analysis using PLINK identified 28 of the 74 

genotyped SNVs as having a significantly different allele distribution amongst normal and 

diseased pigs in at least one of the pathogen or condition subgroups (Appendix 4.7). These 28 

SNVs were distributed across 8 different genes: FCN2, SCGB1A1, CD55, SFTPD, CLEC5A, 

NOD1, DEFB1, and CFB.
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Figure 4.1. Manhattan plot of significant local eQTLs in healthy pigs found within 50 kb of a targeted innate immune gene.  

Solid line represents p = 0.05, while the dashed line indicates p = 0.001. P values have been adjusted using Benjamini-Hochberg procedure for multiple 

testing.
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There were 25 alleles with significantly different distributions within pigs diagnosed with 

a bacterial infection. Only animals diagnosed with Escherichia coli or Mycoplasma spp. 

infections had significant differences; animals with Actinobacillus pleuropneumonia (APP), 

Haemophilus suis, Streptococcus suis, and Salmonella enterica Typhimurium were not 

significantly different from the reference population. Interestingly, animals with Mycoplasma 

spp. infections consistently showed significant differences primarily in FCN2 alleles (Table 4.1 

and Appendix 4.7). The SNVs were re-examined for linkage disequilibrium with the additional 

genotypes, and nine of the twelve significant alleles were found to be in disequilibrium with an 

R2 ≥ 0.75. Animals diagnosed with E. coli k88 infections had eQTLs in four genes, CD55, 

SFTPD, DEFB1, and CLEC5A. 

Within animals diagnosed with viral diseases, five eQTLs showed significantly different 

frequencies (Table 4.2 and Appendix 4.7). Animals with porcine reproductive and respiratory 

syndrome virus (PRRSV) showed significant differences only within FCN2 alleles, while those 

with swine influenza virus (SIV) were more likely to carry mutations in DEFB1 (a.k.a. PDB-2) 

and CLEC5A. Animals with porcine coronavirus 2 (PCV2) carried no eQTLs with any 

significant differences. 

When considering the same animals subdivided by disease, rather than pathogen, animals 

with pneumonia and septicemia frequently showed significant differences in allele frequencies 

compared to healthy animals, whereas those with enteritis and serositis showed almost none (3 

and 0, respectively) (Table 4.2Table 4.3 and Appendix 4.7).   
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Table 4.1. Frequency of the alternate allele of local eQTLs in pigs diagnosed with bacterial infections. 

Gene rsID 
Expression 

effect 
Healthy APP (n = 25) 

E. coli k88 

(n = 38) 

H. parasuis 

(n = 21) 

Mycoplasma spp. 

(n = 43) 

S. 

typhimurium 

(n = 30) 

S. suis 

(n = 98) 

FCN2 rs333222079   8.7 (0)  6.0 (0) 11.8 (0) 17.5 (1) 19.8 (0) 15.0 (0) 10.7 (0) 

FCN2 rs338072079  18.0 (1) 14.0 (0) 22.4 (0) 23.8 (0) 33.7 (0) 31.7 (0) 22.4 (0) 

FCN2 rs326158227  76.3 (0) 82.0 (0) 81.6 (0) 85.7 (0) 91.9 (0) 83.3 (0) 84.2 (0) 

FCN2 rs320342887  76.3 (10) 82.0 (0) 82.4 (1) 85.7 (0) 91.7 (1) 81.7 (0) 84.5 (1) 

FCN2 rs342195622  76.9 (2) 82.0 (0) 81.6 (0) 85.0 (1) 93.0 (0) 80.0 (0) 83.7 (0) 

FCN2 rs328892780  73.2 (2) 82.0 (0) 79.0 (0) 73.8 (0) 88.4 (0) 71.7 (0) 78.6 (0) 

FCN2 rs331664783  76.4 (0) 82.0 (0) 81.6 (0) 83.3 (0) 91.9 (0) 75.0 (0) 82.7 (0) 

FCN2 rs333340587  76.1 (0) 82.0 (0) 81.6 (0) 81.0 (0) 91.9 (0) 75.0 (0) 82.7 (0) 

FCN2 rs337034769  76.4 (0) 82.0 (0) 81.6 (0) 85.7 (0) 91.9 (0) 83.3 (0) 84.2 (0) 

FCN2 rs330321112  76.6 (6) 82.0 (0) 81.6 (0) 85.7 (0) 91.9 (0) 80.0 (0) 83.7 (0) 

FCN2 rs322664568  75.6 (0) 82.0 (0) 80.3 (0) 83.3 (0) 91.9 (0) 78.3 (0) 83.7 (0) 

FCN2 rs335102706  53.0 (10) 64.0 (0) 55.3 (0) 70.0 (1) 72.1 (0) 60.0 (0) 64.3 (0) 

SCGB1A1 rs81227376  42.2 (0) 34.0 (0) 36.8 (0) 45.2 (0) 58.1 (0) 40.0 (0) 49.5 (0) 

CD55 rs330938856  44.1 (0) 50.0 (0) 69.7 (0) 33.3 (0) 55.8 (0) 60.0 (0) 52.0 (0) 

CD55 rs322614244  43.9 (8) 50.0 (0) 67.1 (0) 33.3 (0) 55.8 (0) 60.0 (0) 52.5 (0) 

SFTPD rs327156991   5.6 (0) 14.0 (0) 18.4 (0)  4.8 (0)  8.1 (0)  6.7 (0)  7.1 (0) 

DEFB1 rs330573086  14.7 (1) 12.0 (0)  0.0 (0)  7.1 (0) 10.5 (0)  6.9 (1)  6.6 (0) 

DEFB1 rs319252499  14.9 (0) 12.0 (0)  0.0 (0)  7.1 (0) 10.5 (0)  8.3 (0)  6.6 (0) 

DEFB1 rs335696039  16.6 (9) 16.0 (0)  4.1 (1)  7.1 (0) 19.1 (1) 13.3 (0) 11.3 (1) 

CLEC5A rs343093524  48.2 (2) 60.0 (0) 13.2 (0) 50.0 (0) 50.0 (0) 38.3 (0) 39.8 (0) 

CLEC5A rs327744812  57.4 (0) 66.0 (0) 26.3 (0) 69.0 (0) 67.4 (0) 51.7 (0) 53.1 (0) 

CLEC5A rs343548293  48.3 (0) 64.0 (0) 21.1 (0) 50.0 (0) 50.0 (0) 43.3 (0) 40.3 (0) 

CLEC5A rs346369612  54.1 (0) 72.0 (0) 25.0 (0) 57.1 (0) 57.0 (0) 48.3 (0) 46.4 (0) 

CLEC5A rs339063186  16.8 (1) 30.0 (0)  3.9 (0) 15.0 (1) 22.1 (0) 10.0 (0) 12.2 (0) 

CLEC5A rs336562067  49.1 (8) 58.0 (0) 23.7 (0) 50.0 (0) 48.8 (0) 45.0 (0) 40.2 (1) 
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Numbers in bold indicate the frequency of the eQTL is significantly different than in healthy animals (p < 0.05 after controlling for 

FDR). Underlined numbers indicate that the eQTL was significantly less frequent as compared to healthy animals. 

Arrows indicate the effect of the alternate allele on gene expression. 

Numbers in parentheses in the header indicate total number of animals in the group; numbers in brackets in the cells indicate the 

number of animals with a missed call at that particular locus. 

APP: Actinobacillus pleuropneumonia 
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Table 4.2. Frequency of the alternate allele of local eQTLs in pigs diagnosed with viral infections. 

Gene rsID 
Expression 

effect 
Healthy PCV2 (n = 88) PRRSV (n = 72) SIV (n = 16) 

FCN2 rs339469390   3.5 (0)  8.0 (0)  9.7 (0)  6.2 (0) 

FCN2 rs333222079   8.7 (0) 14.4 (1) 17.6 (1) 21.9 (0) 

FCN2 rs338072079  18.0 (1) 21.0 (0) 29.9 (0) 25.0 (0) 

DEFB1 rs335696039  16.6 (9) 18.0 (2) 14.8 (1) 43.3 (1) 

CLEC5A rs343093524  48.2 (2) 51.1 (0) 54.9 (0) 78.1 (0) 

Numbers in bold indicate the frequency of the eQTL is significantly different than in healthy animals (p < 0.05 after controlling for 

FDR). 

Arrows indicate the effect of the alternate allele on gene expression. 

Numbers in brackets in the header indicate total number of animals in the group; numbers in brackets in the cells indicate the number 

of animals with a missed call at that particular locus. 

PCV2: porcine circovirus type 2; PRRSV: porcine reproductive and respiratory syndrome virus; SIV: swine influenza virus. 
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Table 4.3. Frequency of the alternate allele of local eQTLs in pigs classified by disease. 

Gene rsID 
Expression 

effect 
Healthy Enteritis (n = 212) Pneumonia (n = 267) Septicemia (n = 92) Serositis (n = 60) 

FCN2 rs326158227  76.3 (0) 82.8 (0) 83.0 (0) 88.0 (0) 87.5 (0) 

FCN2 rs320342887  76.3 (10) 82.9 (2) 83.0 (2) 88.0 (0) 87.5 (0) 

FCN2 rs342195622  76.9 (2) 82.9 (1) 83.5 (1) 88.6 (0) 89.2 (0) 

FCN2 rs328892780  73.2 (2) 78.2 (1) 78.8 (1) 84.8 (0) 81.7 (0) 

FCN2 rs331664783  76.4 (0) 82.1 (0) 82.4 (0) 88.0 (0) 86.7 (0) 

FCN2 rs333340587  76.1 (0) 80.9 (0) 81.5 (0) 88.0 (0) 86.7 (0) 

FCN2 rs337034769  76.4 (0) 83.0 (0) 83.0 (0) 88.0 (0) 86.7 (0) 

FCN2 rs330321112  76.6 (6) 82.5 (0) 82.5 (1) 87.5 (0) 86.4 (1) 

FCN2 rs322664568  75.6 (0) 81.6 (0) 82.0 (0) 87.0 (0) 86.7 (0) 

FCN2 rs335102706  53.0 (10) 62.0 (3) 63.4 (3) 64.3 (1) 65.0 (0) 

CD55 rs330938856  44.1 (0) 53.3 (0) 51.5 (0) 52.7 (0) 46.7 (0) 

CD55 rs322614244  43.9 (8) 53.6 (2) 52.3 (2) 53.3 (0) 46.7 (0) 

DEFB1 rs330573086  14.7 (1) 11.1 (1)  9.0 (1)  7.6 (0)  8.3 (0) 

DEFB1 rs319252499  14.9 (0) 11.3 (0)  9.0 (0)  7.6 (0)  8.3 (0) 

NOD1 rs343304937  19.9 (0) 24.5 (0) 27.7 (0) 23.9 (0) 23.3 (0) 

CFB rs320914345   7.6 (0) 12.0 (0) 12.2 (0)  7.1 (0) 11.7 (0) 

Numbers in bold indicate the frequency of the eQTL is significantly different than in healthy animals (p < 0.05 after controlling for 

FDR). Underlined numbers indicate that the eQTL was significantly less frequent as compared to healthy animals. 

Arrows indicate the effect of the alternate allele on gene expression. 

Numbers in parentheses in the header indicate total number of animals in the group; numbers in brackets in the cells indicate the 

number of animals with a missed call at that particular locus.
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4.5 Discussion 

Genetic variants that are associated with economically important traits, such as disease 

susceptibility, can be useful in improving livestock breeding programs. However, identification 

of candidate eQTLs for complex traits (such as innate immunity) is difficult, and requires 

adequate sample sizes and well described phenotypes (Ron and Weller, 2007). This study 

expands upon the current knowledge of infectious disease-associated local eQTLs in pigs. 

Previous porcine eQTL studies focussed on single pathogen experimental models (Reiner et al., 

2014), on production traits such as muscle quality (Cánovas et al., 2012; Ponsuksili et al., 2014) 

and backfat (Munoz et al., 2013), or on physiological processes (Liaubet et al., 2011). Our study 

used production animals with and without infectious diseases and/or pathogens diagnosed by 

necropsy with appropriate laboratory confirmation.  

In the first portion of this study, we identified 298 eQTLs spanning 19 different innate 

immune genes. Linkage disequilibrium analysis of our population identified a subset of 86 

eQTLs that, overall, were predictive of 144 of the remaining eQTLs. In the second portion, we 

genotyped 74 of the 86 eQTLs, and determined that 28 eQTLs in 8 different genes (FCN2, 

CLEC5A, DEFB1, SCGB1A1, CD55, SFTPD, NOD1, and CFB) showed significant differences 

between healthy and diseased pigs. Several of the genes identified in this study have been 

previously implicated in infectious disease susceptibility. FCN2 encodes FCN-α, a collagenous 

lectin with a well-defined role in porcine innate immunity (Brooks et al., 2003b; Keirstead et al., 

2008; Nahid and Sugii, 2006). FCN-α was shown to reduce the infectivity of porcine 

reproductive and respiratory syndrome virus in vitro (Keirstead et al., 2008), and we found three 

FCN2 eQTLs associated with reduced FCN2 expression were found to be more frequent in pigs 

diagnosed with PRRSV (Table 4.2), reinforcing the concept that FCN-α may serve a protective 
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role against PRRSV infection. Although FCN-α is also reactive to both gram-negative and gram-

positive bacteria (Nahid and Sugii, 2006), FCN2 eQTLs were only found in animals diagnosed 

with Mycoplasma infections. 

  Of particular interest is the association between an eQTL of CLEC5A (rs343093524), and 

pigs diagnosed with swine influenza virus. This allele was associated with increased expression 

of CLEC5A, and was found at a higher frequency in pigs diagnosed with SIV, suggesting that 

higher levels of CLEC5A are associated with increased incidence of SIV. It was recently shown 

that the C-type lectin domain containing 5A protein (CLEC5A) interacts with the hemagglutinin 

protein of influenza A virus and promotes a proinflammatory response in human macrophages, 

and CLEC5A-/- mice had improved survival upon challenge with influenza virus (Teng et al., 

2017). It is tempting to extrapolate the beneficial effects of reduced CLEC5A expression in mice 

and hypothesize that a similar mechanism of action may be present in pigs, in which higher 

levels of CLEC5A result in a more severe inflammatory response upon infection with SIV, 

leading to a more severe disease presentation. Interestingly, the CLEC5A allele present at 

increased frequency in SIV positive pigs was also present at a significantly lower frequency in 

pigs diagnosed with E. coli k88. CLEC5A has also been identified as a critical receptor in the 

innate immune response to the gram-negative bacteria Listeria monocytogenes (Chen et al., 

2017). Mice deficient in CLEC5A showed increased susceptibility to infection, lending a 

potential biological explanation for increased susceptibility to E. coli k88 in pigs with decreased 

CLEC5A expression. Further investigations on the role of CLEC5A in the porcine innate immune 

response to both bacteria and SIV is warranted. 

 An allele associated with increased expression of DEFB1 was similarly found to be less 

frequent in pigs with E. coli k88, but more frequent in pigs with SIV. DEFB1 (also known as 
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PBD-2) encodes porcine beta defensin 2, an antimicrobial peptide with in vitro activity against a 

variety of gastrointestinal pathogens, including E. coli (Veldhuizen et al., 2008). There is no 

information on the interaction of beta defensin 2 with porcine viruses. An underlying biological 

explanation for the increased frequency of an eQTL associated with higher expression of DEFB1 

in pigs with SIV is an area to be explored. 

An allele associated with increased expression of SCGB1A1 was found with increased 

frequency in pigs diagnosed with Mycoplasma spp. (rs81227376,Table 4.1). Little information is 

available on the role of its protein product, secretoglobin (also known as uteroglobin or Club cell 

secretory protein), in pigs. A recent study on recombinant equine secretoglobin found that the 

protein reduced neutrophil chemotaxis and reduced neutrophil extracellular traps (Côté et al., 

2014). Neutrophils are an important component of arthritic Mycoplasma infections in pigs, and 

increased expression of SCGB1A1 may contribute to a diminished neutrophilic response. 

Alleles associated with increased expression of CD55 and SFTPD were found in pigs 

diagnosed with E. coli k88 (Table 4.1). SFTPD is a collagenous lectin that encodes surfactant 

protein D (SP-D) and recognizes a wide variety of viruses, bacteria, and fungi (Holmskov et al., 

2003), while CD55 encodes the decay accelerating factor (DAF), which inhibits the activation of 

complement. Increased levels of DAF may inhibit complement activity, thus increasing the 

susceptibility of pigs to certain pathogens. While it is known that SP-D is expressed in intestinal 

tissues (Bourbon and Chailley-Heu, 2001), it is unknown how increased levels of SP-D 

contribute to disease susceptibility, and it is also unknown whether the transcriptional control of 

SFTPD in the porcine intestine is similar to the hepatic expression profile upon which the eQTL 

was based. It is also uncertain whether SFTPD must be expressed at the site of infection in order 

to be effective. SP-D is present in the serum of humans (Ikeda et al., 2017) and horses (Richard 
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et al., 2012), and it may be the circulating form of the protein that provides protection against 

certain pathogens in some tissues. An illustrative example, albeit from a different collectin, 

comes from an MBL2 mouse knockout model demonstrating increased susceptibility to influenza 

A virus (IAV) infection (Chang et al., 2010). Resistance to IAV infection was restored through 

the systemic administration of MBL-C, suggesting that the site of infection (lung) did not 

necessarily have to also be the source of MBL-C. A potential mechanism through which altered 

hepatic expression of SFTPD affects gastrointestinal disease can therefore be hypothesized: if 

hepatic expression contributes to a circulating pool of SP-D relevant to the innate immune 

response in organs such as the gastrointestinal tract, then altered expression may decrease serum 

concentrations, thereby contributing to disease pathogenesis.  

eQTLs associated with decreased NOD1 and CFB expression were found only within 

pigs grouped by disease, rather than specific pathogen. This was likely at least partly due to the 

larger sample sizes within disease groups, resulting in smaller differences achieving statistical 

significance. NOD1 encodes the nucleotide-binding oligomerization domain 1 pattern 

recognition receptor, and is generally associated with the recognition of pathogens in the 

gastrointestinal tract (Clarke et al., 2010). However, NOD1 gastrointestinal recognition of 

bacterial peptidoglycan can enhance systemic innate immunity (Clarke et al., 2010), providing a 

potential explanation for the increased frequency of NOD1 eQTLs associated with decreased 

NOD1 expression in pigs with pneumonia. A study of polymorphisms in porcine NOD1 cDNA 

identified 11 SNPs, 2 of which resulted in decrease ligand binding, however, the eQTL identified 

here was present with an intron (and was in LD with another intronic SNV, rs337167571) 

(Shinkai et al., 2015). Little is known about porcine CFB, the gene encoding complement factor 

B, a key component of the alternative pathway of complement that forms the alternative C3 
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convertase. Hypothetically, decreased levels of CFB could contribute to decreased complement 

activity, and thus increased susceptibility to pathogens. 

A technical issue partially limits the conclusions of this study. There were differences in 

the depth of sequencing of different targeted regions (Appendix 4.1). Although the exact 

underlying cause for the differences cannot be explained, the efficacy of genomic capture when 

using hybridization methods is known to be variable, and is negatively impacted by sequences 

with highly skewed AT or GC content as well as by pre- and post-hybridization PCRs (Bodi et 

al., 2013; Mamanova et al., 2010). As a minimum depth of coverage of 10x was required for 

variant calling, low coverage in certain target regions might have limited variant discovery, and 

may have subsequently limited the discovery of local eQTLs in these regions. Thus, the absence 

of eQTLs in some genes should be considered in conjunction with the sequencing results, and 

not solely as a reflection on the role of those genes in the innate immune response. 

 This study is the first to examine the porcine innate immunome for genetic variants 

impacting gene expression and potentially contributing to infectious disease susceptibility. 

Variants identified here are excellent candidates for future study and potential incorporation into 

breeding programs, to help reduce the incidence of infectious diseases in pigs. 
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Chapter 5: Concluding Discussion 

The overall objective of this thesis was to investigate genetic variation in collagenous 

lectins of horses, cattle, and pigs, and to examine how variants in these and other innate immune 

genes might be relevant to infectious disease resistance. This work was undertaken as infectious 

diseases represent significant economic and welfare concern to these species, and are frequently 

diagnosed within herds and in individual animals. Current attempts at prevention, management, 

and treatment of disease are only partially successful, and additional strategies to address 

infectious diseases are required. Additionally, the treatment of bacterial infections with 

antimicrobials is a contributor to the current state of antimicrobial resistance; reducing the usage 

of antimicrobials in livestock has been identified as a priority in Canada (Prescott et al., 2012). 

Targeting host resistance to infectious diseases could therefore be beneficial in a variety of 

different and important ways.  

The studies presented in this thesis used modern techniques, such as pooled, targeted 

NGS to investigate the innate immune system of livestock. Pooled sequencing is an attractive 

method for maximizing the number of animals used in an experiment while maintaining 

reasonable costs. A substantial portion of the sequencing costs is tied to the number of individual 

indices, or barcodes, used to identify individual samples within the sequencing library. By 

pooling samples, fewer indices are required, and costs are lowered. Although this comes at the 

cost of losing individual genotypic data, the estimation of allele frequencies across a pool has 

been shown to be reliable (Bansal et al., 2011; Mullen et al., 2012; Rellstab et al., 2013). In 

Chapter 2: and Chapter 3:, cattle and horses were pooled into relatively small groups based on 

the similarity of disease diagnoses and or pathogen identification. However, given that allele 

frequency estimation is more robust when pool sizes are larger (Kim et al., 2010), analysis was 
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performed by merging data from all animals with or without infectious diseases into a single 

dataset. Thus, in retrospect, all animals could have been placed into two pools for sequencing 

library preparation for simple allele frequency estimation. This would, however, have increased 

computing costs for the joint genotyping variant calling protocol.  

Somewhat surprisingly, the density of variants followed a similar pattern in both cattle 

and horses (Figure 5.1). For the most part, homologous genes (where present) exhibited a 

relatively similar variant density. Of note, FCN1 (and FCN1-like in the horse, which does not 

exist in cattle) had the highest rate of variation in both species. As discussed in Chapters 2 and 3, 

variant density is frequently elevated in regions in which there is high GC content and/or 

elevated incidence of indels (Hodgkinson and Eyre-Walker, 2011). Although in both species, the 

GC content and indel count were highest in the regions of the FCN genes, neither parameter 

correlated in a statistically significant manner when all genes were accounted for (Appendix 2.5, 

Appendix 3.5, and Appendix 3.6). Thus, although the elevated variant density may indeed be 

related to these other structural components, the possibility that the increased variant density 

might be functionally relevant must be considered. Regions of the genome with high numbers of 

mutations tend to harbour genes that interact with the environment, such as genes of the immune 

system (Chuang and Li, 2004). Theoretically, this would give genes in need of adaptation (in this 

case, those of the innate immune response) the opportunity to evolve in tandem with the evolving 

threat of pathogens. The elevated number of mutations found in the FCN genes may therefore 

suggest an important evolutionary role for the FCNs in innate immunity, one in which frequent 

adaptation was beneficial to host defense. Supporting this hypothesis is the finding that alleles 

associated with decreased expression of FCN2 were more frequent in pigs with infectious 

disease, as outlined in Chapter 4:. An extension of this observation is that genes with the lowest 
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variant density, such as COLEC12, MASP1 and MASP2, may have a diminished need to adapt in 

the context of the innate immune response. For the MASP genes, this a logical finding: these 

genes do not respond to evolving pathogens, and instead recognize presumably conserved 

regions of some collagenous lectins to activate the lectin pathway of complement.  

The frequency of mutations can also be related to the number of functionally similar 

copies of a gene. Gene redundancy can be evolutionarily unstable, as additional functional copies 

of a gene have the potential to diminish the impact of harmful mutations on selection pressure 

(Kafri et al., 2006). It is thus arguable that the increased variation found in the FCN genes of 

horses and cattle might be the result of functional redundancy, and that other collagenous lectin 

proteins (or other innate immune proteins entirely) may compensate for any deleterious FCN 

mutations, allowing them to accumulate. The degree of importance of the ficolins in cattle and 

horses is therefore debatable, and an opportunity for further research.  
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Figure 5.1: Comparison of variant density between different gene regions for horses and cattle.  

Solid lines represent the median, hinges represent the 1st and 3rd quartiles, whiskers are 1.5x the 

interquartile range, and points are outliers. Note that FCN1-like and FCN3 are not present in cattle, while 

CGN1, CL43, and CL46 are not present in horses.  
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In Chapters 2 and 3, alleles that were significantly associated with animals diagnosed 

with infectious diseases were identified. In an attempt to discern possible biological relevance of 

these alleles, in silico analysis was used to identify miRNA binding elements and transcription 

factor binding sides containing sequence variants, along with impactful coding region mutations 

such as missense mutations. Several algorithms have been developed to assess the effect of 

missense mutations, most of which align homologous protein sequences, identify conserved 

residues, and use a scoring system to determine the relative importance of a single amino acid. 

The algorithms generally differ in the statistical model used to determine significance of 

conserved residues (Choi et al., 2012). An article reviewing and comparing different algorithms, 

including the two used in this thesis, Polyphen2 (Adzhubei et al., 2010) and SIFT (Sim et al., 

2012), found that they all shared similar sensitivity and specificity when used to identify disease 

causing variants in a set of control data (Choi et al., 2012). For Polyphen2, the sensitivity and 

specificity were 88 % and 62 %, while for SIFT, they were 85 % and 69 %. Based on these 

numbers, these algorithms are likely to accurately reject true negatives, but suffer from 

potentially identifying false positives. For some of the missense variants identified in this thesis, 

such as the p.(Gly82Ala) mutation found in equine MBL-A, supporting evidence was obtained 

from similar mutations in other species known to have adverse effects, and it is possible that the 

effect of the mutation is similar in the horse. For the remainder, biochemical characterization 

confirming the predicted effects of the mutations is required, especially if genotyping of larger 

numbers of animals supports the association with infectious disease.  

The biochemical characterization of collagenous lectins in non-reference species is still 

challenging. Commercial antibodies needed for applications such as enzyme-linked 

immunosorbent assays or Western blots, useful for the determination of serum collagenous lectin 
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levels, are not always available, or do not always work (Podolsky et al., 2006). Functional 

experiments, such as complement deposition assays, could add additional information and help 

differentiate between mutations that affect function, but not concentration, of the complement-

activating collagenous lectins.  

It is now well established that immunity is regulated in part by miRNAs (Foster et al., 

2013; O’Connell et al., 2012; Taganov et al., 2007; Xiao and Rajewsky, 2009; Zhou et al., 2014). 

miRNAs can affect various components of the immune system directly, can directly affect some 

pathogens, and can modulate the magnitude of the immune response. With respect to immunity, 

studies have typically associated the relative levels of various miRNAs to disease (Iborra et al., 

2012). Investigations assessing the effect of mutations, either to the miRNA or to miRNA 

response elements (MREs), on susceptibility to infectious diseases are sparse. Studies in other 

fields, however, have found good evidence that mutations in MREs contribute to disease or gene 

expression. For example, a mutation in a let-7 binding site in the 3 untranslated region (UTR) of 

KRAS, a gene known to cause de novo endometriosis in mice, was found to be 6 times more 

frequent in women with endometriosis. The mutation results in decreased let-7 repression of 

KRAS, and thus increased expression of the gene (Grechukhina et al., 2012). Mutations in the 3 

UTR can also lead to the development of novel miRNA binding sites. In Texel sheep, a mutation 

in the 3 UTR of myostatin led to the creation of a novel binding site for two miRNAs, 

subsequently repressing gene expression and resulting in the increased muscle for which the 

breed is known (Clop et al., 2006). 

In order to assess the potential effects of mutations on miRNA regulation of the genes 

targeted in this thesis, the 3 UTR was analyzed for potential MREs. Two algorithms, Targetscan 

and miRanda, were used to predict MREs. Targetscan identifies MREs based on the 
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complementarity of the seed sequence to sequences in the 3 UTR mRNA, and provides 

information on the type of binding motifs (Agarwal et al., 2015). The highest ranking (strongest) 

occurs for the 8mer, in which there is perfect complementarity to positions 2-8 and a flanking 

adenine, followed by 7mer-m8s (position 2-8 match), 7mers (position 2-7 match with a flanking 

adenine), and offset 6mers (position 3-8 match). On the other hand, miRanda reports scores both 

for weighted complementarity as well as thermodynamic binding of the entire miRNA (Enright 

et al., 2003). By using both algorithms independently, and subsequently selecting only MREs 

predicted by both algorithms, the chances of accurately predicting true MREs is increased (Riffo-

Campos et al., 2016). 

To determine whether a bioinformatically-predicted MRE has been affected by a short 

nucleotide variant (SNV), it must first be validated. A common strategy is to clone the 3 UTR 

that includes the predicted MRE into a reporter plasmid (typically encoding green fluorescent 

protein or luciferase) and to transfect cells both with the reporter plasmid and a plasmid encoding 

an miRNA. Full validation of the interaction between the MRE and miRNA requires 

demonstrating that the mRNA and miRNA are expressed in the original cell type of interest, and 

determining the ultimate effect on protein expression (Kuhn et al., 2008). Determining the 

impact of a SNV once such a reporter system is setup would be (theoretically) as simple as using 

site-directed mutagenesis to alter the MRE and repeating the above assays.    

Predicting transcription factor binding sites (TFBSs) is a difficult task. The binding 

specificity of a particular transcription factor (TF) is highly predictable based on the amino acid 

sequence of its DNA-binding domain, and this specificity is largely conserved even amongst 

divergent species (Jolma et al., 2013; Weirauch et al., 2014). Upstream regulatory DNA is 

similarly conserved (Nitta et al., 2015). It is disappointing, then, to discover that despite this 
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promising degree of conservation, the actual binding and use of specific TFBSs is species 

dependant (Schmidt et al., 2010). Thus, one might predict possible TFBSs, but cannot 

necessarily infer whether they are used from studies in other species. In species such as horses, 

where limited experimental data exists to confirm predictions, we are left with simply listing the 

best guesses derived from prediction algorithms. In cattle, a similar dearth of information exists, 

though two studies have also attempted to predict TFBSs in the bovine collagenous lectins 

SFTPD and CL43 (Gjerstorff et al., 2004b; Hansen et al., 2003a). For CL43, 8 TFBS were 

predicted by both this thesis and the original study, though only a single TFBS (Mzf-1) was 

affected by a SNV. There was no overlap in predicted TFBSs for SFTPD between this thesis and 

Gjerstorff et al. (2004). As noted in Chapter 3, these discrepancies may be due to the restriction 

of TFBS prediction (in cattle) to conserved motifs only, or perhaps in the different algorithms 

used. Regardless, the results described in this thesis await validation from experiments capable 

of identifying DNA sequences bound to TFs, such as chromatin immunoprecipitation (CHiP) 

sequencing. 

Despite the extensive in silico investigation of the disease-associated variants, only 10 

variants in the horse, and none in cattle, had a predicted putative functional impact (Table 2.4 

and Table 3.4). Regardless, the association of alleles with disease is an important finding in and 

of itself, and can inform further investigations. The first step is confirming the accuracy of the 

associations, through larger-scale genotyping studies. Obtaining a sufficiently large sample size 

of animals with the appropriate infectious disease phenotype required for these types of studies is 

one of the major challenges in genomics research of livestock. This was beyond the scope of the 

initial survey conducted during the course of this study.  
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Once associations have been confirmed, or further validated, mechanistic studies on those 

alleles can then follow. Alleles that fall into coding regions can be investigated using 

recombinant wildtype and mutated proteins, evaluation of functional parameters, such as 

complement activity (in those collagenous lectins that have such capabilities) or pathogen 

binding. As an example, Podolsky et al (2006) used a complement deposition assay to indirectly 

assess serum levels of MBL-C in healthy and sick horses. Sick horses had significantly lower 

complement activation when compared to healthy counterparts. Although the cDNA of one 

sample was synthesized and sequenced, sequencing of the remaining samples was not performed. 

Hypothetically, decreased MBL-C serum concentration, or, alternatively, normal MBL-C serum 

concentration but loss of ability to activate complement, may be the result of a SNV. Serum 

samples from live and affected animals are required to pursue this line of investigation, so that 

both sequencing and functional assays may be performed. 

Alleles predicted to affect the MRE in the 3 UTR or potential TFBSs in the promoter 

region generally affect the expression of a gene, and are best investigated using expression 

studies (e.g. qPCR, microarray, or RNAseq). Effects on expression are not limited to SNVs 

found within the 3 UTR or the promoter, however: alleles found in the distant upstream 

sequence can potentially act as silencers, enhancers, insulators, or locus control regions (Maston 

et al., 2006), and those within introns can affect gene expression or splicing (van Laere et al., 

2003). Any region of the genome that harbours SNV(s) that affect gene expression is known as 

an expression quantitative trait loci (eQTL), and by performing eQTL analysis, it becomes easier 

to prioritize variants with no known putative effect. 

In part due to the availability of data on the hepatic expression of innate immune genes in 

pigs, an eQTL approach to variant prioritization was taken in that species as part of this thesis. 
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Expression levels were combined with NGS-derived genotypes from the same animals, and 

associations were calculated. With the discovery of significant eQTLs, healthy pigs and pigs 

diagnosed with infectious diseases were genotyped, attempting to see if alleles associated with 

altered expression were also associated with infectious disease. Twenty-eight variants affecting 

the expression of eight genes were associated with infectious diseases in pigs. Further studies are 

now indicated to disambiguate their potential mechanism(s) of action. Local eQTLs can act in a 

number of different ways, including affecting TF binding, chromatin accessibility, DNA 

methylation, splicing, and miRNA binding, amongst others. Determining how and which 

molecular mechanism is at work would be based on the location of the eQTL relative to the gene. 

However, despite the relatively large genomic regions targeted for sequencing in this thesis, the 

experiment lacks the enormous breadth of a whole genome sequencing study. Further, the 

inherent variability in the success of target capture, resulted in some regions being poorly 

sequenced. It is thus possible that the significantly associated SNVs identified here are not 

causative, or biologically relevant, but are instead linked to other mutations. However, careful 

examination of the Manhattan plots (Figure 3.6 and Appendix 4.3) shows that the significant 

eQTLs for MASP1, COLEC12, FCN2, and the collectin locus form distinct clusters, suggesting 

that although there is likely LD present, the causative variant might be present within the cluster. 

For FCN2 and the collectin locus, the cluster of variants borders the 5 edge of the targets, and 

thus further upstream sequencing and genotyping is needed to further define these two clusters. 

Although eQTL studies identify variants associated with gene expression, it is ultimately 

functional protein levels that determine phenotype. A study investigating the relationship 

between eQTLs and protein QTL (pQTL) found that although a significant number of eQTLs 

ultimately affect protein levels, some do not. Furthermore, the effect on protein levels is often 
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less dramatic than on gene expression (Battle et al., 2015). To further complicate matters, some 

mutations may affect protein levels without necessarily affecting expression: coding mutations 

that affect protein folding, post-translational modifications, or higher order structure can result in 

lower circulating protein levels, as exemplified by the p.Gly54Asp mutation in hMBL2 (Sumiya 

et al., 1991). The effect of missense mutations was not examined in this experiment, and thus 

those that did not impact expression were not genotyped in the diseased and healthy populations 

of pigs. 

Some of the alleles identified in this thesis represent candidate alleles for marker-assisted 

selection in cattle, horses, and pigs. Although it is unlikely that all of the alleles associated with 

infectious diseases will have biological relevance, it is possible that a portion may. Validation of 

associations in larger populations of animals may therefore render a subset of these alleles useful 

for inclusion in high-throughput genotyping applications, such as high-density SNP chips. 

Beyond validation of alleles, selection for disease resistance in livestock poses another 

challenge: some alleles may confer protection to one disease while simultaneously increasing 

susceptibility to another. The CLEC5A mutation described in this thesis is an example of one 

such allele, in which increased expression was associated swine influenza virus infection, but 

decreased expression was associated with E. coli infection. Quantifying the relative importance 

of different infectious diseases to different industries, along with quantifying the relative 

contribution of each allele towards resistance or susceptibility to different diseases represent 

significant challenges. Furthermore, disease resistance represents only one trait of importance in 

livestock breeding, and must be balanced with other production traits, such as growth, muscling 

or milk production, and litter sizes. Ultimately, incorporating these candidates alleles into 
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genotyping arrays will allow for analysis at the population level, and selection of genotypes with 

the most beneficial phenotypes.  

Apart from use in selective breeding programs, the alleles identified in this thesis have 

the potential to increase the understanding of the pathophysiology of infectious diseases in 

livestock. As an example, the mutation to the CLD of equine MBL1, similar to a deleterious 

mutation in human MBL2, is worthy of further attention. The human polymorphism has been 

identified as a cause of recurring pulmonary infections in children. It could therefore by 

hypothesized that the similar mutation in horses may have a role in equine pneumonia, and 

studies examining both foals and adult horses are indicated. 

Overall, the studies in this thesis have combined to provide a detailed overview of genetic 

variants that potentially contribute to infectious disease susceptibility of cattle, horses, and pigs. 

In horses and cattle, variants within or surrounding the collagenous lectins were significantly 

associated with infectious disease. In pigs, eQTLs associated with infectious diseases were 

identified. These alleles represent important potential contributions to infectious disease 

resistance and contribute to the body of knowledge surrounding the genetics of innate immunity 

of livestock. Further investigation, both in terms of functional and larger-scale genotyping 

studies, is warranted. 
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5.1 Summary and Conclusions 

 

1. The DNA within and surrounding the collagenous lectin genes of cattle and horses 

contains numerous sequence variants. 

a. A substantial amount of genetic variation was discovered within and surrounding 

the collagenous lectin genes of horses. A total of 4559 SNVs were identified, 74 

% of which were previously unknown. 

b. A similar degree of variation was identified within and surrounding the 

collagenous lectin genes of cattle. A total of 5439 SNVs were identified, however, 

the better characterization of the genome in this species meant only 122 were 

novel. 

c. Variation tended to be lowest in coding regions, but this was not significantly 

different from the distant upstream (5 - 50 kb), upstream, introns, or downstream 

regions for either species. 

d. The FCN genes of both cattle and horses had a significantly higher variant density 

as compared to the remaining gene targets. Whether this represents increased 

evolutionary need for variation in the FCN proteins is unknown. 

e. A coding mutation similar to a known deleterious mutation in humans and pigs 

was found in equine MBL1. 

2. Variation in the bovine and equine collagenous lectins are associated with infectious 

diseases, suggesting that these genes play a role in infectious disease resistance in these 

species. 
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a. Allele frequency analysis identified 113 alleles associated with infectious disease 

in horses. 

i. Ten of these alleles had predicted functional impacts, including a single 

missense mutation, 2 mutations to putative miRNA response elements, 

and 7 mutations to predicted transcription factor binding sites. 

b. In cattle, 74 alleles were associated with infectious diseases. None of the 

identified alleles had a predicted function. A 21 kb region in the upstream region 

of the collectin locus accounted for 48 of the significant variants, suggesting a 

region of interest for further investigation. 

3. Expression quantitative trait analysis identified 298 SNVs associated with altered hepatic 

expression of 19 innate immune genes in pigs. A substantial portion of these SNVs were 

in strong linkage disequilibrium. 

4. By genotyping pigs that were healthy and pigs infected with a variety of pathogens, 28 

eQTLs were found to be associated with infectious diseases in pigs. Both increased and 

decreased hepatic expression of innate immune genes was associated with different 

infectious diseases. These alleles are potential indicators of infectious disease resistance 

in pigs, and warrant further investigation. 
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Appendices 

Appendix 1.1. Repository for the scripts for all the bioinformatic manipulations. 

All scripts are available at: 

https://github.com/russ-dvm/scripts 

All scripts were written in Perl, Python, Bash, or R. All scripts were written by me, with the 

exception of “allele_counts.pl”, “make_diploid.pl”, and “match_snps.pl”, which were written by 

Ann Meyer.

https://github.com/russ-dvm/scripts
https://github.com/russ-dvm/scripts
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Appendix 2.1 Breakdown of the breed and sex of horses used in this study. 

Population Breed F M MN Grand Total 

Non-

Infectious 

Arabian   1 1 

Canadian Sport Horse 1   1 
 Clydesdale 1   1 
 Dutch Warmblood 1  2 3 
 Fjord 1  1 2 
 Friesian  1 1 2 
 Haflinger 1   1 
 Hanoverian 1  1 2 

 Hanoverian x 

Thoroughbred 
  1 1 

 Mixed Breed Horse 1   1 
 Unknown 1  1 2 
 Oldenburg   1 1 
 Paint   2 2 
 Pony   1 1 
 Quarterhorse 1 1 1 3 
 Rocky Mountain Horse   1 1 
 Standardbred 3  5 8 
 Thoroughbred 6 2 7 15 
 Warmblood  2 2 4 
 Sub-total: 18 6 28 52 
     

Infectious Appaloosa   1 1 
 Canadian Warmblood 1   1 
 Clydesdale cross   1 1 
 Fjord 1   1 
 Friesian   1 1 
 Mixed Breed Horse 1   1 
 Unknown 1  2 3 
 Paint 1  1 2 
 Pony   1 1 
 Quarterhorse   1 1 
 Standardbred 1 1 4 6 
 Thoroughbred 8 4 5 17 
 Warmblood   1 1 
 Sub-total: 14 5 18 37 

      
 Grand Total 32 11 46 89 
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Appendix 2.2. Detailed breakdown of variants discovered by gene and by gene region. 

Gene Region 
Total targeted 

(bp) 

Total 

sequenced to a 

minimum of 

445x 

(5x/animal) 

Number of 

variants 

Rate (variant / 

kb) 

COLEC10 Total 88,258 86,356 371  

 Upstream 5-50 kb 45,076 43,174 120 2.78 

 Upstream 5 kb 5001 5001 15 3.00 

 Introns 34,166 34,166 194 5.68 

 Exons 834 834 3 3.60 

 Downstream 3 kb 3181 3181 39 12.26 

COLEC11 Total 54,918 53,734 566  

 Upstream 5-50 kb 15,340 14,186 170 11.98 

 Upstream 5 kb 5001 5001 73 14.60 

 Introns 30,770 30,740 301 9.79 

 Exons 804 804 2 2.49 

 Downstream 3 kb 3003 3003 20 6.66 

COLEC12 Total 94,479 91,210 521  

 Upstream 5-50 kb 45,001 44,722 283 6.33 

 Upstream 5 kb 5001 5001 12 2.40 

 Introns 39,187 36,197 217 5.99 

 Exons 2169 2169 6 2.77 

 Downstream 3 kb 3121 3121 3 0.96 

FCN1 Total 60,957 60,580 810  

 Upstream 5-50 kb 44,999 44,693 518 11.59 

 Upstream 5 kb 5001 5001 53 10.60 

 Introns 6971 6900 161 23.33 

 Exons 981 981 32 32.62 

 Downstream 3 kb 3005 3005 46 15.31 

FCN1-like Total 22,437 22,298 411  

 Upstream 5-50 kb 11,377 11,305 121 10.70 

 Upstream 5 kb 5001 5001 180 35.99 

 Introns 2425 2425 64 26.39 

 Exons 633 633 17 26.86 

 Downstream 3 kb 3001 2934 29 9.88 

FCN3 Total 10,659 9781 42  

 Upstream 5-50 kb 0 0 0 0.00 

 Upstream 5 kb 3628 3627 8 2.21 

 Introns 3160 3160 9 2.85 

 Exons 870 870 6 6.90 
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 Downstream 3 kb 3001 2124 19 8.95 

MASP1 Total 114,890 114,487 639  

 Upstream 5-50 kb 45,240 44,875 255 5.68 

 Upstream 5 kb 5001 5001 38 7.60 

 Introns 59,548 59,511 339 5.70 

 Exons 2100 2100 4 1.90 

 Downstream 3 kb 3001 3000 3 1.00 

MASP2 Total 34,475 31,165 91  

 Upstream 5-50 kb 10,175 9468 25 2.64 

 Upstream 5 kb 5001 2727 6 2.20 

 Introns 14,224 13,895 53 3.81 

 Exons 2061 2061 7 3.40 

 Downstream 3 kb 3014 3014 0 0.00 

MBL1 Total 45,907 45,014 288  

 Upstream 5-50 kb 35,226 34,344 217 6.32 

 Upstream 5 kb 5001 4990 39 7.82 

 Introns 1929 1929 13 6.74 

 Exons 750 750 4 5.33 

 Downstream 3 kb 3001 3001 15 5.00 

MBL2 Total 56,542 55,812 468  

 Upstream 5-50 kb 45,001 44,271 377 8.52 

 Upstream 5 kb 5001 5001 36 7.20 

 Introns 2792 2792 22 7.88 

 Exons 741 741 4 5.40 

 Downstream 3 kb 3007 3007 29 9.64 

SFTPA1 Total 35,227 33,852 217  

 Upstream 5-50 kb 24,868 23,522 147 6.25 

 Upstream 5 kb 5001 4972 37 7.44 

 Introns 1489 1489 11 7.39 

 Exons 747 747 3 4.02 

 Downstream 3 kb 3122 3122 19 6.09 

SFTPD Total 61,732 56,847 352  

 Upstream 5-50 kb 45,001 40,154 283 7.05 

 Upstream 5 kb 5001 5001 17 3.40 

 Introns 7565 7527 30 3.99 

 Exons 1129 1129 4 3.54 

 Downstream 3 kb 3036 3036 18 5.93 
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Appendix 2.3. List of SNVs found within a transcription factor binding site predicted in silico in this study, and predicted or identified 

in studies of collagenous lectins in other species. 

Gene Chr SNV position Ref allele Alt allele TFBS start TFBS end TF Sequence RE Reference 

COLEC11 15 88,586,795 G A 88,586,793 88,586,799  c-Ets-1 [T00112]   CTTCCTG  0.31455 Grageda et al 2015 

COLEC11 15 88,585,751 C G 88,585,749 88,585,755  E47 [T00207]   GCCAGAT  0.31397 Hansen et al 2014 

COLEC11 15 88,584,801 C T 88,584,799 88,584,804  c-Myc [T00140]   CACGTG  1.31228 Hansen et al 2013 

COLEC11 15 88,584,801 C T 88,584,799 88,584,804  N-Myc [T01445]   CACGTG  1.31228 Hansen et al 2016 

COLEC11 15 88,585,908 G T 88,585,906 88,585,911  Sp1 [T00753]   GGGCGG  1.60269 Grageda et al 2015 

COLEC11 15 88,585,908 G T 88,585,905 88,585,913  Sp1 [T00759]   GGGGCGGG  0.03007 Grageda et al 2015 

COLEC11 15 88,584,988 G C 88,584,984 88,584,991  PEA3 [T00684]   TTTCCTGC  0.15133 Grageda et al 2015 

FCN1 25 36,826,234 G A 36,826,230 36,826,235  Sp1 [T00753]   CCGCCC  1.77564 Grageda et al 2015 

FCN1-like 25 36,798,021 C G 36,798,018 36,798,023  Sp1 [T00753]   GGGCGG  2.12888 Grageda et al 2015 

FCN1-like 25 36,799,482 C G 36,799,482 36,799,487  c-Myc [T00140]   CACGTG  1.43378 Hansen et al 2013 

FCN1-like 25 36,799,484 C T 36,799,482 36,799,487  c-Myc [T00140]   CACGTG  1.43378 Hansen et al 2013 

FCN1-like 25 36,799,486 T C 36,799,482 36,799,487  c-Myc [T00140]   CACGTG  1.43378 Hansen et al 2013 

FCN1-like 25 36,799,482 C G 36,799,482 36,799,487  N-Myc [T01445]   CACGTG  1.43378 Hansen et al 2016 

FCN1-like 25 36,799,484 C T 36,799,482 36,799,487  N-Myc [T01445]   CACGTG  1.43378 Hansen et al 2016 

FCN1-like 25 36,799,486 T C 36,799,482 36,799,487  N-Myc [T01445]   CACGTG  1.43378 Hansen et al 2016 

FCN1-like 25 36,799,482 C G 36,799,482 36,799,488  c-Myc [T00143]   CACGTGG  0.39278 Hansen et al 2013 

FCN1-like 25 36,799,484 C T 36,799,482 36,799,488  c-Myc [T00143]   CACGTGG  0.39278 Hansen et al 2013 

FCN1-like 25 36,799,486 T C 36,799,482 36,799,488  c-Myc [T00143]   CACGTGG  0.39278 Hansen et al 2013 

FCN1-like 25 36,799,482 C G 36,799,482 36,799,488  USF-1 [T00875]   CACGTGG  0.71707 Hansen et al 2013 

FCN1-like 25 36,799,484 C T 36,799,482 36,799,488  USF-1 [T00875]   CACGTGG  0.71707 Hansen et al 2013 

FCN1-like 25 36,799,486 T C 36,799,482 36,799,488  USF-1 [T00875]   CACGTGG  0.71707 Hansen et al 2013 

FCN1-like 25 36,801,372 A G 36,801,371 36,801,377  USF-1 [T00875]   CATGTGG  0.71707 Hansen et al 2013 

FCN1-like 25 36,801,087 T C 36,801,084 36,801,090  E47 [T00207]   ATCTGGC  0.32411 Hansen et al 2014 

FCN1-like 25 36,801,088 G A 36,801,084 36,801,090  E47 [T00207]   ATCTGGC  0.32411 Hansen et al 2014 

FCN1-like 25 36,796,554 C T 36,796,548 36,796,554  MZF-1 [T00529]   TCCCCAC  0.39959 Hansen et al 2015 

FCN1-like 25 36,801,075 T C 36,801,075 36,801,081  MZF-1 [T00529]   TCCCCAC  0.39959 Hansen et al 2015 

FCN1-like 25 36,801,079 C G 36,801,075 36,801,081  MZF-1 [T00529]   TCCCCAC  0.39959 Hansen et al 2015 
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FCN1-like 25 36,800,822 C G 36,800,822 36,800,828  c-Ets-1 [T00112]   CAGGAAG  0.32852 Grageda et al 2015 

MBL1 1 88,931,429 G A 88,931,426 88,931,431  c-Myc [T00140]   CACGTG  1.17546 Hansen et al 2013 

MBL1 1 88,931,429 G A 88,931,426 88,931,431  N-Myc [T01445]   CACGTG  1.17546 Hansen et al 2016 

MBL1 1 88,931,429 G A 88,931,425 88,931,431  c-Myc [T00143]   CCACGTG  0.28899 Hansen et al 2013 

MBL1 1 88,931,429 G A 88,931,425 88,931,431  USF-1 [T00875]   CCACGTG  0.58899 Hansen et al 2013 

MBL1 1 88,928,936 C T 88,928,936 88,928,942  c-Ets-1 [T00112]   CAGGAAG  0.29968 Grageda et al 2015 

MBL1 1 88,929,760 C T 88,929,757 88,929,764  PEA3 [T00685]   TTACATCC  0.31285 Grageda et al 2015 

MBL2 1 43,251,789 C T 43,251,787 43,251,792  c-Myc [T00140]   CACGTG  0.95652 Hansen et al 2013 

MBL2 1 43,251,789 C T 43,251,787 43,251,792  N-Myc [T01445]   CACGTG  0.95652 Hansen et al 2016 

MBL2 1 43,250,717 T C 43,250,717 43,250,724  PEA3 [T00684]   GGAGGAAA  0.14841 Grageda et al 2015 

RE value represents the likelihood of finding the TFBS sequence in a sequence of 1000 random nucleotides.
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Appendix 2.4. Variants impacting predicted miRNA recognition elements. 

 

Gene Chrom Position 
Ref 

allele 
Alt allele miRNA 

MRE 

location 

COLEC10 9 62,298,917 C T eca-miR-1244 seed 

COLEC10 9 62,299,049 CATCA C eca-miR-1301 full 

COLEC10 9 62,299,066 G C eca-miR-1301 seed 

COLEC10 9 62,299,126 C G eca-miR-670 full 

COLEC10 9 62,298,805 T A eca-miR-711 full 

COLEC10 9 62,298,823 C CAA eca-miR-711 full 

COLEC10 9 62,298,805 T A eca-miR-8960 full 

COLEC10 9 62,299,249 T C eca-miR-8970 full 

COLEC10 9 62,300,038 G C eca-miR-8986a full 

COLEC10 9 62,300,663 A G eca-miR-9002 full 

COLEC10 9 62,298,661 C T eca-miR-9020 full 

COLEC10 9 62,298,662 G A eca-miR-9020 full 

COLEC10 9 62,299,375 G A eca-miR-9022 full 

COLEC10 9 62,299,249 T C eca-miR-9062 full 

COLEC10 9 62,301,149 G A eca-miR-9134 full 

COLEC10 9 62,301,165 A G eca-miR-9134 full 

COLEC10 9 62,301,173 T C eca-miR-9134 seed 

COLEC10 9 62,301,176 G A eca-miR-9134 full 

COLEC10 9 62,300,623 G A eca-miR-9147 full 

COLEC11 15 88,550,768 C A eca-miR-1291a seed 

COLEC11 15 88,550,768 C A eca-miR-1291b seed 

COLEC11 15 88,550,707 T C eca-miR-330 full 

COLEC11 15 88,549,373 T C eca-miR-541 seed 

COLEC11 15 88,549,379 G A eca-miR-541 full 

COLEC11 15 88,548,130 G A eca-miR-7045 seed 
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COLEC11 15 88,548,195 A G eca-miR-8930 seed 

COLEC11 15 88,548,188 G A eca-miR-8930 full 

COLEC11 15 88,548,845 C T eca-miR-8931 full 

COLEC11 15 88,548,130 G A eca-miR-8934 full 

COLEC11 15 88,549,191 G A eca-miR-8944 full 

COLEC11 15 88,548,188 G A eca-miR-8966 full 

COLEC11 15 88,548,195 A G eca-miR-8966 full 

COLEC11 15 88,550,707 T C eca-miR-8969 full 

COLEC12 8 40,893,161 T G eca-miR-8989 full 

FCN1 25 36,817,189 A G eca-miR-125a-3p full 

FCN1 25 36,816,243 G A eca-miR-1379 seed 

FCN1 25 36,815,771 C T eca-miR-1379 seed 

FCN1 25 36,817,105 C T eca-miR-138 full 

FCN1 25 36,815,529 T C eca-miR-221 full 

FCN1 25 36,815,536 G A eca-miR-221 full 

FCN1 25 36,815,641 T C eca-miR-326 seed 

FCN1 25 36,817,105 C T eca-miR-328 full 

FCN1 25 36,815,955 C T eca-miR-330 full 

FCN1 25 36,815,641 T C eca-miR-330 seed 

FCN1 25 36,817,207 G A eca-miR-491-5p full 

FCN1 25 36,814,860 T C eca-miR-632 seed 

FCN1 25 36,817,105 C T eca-miR-8943 full 

FCN1 25 36,817,105 C T eca-miR-8943 full 

FCN1 25 36,817,313 CAT C eca-miR-8977 full 

FCN1 25 36,817,316 G C eca-miR-8977 full 

FCN1 25 36,817,105 C T eca-miR-8989 full 

FCN1 25 36,816,315 C A eca-miR-9022 full 

FCN1 25 36,817,154 A T eca-miR-9048 full 

FCN1 25 36,816,703 C T eca-miR-9060 full 
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FCN1 25 36,816,709 C T eca-miR-9060 full 

FCN1 25 36,816,211 A G eca-miR-9098 full 

FCN1 25 36,815,221 C A eca-miR-9130 full 

FCN1 25 36,816,334 G GGGAAGGCCCTAGAAGCT eca-miR-9165 full 

FCN1 25 36,815,221 C A eca-miR-9a full 

FCN1-like 25 36,804,699 C T eca-miR-1898 full 

FCN1-like 25 36,804,636 T A eca-miR-1912 seed 

FCN1-like 25 36,805,601 C T eca-miR-193a-3p seed 

FCN1-like 25 36,805,407 C A eca-miR-24 full 

FCN1-like 25 36,805,414 C T eca-miR-24 seed 

FCN1-like 25 36,804,948 C T eca-miR-345-5p full 

FCN1-like 25 36,804,675 G A eca-miR-423-5p full 

FCN1-like 25 36,805,953 A G eca-miR-483 full 

FCN1-like 25 36,805,961 G C eca-miR-483 full 

FCN1-like 25 36,806,427 G A eca-miR-671-3p seed 

FCN1-like 25 36,807,496 T TGGCTG eca-miR-8908e full 

FCN1-like 25 36,807,496 T TGGCTG eca-miR-8908g full 

FCN1-like 25 36,805,567 G C eca-miR-8908i full 

FCN1-like 25 36,804,699 C T eca-miR-8941 full 

FCN1-like 25 36,804,636 T A eca-miR-8975 seed 

FCN1-like 25 36,804,636 T A eca-miR-9015 seed 

FCN1-like 25 36,806,253 T G eca-miR-9033 full 

FCN1-like 25 36,805,601 C T eca-miR-9065 full 

FCN1-like 25 36,805,567 G C eca-miR-9077 full 

FCN1-like 25 36,805,709 G T eca-miR-9077 seed 

FCN1-like 25 36,805,326 G A eca-miR-9083 full 

FCN1-like 25 36,805,164 C T eca-miR-9122 full 

FCN1-like 25 36,805,961 G C eca-miR-9134 full 

FCN1-like 25 36,805,164 C T eca-miR-9146 full 
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FCN1-like 25 36,805,407 C A eca-miR-9151 full 

FCN1-like 25 36,805,414 C T eca-miR-9151 seed 

FCN1-like 25 36,806,460 C T eca-miR-9156 seed 

FCN3 2 28,419,879 G A eca-miR-187 full 

FCN3 2 28,417,382 G A eca-miR-485-5p seed 

FCN3 2 28,419,517 AG A eca-miR-532-3p full 

FCN3 2 28,417,382 G A eca-miR-8943 seed 

FCN3 2 28,419,879 G A eca-miR-9101 full 

FCN3 2 28,417,741 G A eca-miR-9125 full 

MASP1 19 25,144,864 T C eca-miR-423-5p full 

MASP1 19 25,144,866 G T eca-miR-423-5p full 

MBL1 1 88,935,957 T A eca-miR-432 full 

MBL1 1 88,936,193 C G eca-miR-874 seed 

MBL1 1 88,936,937 C T eca-miR-8954 seed 

MBL1 1 88,936,814 C A eca-miR-8975 full 

MBL1 1 88,938,572 AGT A eca-miR-8990 full 

MBL1 1 88,938,468 T C eca-miR-9029 full 

MBL1 1 88,935,861 CT C eca-miR-9108 full 

MBL1 1 88,938,468 T C eca-miR-9115 full 

MBL1 1 88,937,748 G A eca-miR-9162 full 

MBL2 1 43,245,265 C T eca-miR-769a-5p full 

MBL2 1 43,242,585 C T eca-miR-8917 seed 

MBL2 1 43,242,527 A G eca-miR-8978 full 

SFTPA1 1 88,927,745 C G eca-miR-8919 full 

SFTPA1 1 88,925,763 AC A eca-miR-9042 seed 

SFTPA1 1 88,925,137 C A eca-miR-9153 seed 

SFTPD 1 88,947,229 C T eca-miR-125a-5p full 

SFTPD 1 88,947,229 C T eca-miR-125b-5p full 

SFTPD 1 88,947,294 T A eca-miR-1902 seed 
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SFTPD 1 88,947,299 G A eca-miR-1902 full 

SFTPD 1 88,944,953 C T eca-miR-221 seed 

SFTPD 1 88,947,229 C T eca-miR-331 seed 

SFTPD 1 88,947,667 C T eca-miR-532-3p full 

SFTPD 1 88,947,519 G C eca-miR-671-5p full 

SFTPD 1 88,947,229 C T eca-miR-8988 seed 

SFTPD 1 88,947,578 G A eca-miR-9000 full 

SFTPD 1 88,945,223 C A eca-miR-9015 seed 

SFTPD 1 88,947,294 T A eca-miR-9111 seed 

SFTPD 1 88,947,299 G A eca-miR-9111 full 
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Appendix 2.5. GC content and number of insertion/deletions by target region.  

Target region GC content (%) 
Number of 

in/dels 

COLEC10 37.7 42 

COLEC11 50.1 39 

COLEC12 43.4 66 

FCN1, FCN1-LIKE 54.7 85 

FCN3 52.9 12 

MASP1 44.7 49 

MASP2 46.1 10 

MBL2 39.9 32 

SFTPA, MBL1, SFTPD 48.5 50 
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Appendix 3.1. Coordinates and Ensembl IDs used to annotate the variants identified in cattle. 

Gene Gene Stable ID Transcript Stable ID Strand Feature Chr 
Genomic 

Start 

Genomic 

End 
Length 

MASP1 ENSBTAG00000012467 ENSBTAT00000016545 1 

45kb 1 80546924 80591982 45059 

5kb 1 80591983 80596983 5001 

5UTR 1 80596924 80596983 60 

exon 1 80596984 80596988 5 

intron 1 80596989 80602802 5814 

exon 1 80602803 80603034 232 

intron 1 80603035 80625335 22301 

exon 1 80625336 80625513 178 

intron 1 80625514 80627138 1625 

exon 1 80627139 80627270 132 

intron 1 80627271 80629378 2108 

exon 1 80629379 80629575 197 

intron 1 80629576 80631780 2205 

exon 1 80631781 80631928 148 

intron 1 80631929 80634052 2124 

exon 1 80634053 80634171 119 

intron 1 80634172 80635102 931 

exon 1 80635103 80635181 79 

intron 1 80635182 80641667 6486 

exon 1 80641668 80641805 138 

intron 1 80641806 80642635 830 

exon 1 80642636 80642710 75 

intron 1 80642711 80646939 4229 

exon 1 80646940 80647823 884 

3UTR 1 80647824 80649363 1540 

3kb_from_stop 1 80647824 80650824 3001 

3kb_from_gene 1 80649363 80652367 3005 
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COLEC11 ENSBTAG00000016225 ENSBTAT00000021590 -1 

3kb_from_gene 8 112860707 112869670 8963 

3kb_from_stop 8 112867044 112870044 3001 

3UTR 8 112869671 112870044 374 

exon 8 112870045 112870436 392 

intron 8 112870437 112870621 185 

exon 8 112870622 112870717 96 

intron 8 112870718 112872621 1904 

exon 8 112872622 112872675 54 

intron 8 112872676 112875023 2348 

exon 8 112875024 112875095 72 

intron 8 112875096 112882013 6918 

exon 8 112882014 112882085 72 

intron 8 112882086 112889628 7543 

exon 8 112889629 112889746 118 

5UTR 8 112889747 112889771 25 

5kb 8 112889747 112894747 5001 

intron 8 112889772 112892870 3099 

5UTR 8 112892871 112892968 98 

45kb 8 112894748 112896491 1743 

FCN1 ENSBTAG00000048155 ENSBTAT00000066000 1 

45kb 11 106773026 106818024 44999 

5kb 11 106818025 106823025 5001 

exon 11 106823026 106823128 103 

intron 11 106823129 106824397 1269 

exon 11 106824398 106824511 114 

intron 11 106824512 106826831 2320 

exon 11 106826832 106826894 63 

intron 11 106826895 106827305 411 

exon 11 106827306 106827341 36 

intron 11 106827342 106828269 928 

exon 11 106828270 106828302 33 

intron 11 106828303 106828694 392 
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FCN1 ENSBTAG00000048155 ENSBTAT00000066000 1 

exon 11 106828695 106828822 128 

intron 11 106828823 106829287 465 

exon 11 106829288 106829417 130 

intron 11 106829418 106830287 870 

exon 11 106830288 106830422 135 

intron 11 106830423 106831395 973 

exon 11 106831396 106831643 248 

3kb_from_stop 11 106831644 106834644 3001 

3kb_from_gene 11 106831644 106834643 3000 

COLEC10 ENSBTAG00000017343 ENSBTAT00000023054 -1 

3kb_from_stop 14 47260661 47263661 3001 

3kb_from_gene 14 47260661 47263661 3001 

exon 14 47263662 47264053 392 

intron 14 47264054 47266479 2426 

exon 14 47266480 47266575 96 

intron 14 47266576 47268309 1734 

exon 14 47268310 47268363 54 

intron 14 47268364 47279693 11330 

exon 14 47279694 47279765 72 

intron 14 47279766 47281205 1440 

exon 14 47281206 47281277 72 

intron 14 47281286 47308917 27632 

exon 14 47308914 47309061 148 

5kb 14 47309062 47314062 5001 

45kb 14 47314063 47359061 44999 

MASP2 ENSBTAG00000012808 ENSBTAT00000017013 1 

45kb 16 43449518 43458114 8597 

5kb 16 43458115 43463115 5001 

5UTR 16 43463070 43463115 46 

exon 16 43463116 43463120 5 

intron 16 43463121 43463203 83 

exon 16 43463204 43463432 229 

intron 16 43463433 43463551 119 
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MASP2 ENSBTAG00000012808 ENSBTAT00000017013 1 

exon 16 43463552 43463729 178 

intron 16 43463730 43464498 769 

exon 16 43464499 43464630 132 

intron 16 43464631 43466756 2126 

exon 16 43466757 43466953 197 

intron 16 43466954 43467026 73 

exon 16 43467027 43467174 148 

intron 16 43467175 43470622 3448 

exon 16 43470623 43470741 119 

intron 16 43470742 43472495 1754 

exon 16 43472496 43472574 79 

intron 16 43472575 43474701 2127 

exon 16 43474702 43474833 132 

intron 16 43474834 43475333 500 

exon 16 43475334 43475408 75 

intron 16 43475409 43476632 1224 

exon 16 43476633 43477399 767 

3UTR 16 43477400 43478362 963 

3kb_from_stop 16 43477400 43480400 3001 

3kb_from_gene 16 43478362 43481362 3001 

COLEC12 ENSBTAG00000007705 ENSBTAT00000047455 -1 

3kb_from_gene 24 35627928 35630929 3002 

3kb_from_stop 24 35629346 35632346 3001 

3UTR 24 35630929 35632346 1418 

exon 24 35632347 35632366 20 

intron 24 35632367 35633926 1560 

exon 24 35633927 35634072 146 

intron 24 35634073 35642431 8359 

exon 24 35642432 35642541 110 

intron 24 35642542 35643723 1182 

exon 24 35643724 35643860 137 

intron 24 35643861 35644713 853 
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COLEC12 ENSBTAG00000007705 ENSBTAT00000047455 -1 

exon 24 35644714 35645202 489 

intron 24 35645203 35658779 13577 

exon 24 35658780 35659826 1047 

intron 24 35659827 35661030 1204 

exon 24 35661031 35661129 99 

intron 24 35661130 35670671 9542 

exon 24 35670672 35670794 123 

intron 24 35670795 35799347 128553 

exon 24 35799348 35799398 51 

intron 24 35799399 35816124 16726 

exon 24 35816125 35816131 7 

5UTR 24 35816132 35816269 138 

5kb 24 35816132 35821132 5001 

45kb 24 35821133 35866269 45137 

MBL2 ENSBTAG00000007049 ENSBTAT00000009270 1 

45kb 26 6294785 6339793 45009 

5kb 26 6339794 6344794 5001 

5UTR 26 6344781 6344794 14 

exon 26 6344795 6344984 190 

intron 26 6344985 6345372 388 

exon 26 6345373 6345489 117 

intron 26 6345490 6346824 1335 

exon 26 6346825 6346893 69 

intron 26 6346894 6347903 1010 

exon 26 6347904 6348277 374 

3UTR 26 6348278 6348912 635 

3kb_from_stop 26 6348278 6351278 3001 

3kb_from_gene 26 6348913 6351912 3000 

CGN1 ENSBTAG00000006536 ENSBTAT00000018649 1 

45kb 28 35541900 35588221 46322 

5kb 28 35588221 35593221 5001 

5UTR 28 35591906 35591977 72 

intron 28 35591978 35592728 751 
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CGN1 ENSBTAG00000006536 ENSBTAT00000018649 1 

5UTR 28 35592729 35592800 72 

intron 28 35592801 35593218 418 

5UTR 28 35593219 35593221 3 

exon 28 35593222 35593420 199 

intron 28 35593421 35597734 4314 

exon 28 35597735 35597851 117 

intron 28 35597852 35598132 281 

exon 28 35598133 35598240 108 

intron 28 35598241 35598546 306 

exon 28 35598547 35598654 108 

intron 28 35598655 35599018 364 

exon 28 35599019 35599135 117 

intron 28 35599136 35599750 615 

exon 28 35599751 35599834 84 

intron 28 35599835 35602290 2456 

exon 28 35602291 35602673 383 

3UTR 28 35602674 35602715 42 

3kb_from_stop 28 35602674 35605674 3001 

3kb_from_gene 28 35602715 35605715 3001 

CL46 ENSBTAG00000048082 ENSBTAT00000028716 1 
45kb 28 35619502 35664502 45001 

5kb 28 35664503 35669503 5001 

CL43 ENSBTAG00000047317 ENSBTAT00000003773 1 45kb 28 35664665 35709665 45001 

CL46 ENSBTAG00000048082 ENSBTAT00000028716 1 

5UTR 28 35668986 35669085 100 

intron 28 35669086 35669500 415 

5UTR 28 35669501 35669503 3 

exon 28 35669504 35669702 199 

intron 28 35669703 35674001 4299 

exon 28 35674002 35674118 117 

intron 28 35674119 35674453 335 

exon 28 35674454 35674561 108 

intron 28 35674562 35674883 322 
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CL46 ENSBTAG00000048082 ENSBTAT00000028716 1 

exon 28 35674884 35674991 108 

intron 28 35674992 35675349 358 

exon 28 35675350 35675466 117 

intron 28 35675467 35676081 615 

exon 28 35676082 35676165 84 

intron 28 35676166 35678381 2216 

exon 28 35678382 35678435 54 

intron 28 35678436 35699766 21331 

exon 28 35699767 35700095 329 

3UTR 28 35700096 35700161 66 

3kb_from_stop 28 35700096 35703096 3001 

3kb_from_gene 28 35700161 35703161 3001 

CL43 ENSBTAG00000047317 ENSBTAT00000003773 1 

5kb 28 35709666 35714666 5001 

5UTR 28 35713329 35713496 168 

5UTR 28 35714664 35714666 3 

exon 28 35714667 35714865 199 

intron 28 35714866 35717562 2696 

exon 28 35717563 35717670 108 

intron 28 35717671 35717992 321 

exon 28 35717993 35718064 72 

intron 28 35718065 35718443 378 

exon 28 35718444 35718560 117 

intron 28 35718561 35718748 187 

exon 28 35718749 35718832 84 

intron 28 35718833 35721556 2723 

exon 28 35721557 35721711 155 

intron 28 35721712 35722860 1148 

exon 28 35722861 35722931 71 

3UTR 28 35722932 35723104 173 

3kb_from_stop 28 35722932 35725932 3001 

3kb_from_gene 28 35723105 35726104 3000 
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SFTPD ENSBTAG00000046421 ENSBTAT00000008579 1 

45kb 28 35764587 35810076 45490 

5kb 28 35810077 35815077 5001 

5UTR 28 35813760 35813798 39 

intron 28 35813799 35814585 787 

5UTR 28 35814586 35814657 72 

intron 28 35814658 35815074 417 

5UTR 28 35815075 35815077 3 

exon 28 35815078 35815276 199 

intron 28 35815277 35819601 4325 

exon 28 35819602 35819718 117 

intron 28 35819719 35820000 282 

exon 28 35820001 35820108 108 

intron 28 35820109 35820417 309 

exon 28 35820418 35820525 108 

intron 28 35820526 35820887 362 

exon 28 35820888 35821004 117 

intron 28 35821005 35821902 898 

exon 28 35821903 35821986 84 

intron 28 35821987 35824006 2020 

exon 28 35824007 35824383 377 

3kb_from_stop 28 35824384 35827384 3001 

3kb_from_gene 28 35824384 35827384 3001 

MBL1 ENSBTAG00000023032 ENSBTAT00000001165 -1 

3kb_from_gene 28 35837849 35840849 3001 

3kb_from_stop 28 35837918 35840918 3001 

3UTR 28 35840849 35840918 70 

exon 28 35840919 35841292 374 

intron 28 35841293 35841920 628 

exon 28 35841921 35841995 75 

intron 28 35841996 35842921 926 

exon 28 35842922 35843038 117 

intron 28 35843039 35843425 387 
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MBL1 ENSBTAG00000023032 ENSBTAT00000001165 -1 

exon 28 35843426 35843606 181 

5UTR 28 35843607 35843615 9 

5kb 28 35843607 35848607 5001 

intron 28 35843616 35845921 2306 

5UTR 28 35845922 35846070 149 

45kb 28 35846071 35870565 24495 

3kb_from_gene 28 35847665 35850665 3001 

SFTPA1 ENSBTAG00000023032 ENSBTAT00000031298 -1 

3kb_from_stop 28 35848716 35851716 3001 

3UTR 28 35850665 35851716 1052 

exon 28 35851717 35852093 377 

intron 28 35852094 35852538 445 

exon 28 35852539 35852616 78 

intron 28 35852617 35853352 736 

exon 28 35853353 35853472 120 

intron 28 35853473 35853722 250 

exon 28 35853723 35853894 172 

5UTR 28 35853895 35853917 23 

5kb 28 35853895 35858895 5001 

intron 28 35853918 35854728 811 

5UTR 28 35854729 35854765 37 

45kb 28 35858896 35870565 11670 
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Appendix 3.2. Conserved motifs found within the 5 kb upstream of the start codon of the collagenous lectin and MASP genes. 

An individual box represents the location of a conserved motif; similar motifs in different species share a box with the same colour. UMD3.1: cattle genome; 

gorGor3: gorilla genome; EquCab2: horse genome; GRCh38: human genome; GRCm38: mouse genome; Sscrofa10.2: porcine genome; Rnor_6.0: rat genome; 

Galgal4: chicken genome. 

a) COLEC10 

 

b) COLEC11

 

c) COLEC12
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d) CGN-CL43-CL46† 

 

 

e) FCN1 (and equine FCN-1 like) 

 

 

f) FCN3 
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g) MASP1 

 
h) MASP2

 
i) MBL1§ 

 
 

 

 

 

 

 

 



 186 

j) MBL2 

 

k) SFTPA 

 
l) SFTPD 

 
 

†: Although unique to ruminants, CGN1, CL43, and CL46 are likely the result of duplications of the SFTPD gene, and were thus compared to SFTPD. 

§MBL1 is a pseudogene in primates  
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Appendix 3.3. Manhattan plots, coverage, and bait information for bovine FCN1, COLEC11, and COLEC12. 

a)  

 

 

 

 

 

 

 

b) 
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c)  

 

 

 

 

 

 

 

 

Distribution of significant associations are shown for a COLEC11, b COLEC12, and c FCN1. The 

red line indicates the cutoff for BADGE class II significance (p < 5 x 10-6). The depth of 

sequencing (total from all pools) and the probes used for target capture are shown to illustrate gaps 

in sequencing and variant discovery. 
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Appendix 3.4. The allele frequency of significantly associated alleles are shown, including estimations of the minor allele frequencies 

for both the Non-Infectious and Infectious populations. 

Gene Chrom Position rsID 
Ref 

allele 

Alt 

allele 

Freq in 

Non-

Infectious 

Freq in 

Infectious 

-log(p-

adj)* 
Location 

MASP1 chr1 80622569 rs43249827 G A 0.075 0.2475 7.95 intron 

CGN1 chr28 35544451 rs209513117 T A 0.0175 0.14 7.95 upstream 5-50 kb 

CGN1 chr28 35544473 rs211258454 C G 0.0175 0.145 7.95 upstream 5-50 kb 

CGN1 chr28 35548333 rs378135096 G A 0.0325 0.1775 7.95 upstream 5-50 kb 

CGN1 chr28 35549433 rs527011314 A G 0.0175 0.14 7.95 upstream 5-50 kb 

CGN1 chr28 35555210 rs208114400 T C 0.0175 0.14 7.95 upstream 5-50 kb 

CGN1 chr28 35564277 rs209926165 G C 0.02 0.145 7.68 upstream 5-50 kb 

CGN1 chr28 35555183 rs211682909 A G 0.0175 0.135 7.26 upstream 5-50 kb 

CGN1 chr28 35544939 rs210425590 A G 0.02 0.1375 7.26 upstream 5-50 kb 

CGN1 chr28 35549175 rs210225284 A G 0.02 0.1375 7.26 upstream 5-50 kb 

CGN1 chr28 35546195 rs211256115 A T 0.0275 0.155 7.22 upstream 5-50 kb 

CGN1 chr28 35546274 rs383948170 G A 0.0325 0.1625 7.22 upstream 5-50 kb 

CGN1 chr28 35549355 rs463399282 A C 0.0175 0.13 7.21 upstream 5-50 kb 

CGN1 chr28 35555503 rs211418990 A G 0.0175 0.1325 7.21 upstream 5-50 kb 

CGN1 chr28 35546132 rs209644363 A G 0.025 0.1475 7.10 upstream 5-50 kb 

MASP1 chr1 80613375 rs43250747 T A 0.085 0.2475 7.02 intron 

CGN1 chr28 35544127 rs211211424 C T 0.02 0.135 7.02 upstream 5-50 kb 

CGN1 chr28 35549164 rs208463943 A G 0.02 0.135 7.02 upstream 5-50 kb 

CGN1 chr28 35549371 rs445770773 G A 0.02 0.135 7.02 upstream 5-50 kb 

CGN1 chr28 35546076 rs208532033 G A 0.0225 0.14 7.01 upstream 5-50 kb 

CGN1 chr28 35546079 rs210766709 A G 0.0225 0.14 7.01 upstream 5-50 kb 

COLEC11 chr8 112872188 rs381186716 C G 0.1 0.27 6.92 intron 

CGN1 chr28 35549260 rs211013887 C T 0.0225 0.1375 6.80 upstream 5-50 kb 

CGN1 chr28 35555289 rs209752875 G A 0.0225 0.1375 6.80 upstream 5-50 kb 

COLEC11 chr8 112867687 rs382787827 G A 0.1375 0.3175 6.77 downstream 3 kb 

CGN1 chr28 35544985 rs211314548 A G 0.02 0.13 6.64 upstream 5-50 kb 

CGN1 chr28 35549055 rs440808750 A T 0.02 0.13 6.64 upstream 5-50 kb 

CGN1 chr28 35549563 rs447690172 A G 0.02 0.1275 6.64 upstream 5-50 kb 

COLEC12 chr28 35666506 rs209858141 T C 0.02 0.1275 6.64 intron 
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FCN1 chr11 106831702 rs458265862 G C 0.14 0.32 6.61 downstream 3 kb 

MASP1 chr1 80613612 rs43250749 A G 0.0925 0.2525 6.53 intron 

MASP1 chr1 80614847 rs43250756 G T 0.0925 0.2525 6.53 intron 

CGN1 chr28 35547554 rs207808860 C T 0.04 0.1675 6.52 upstream 5-50 kb 

CGN1 chr28 35552052 rs209143409 C A 0.0175 0.1225 6.52 upstream 5-50 kb 

FCN1 chr11 106831086 rs379035858 C T 0.1825 0.05 6.50 intron 

CGN1 chr28 35548408 rs208236288 G A 0.0225 0.1325 6.45 upstream 5-50 kb 

CGN1 chr28 35564217 rs208961754 A T 0.025 0.1375 6.45 upstream 5-50 kb 

MASP1 chr1 80611859 rs43250737 G A 0.095 0.2525 6.30 intron 

MASP1 chr1 80613393 rs43250748 C T 0.09 0.245 6.29 intron 

CGN1 chr28 35543676 rs209924982 T C 0.0225 0.13 6.24 upstream 5-50 kb 

CGN1 chr28 35548272 rs210383798 C T 0.025 0.1325 6.23 upstream 5-50 kb 

CGN1 chr28 35548416 rs209630668 A G 0.025 0.1325 6.23 upstream 5-50 kb 

CGN1 chr28 35548620 rs210811039 T A 0.0275 0.14 6.23 upstream 5-50 kb 

MASP1 chr1 80611537 rs43250734 T A 0.0925 0.245614035 6.23 intron 

CGN1 chr28 35546381 rs209271778 T C 0.035 0.1525 6.08 upstream 5-50 kb 

CGN1 chr28 35545152 rs209401407 A C 0.0275 0.1375 6.04 upstream 5-50 kb 

CGN1 chr28 35547884 rs211137037 A C 0.03 0.14 6.04 upstream 5-50 kb 

CGN1 chr28 35548911 rs208348702 C T 0.0225 0.125 6.04 upstream 5-50 kb 

MASP1 chr1 80611569 rs43250735 T A 0.105 0.26 6.03 intron 

MASP1 chr1 80613074 rs43250746 A G 0.09 0.24 5.98 intron 

MASP1 chr1 80620340 rs109975315 C T 0.085 0.2325 5.98 intron 

MASP1 chr1 80612541 rs110375944 T C 0.0975 0.25 5.94 intron 

MASP1 chr1 80614960 rs43250758 A G 0.0975 0.25 5.94 intron 

MASP1 chr1 80611723 rs43250736 A G 0.0925 0.2425 5.92 intron 

MASP1 chr1 80612519 rs109919595 C T 0.1 0.2525 5.87 intron 

CGN1 chr28 35548748 rs436645644 A T 0.025 0.13 5.86 upstream 5-50 kb 

FCN1 chr11 106776174 rs482440534 C T 0.1025 0.0125 5.83 upstream 5-50 kb 

MASP1 chr1 80616621 rs43250770 C G 0.1 0.25 5.69 intron 

COLEC11 chr8 112878108 rs452265753 T C 0.245614035 0.4325 5.68 intron 

CGN1 chr28 35543754 rs209082641 G C 0.025 0.1275 5.66 upstream 5-50 kb 

CGN1 chr28 35546761 rs385336894 T C 0.0225 0.1225 5.66 upstream 5-50 kb 

CGN1 chr28 35546899 rs210538163 C T 0.0275 0.130325815 5.66 upstream 5-50 kb 

CGN1 chr28 35548955 rs209661333 A C 0.0225 0.1225 5.66 upstream 5-50 kb 
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MASP1 chr1 80614924 rs43250757 C A 0.1 0.2475 5.53 intron 

MASP1 chr1 80615246 rs43250760 A G 0.095 0.24 5.51 intron 

CGN1 chr28 35548161 rs209933151 C T 0.0325 0.1375 5.48 upstream 5-50 kb 

CGN1 chr28 35548552 rs454118093 C T 0.0325 0.1375 5.48 upstream 5-50 kb 

CGN1 chr28 35548121 rs207834730 C T 0.03 0.135 5.48 upstream 5-50 kb 

FCN1 chr11 106774678 rs378747274 C T 0.421052632 0.240601504 5.47 upstream 5-50 kb 

CGN1 chr28 35543521 rs210717733 G A 0.0275 0.13 5.47 upstream 5-50 kb 

CGN1 chr28 35559685 rs208751250 G A 0.025 0.1225 5.45 upstream 5-50 kb 

CGN1 chr28 35559696 rs210841169 A T 0.0225 0.1175 5.45 upstream 5-50 kb 

COLEC12 chr24 35720361 rs386007052 G T 0.085 0.0075 5.40 intron 

COLEC11 chr8 112868826 rs42393553 C A 0.2175 0.3925 5.37 downstream 3 kb 

*The p-value has been adjusted according to the Benjamini-Hochberg procedure.
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Appendix 3.5. The correlation between the percent GC content and the variant density in bovine 

collagenous lectins. 

 

The correlation between the percent GC content and the variant density in the targeted genes was not significant (p = 

0.23, Pearson’s correlation). 
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Appendix 3.6. The correlation between the median variant density and the frequency of indels in 

bovine collagenous lectins. 

 

The correlation between the median variant density and the frequency of indels. Correlation was not significant (p = 

0.23, Pearson’s correlation)
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Appendix 4.1. Median depth of coverage by target and relationship between depth and variant density. 

a) 
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b) 

 

 

 

 

 

 

 

 

 

a) The average depth of coverage across all pigs is shown for each targeted region. The blue line 

indicates a minimum depth of coverage of 10 which was required for variant calling. b) The average 

coverage for each targeted region is correlated to the total number of variants identified in that region 

(Pearson’s coefficient). 
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Appendix 4.2. List of genes and coordinates (based on Sscrofa 10.2) targeted for re-sequencing. 

Chr  Target start   Target end  Targeted gene Ensembl gene ID 

GL894246_2 1 23701 C1R ENSSSCG00000000675 

GL894265_1 1 14183 NLRC5 ENSSSCG00000020798 

GL896416_1 1206 58201 NOD2 ENSSSCG00000038073* 

JH118996_1 1 18737 DEFB103A ENSSSCG00000020934 

chr1 204914080 204979124 LGALS3 ENSSSCG00000005055 

chr1 289725821 289790847 TLR4 ENSSSCG00000005503 

chr1 293027417 293168333 C5 ENSSSCG00000005512 

chr1 308147100 308228959 
FCN2 ENSSSCG00000023333 

FCN1 ENSSSCG00000029414 

chr1 313707726 313764194 C8G ENSSSCG00000005840 

chr2 7790928 7857494 LGALS12 ENSSSCG00000013056 

chr2 8520773 8629573 SCGB1A1 ENSSSCG00000013060 

chr2 29727109 29802698 CD59 ENSSSCG00000024791 

chr2 57812770 57876269 NLRP3 ENSSSCG00000013940 

chr2 61517646 61577252 PGLYRP2 ENSSSCG00000025560 

chr2 71917717 71975832 CLEC4G ENSSSCG00000013578 

chr2 72711362 72792995 C3 ENSSSCG00000013551 

chr2 77424227 77492846 CFD ENSSSCG00000013418 

chr2 140612961 140669340 LEAP2 ENSSSCG00000014290 

chr2 148241970 148298622 CD14 ENSSSCG00000014369 

chr3 32749755 32866960 CLEC16A ENSSSCG00000026569 

chr3 140478225 140558408 COLEC11 ENSSSCG00000025629 

chr4 20713019 20819723 COLEC10 ENSSSCG00000029324 

chr4 88864283 89030954 

SELE ENSSSCG00000006286 

SELL ENSSSCG00000006287 

SELP ENSSSCG00000006288 

chr4 97560136 97626638 ITLN2 ENSSSCG00000028374 

chr4 104993615 105063184 PGLYRP4 ENSSSCG00000006587 

chr4 105138384 105209112 PGLYRP3 ENSSSCG00000027322 

chr5 7592311 7651221 LGALS1 ENSSSCG00000000125 

chr5 59738551 59802551 C1S ENSSSCG00000039847* 

chr5 64114278 64187643 KLRA1 ENSSSCG00000000636 

chr5 64299399 64383210 
KLRC1 ENSSSCG00000000640 

KLRK1 ENSSSCG00000000641 

chr5 64471284 64561392 
CLEC1A ENSSSCG00000000649 

CLEC7A ENSSSCG00000000648 

chr5 64645429 64705217 CLEC1B ENSSSCG00000000650 

chr5 64814440 64880859 KLRF1 ENSSSCG00000000655 

chr5 65031357 65099180 KLRB1 ENSSSCG00000030978 
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chr5 65362926 65435432 KLRG1 ENSSSCG00000000663 

chr6 40155768 40212305 HAMP ENSSSCG00000002886 

chr6 43103597 43244670 
LGALS4 ENSSSCG00000022017 

LGALS7 ENSSSCG00000024281 

chr6 43893594 43953406 LGALS13 ENSSSCG00000002983 

chr6 47659048 47718550 PGLYRP1 ENSSSCG00000003099 

chr6 48473113 48542524 C5AR1 ENSSSCG00000029371 

chr6 53663669 53739351 NLRP2 ENSSSCG00000003286 

chr6 55481229 55569136 NLRP5 ENSSSCG00000003316 

chr6 65094360 65152783 MASP2 ENSSSCG00000003410 

chr6 74559911 74634862 

C1QA ENSSSCG00000003524 

C1QC ENSSSCG00000003525 

C1QB ENSSSCG00000003526 

chr6 143114814 143271610 
C8B ENSSSCG00000003834 

C8A ENSSSCG00000003835 

chr7 27679057 27796677 

C4A ENSSSCG00000001427 

CFB ENSSSCG00000024914 

C2 ENSSSCG00000001422 

chr7 41713415 41830672 
TREM2 ENSSSCG00000001614 

TREM1 ENSSSCG00000001617 

chr7 50324513 50419899 
DEFB114 ENSSSCG00000001741 

DEFB110 ENSSSCG00000001743 

chr7 66479030 66537065 CLEC14A ENSSSCG00000023760 

chr8 31554731 31665823 
TLR10 ENSSSCG00000027877 

TLR6 ENSSSCG00000026592 

chr8 79774540 79839592 TLR2 ENSSSCG00000009002 

chr9 74060908 74159259 C4BPA ENSSSCG00000015662 

chr9 74263784 74319997 CD55 ENSSSCG00000015664 

chr9 74522458 74609153 CD46 ENSSSCG00000015293 

chr10 21836308 21910776 TLR5 ENSSSCG00000010885 

chr10 24287538 24411888 CFH ENSSSCG00000010893 

chr10 38095073 38197181 DDX58 ENSSSCG00000030408 

chr11 2096137 2156184 C1QTNF9A ENSSSCG00000009285 

chr12 20887867 20951850 DHX58 ENSSSCG00000017416 

chr12 45952257 46026360 LGALS9 ENSSSCG00000017754 

chr13 25131050 25190351 MYD88 ENSSSCG00000011251 

chr13 34158688 34239834 PMAP-23 ENSSSCG00000021877 

chr13 34336498 34392437 PMAP-37/NPG4 ENSSSCG00000011349 

chr13 37597228 37657020 TLR9 ENSSSCG00000011436 

chr13 134251568 134354594 MASP1 ENSSSCG00000011806 

chr14 22242406 22370368 DDX60 ENSSSCG00000009720 

chr14 44668075 44724326 SELPLG ENSSSCG00000024495 
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chr14 58795934 58868335 LGALS8 ENSSSCG00000010146 

chr14 88610303 88707144 

SFTPD ENSSSCG00000010334 

MBL1 ENSSSCG00000024252 

SFTPA1 ENSSSCG00000010336 

chr14 105582322 105641031 MBL2 ENSSSCG00000010427 

chr15 43149549 43216872 BD104-like ENSSSCG00000030758 

chr15 43225912 43282836 DEFB1 (PBD1) ENSSSCG00000027555 

chr15 43296317 43362071 DEFB1 (PBD2) ENSSSCG00000029990 

chr15 53790782 53857536 TLR3 ENSSSCG00000015801 

chr15 73886629 73973294 CD302 ENSSSCG00000015884 

chr15 76377447 76454834 IFIH1 ENSSSCG00000015897 

chr16 25750220 25828336 C9 ENSSSCG00000016856 

chr16 27004737 27117719 C7 ENSSSCG00000016859 

chr16 27160755 27274057 C6 ENSSSCG00000016861 

chr17 39671851 39730035 DEFB129 ENSSSCG00000007218 

chr17 39760452 39914158 

DEFB125 ENSSSCG00000007217 

DEFB122 ENSSSCG00000030975 

DEFB121 ENSSSCG00000028629 

DEFB123 ENSSSCG00000007226 

chr17 46788033 46873669 LBP ENSSSCG00000028758 

chr17 65086535 65151713 ZBP1 ENSSSCG00000007508 

chr18 8329098 8388994 CLEC5A ENSSSCG00000021933 

chr18 46906889 47017192 NOD1 ENSSSCG00000016678 

chrX 10401004 10517938 
TLR7 ENSSSCG00000012117 

TLR8 ENSSSCG00000012118 

chrX 47276118 47340184 CFP ENSSSCG00000012278 

*EnsemblID from Sscrofa11 
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Appendix 4.3. SNVs associated with changes in gene expression (eQTL) in 69 healthy, market 

weight pigs. 

Gene Chr SNP ID Ref Alt p-value* 
Adjusted p-

value 

Effect on 

expression 

MBL2 chr14 rs341757289 C T 1.15E-009 6.68E-005 -2.91 

MBL2 chr14 rs343818728 T C 1.55E-009 6.68E-005 -2.89 

MBL2 chr14 rs328135675 C T 2.49E-009 7.13E-005 -2.88 

MBL2 chr14 rs321481373 G A 3.70E-009 7.96E-005 -2.86 

MBL2 chr14 rs336690766 C A 8.14E-009 0.000116688 -2.83 

MBL2 chr14 rs343578555 C G 6.97E-009 0.000116688 -2.81 

MBL2 chr14 rs341136794 A G 9.54E-009 0.000117257 -2.78 

MBL2 chr14 rs326271681 G A 1.54E-008 0.000165772 -2.77 

SFTPD chr14 rs319707230 G C 4.53E-008 0.000433066 4.06 

MBL2 chr14 rs327359428 C A 8.62E-008 0.000741749 -2.72 

MBL2 chr14 rs340532136 C T 1.08E-007 0.000847711 -2.71 

FCN2 chr1 rs320342887 A G 1.28E-007 0.000916363 -0.96 

FCN2 chr1 rs341336572 G T 2.10E-007 0.001390932 -3.20 

FCN2 chr1 rs341159094 A G 2.58E-007 0.001585909 -3.19 

FCN2 chr1 rs343849769 C G 3.04E-007 0.001745172 -3.65 

MBL2 chr14 rs318652830 C A 3.84E-007 0.00206356 2.74 

FCN2 chr1 rs333222079 C G 5.00E-007 0.002490575 -3.57 

LGALS3 chr1 rs329498254 G A 5.42E-007 0.002490575 0.99 

LGALS3 chr1 rs327236346 A C 5.79E-007 0.002490575 0.96 

MBL2 chr14 rs322157250 C T 5.51E-007 0.002490575 -2.75 

FCN2 chr1 rs330321112 A G 8.77E-007 0.002901728 -0.90 

FCN2 chr1 rs343422522 A G 8.25E-007 0.002901728 -0.91 

LGALS3 chr1 rs328028771 C G 8.50E-007 0.002901728 1.00 

LGALS3 chr1 rs81349838 G A 8.66E-007 0.002901728 0.90 

MBL2 chr14 rs345981827 A T 7.45E-007 0.002901728 -2.42 

MBL2 chr14 rs336606363 A G 1.06E-006 0.003154065 -2.40 

MBL2 chr14 rs337560267 C A 1.10E-006 0.003154065 -2.60 

C9 chr16 rs341476407 G A 1.31E-006 0.003407647 -0.76 

C9 chr16 rs338256612 G A 1.35E-006 0.003412282 -0.77 

C9 chr16 rs334283045 T C 1.52E-006 0.003670055 -0.79 

FCN2 chr1 rs342490172 T C 1.59E-006 0.003670055 -1.05 

FCN2 chr1 rs691977343 T A 1.66E-006 0.003670055 -2.80 

TLR7 chrX rs318825117 T C 1.67E-006 0.003670055 0.51 

ITLN2 chr4 rs333031027 G T 1.89E-006 0.003878036 3.92 

TLR7 chrX rs344488277 C T 1.87E-006 0.003878036 0.50 

LGALS3 chr1 rs322326231 A T 2.04E-006 0.004086812 0.99 

LGALS3 chr1 rs323704144 G A 2.10E-006 0.004101975 0.87 

FCN2 chr1 rs326158227 A C 2.25E-006 0.004200054 -0.86 
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FCN2 chr1 rs318962795 T A 2.39E-006 0.004374358 -0.89 

FCN2 chr1 rs337034769 T C 2.56E-006 0.004490783 -0.88 

FCN2 chr1 rs342195622 G A 2.93E-006 0.004495435 -0.89 

LGALS3 chr1 rs345875831 A T 2.91E-006 0.004495435 0.96 

MBL2 chr14 rs344981933 T A 2.67E-006 0.004495435 -2.25 

SFTPD chr14 rs322111022 T G 2.88E-006 0.004495435 4.12 

TLR7 chrX rs324023759 G A 3.05E-006 0.004529867 0.55 

FCN2 chr1 rs324326399 G A 3.25E-006 0.004588518 -0.87 

MBL2 chr14 rs329132054 C T 3.18E-006 0.004588518 -2.24 

TLR7 chrX rs336142494 T C 3.25E-006 0.004588518 0.50 

CD55 chr9 rs330938856 T C 3.49E-006 0.004627123 0.58 

CD55 chr9 rs340141583 G A 3.49E-006 0.004627123 0.58 

MBL2 chr14 rs329878332 A C 3.49E-006 0.004627123 -2.23 

C9 chr16 rs318612015 A G 3.62E-006 0.004713943 -0.80 

MBL2 chr14 rs342988863 A G 3.69E-006 0.004733816 -2.23 

FCN2 chr1 rs333340587 G A 3.79E-006 0.004792884 -0.92 

FCN2 chr1 rs342499704 A T 4.18E-006 0.004991744 -1.19 

MBL2 chr14 rs328673019 T A 4.16E-006 0.004991744 2.96 

MBL2 chr14 rs342733630 A G 4.03E-006 0.004991744 2.94 

SFTPD chr14 rs331907708 C T 4.07E-006 0.004991744 4.07 

FCN2 chr1 rs338191496 T G 4.36E-006 0.005070074 -0.84 

SFTPD chr14 rs327302123 G A 4.31E-006 0.005070074 4.06 

LGALS3 chr1 rs342505569 C T 4.66E-006 0.005118364 0.96 

SFTPD chr14 rs341704971 A C 4.47E-006 0.005118364 4.05 

SFTPD chr14 rs341850018 G A 4.64E-006 0.005118364 4.05 

SFTPD chr14 rs319870426 A G 4.88E-006 0.005243664 4.05 

TLR7 chrX rs322726571 G A 5.03E-006 0.005276904 0.49 

MBL2 chr14 rs320029735 C T 5.33E-006 0.005469043 2.93 

PBD-2 chr15 rs332209636 T G 5.60E-006 0.005469043 2.10 

PBD-2 chr15 rs339770947 T C 5.60E-006 0.005469043 2.10 

PBD-2 chr15 rs340048862 A G 5.60E-006 0.005469043 2.10 

TLR7 chrX rs343573982 T A 5.47E-006 0.005469043 0.48 

LGALS3 chr1 rs323773237 A G 5.72E-006 0.005525924 0.86 

MBL2 chr14 rs338350707 G A 5.97E-006 0.005621343 2.90 

PBD-2 chr15 rs330073132 C T 6.01E-006 0.005621343 2.19 

PBD-2 chr15 rs343917580 G A 6.01E-006 0.005621343 2.19 

FCN2 chr1 rs334837690 T G 6.25E-006 0.005723733 -0.92 

C9 chr16 rs345164093 A T 6.42E-006 0.005751541 0.76 

C9 chr16 rs330251216 C T 6.67E-006 0.005879843 -0.78 

C9 chr16 rs330353029 C T 6.84E-006 0.005879843 -0.72 

CD55 chr9 rs344217470 C T 7.19E-006 0.00605044 0.52 

LGALS3 chr1 rs342263300 G A 7.19E-006 0.00605044 0.98 

MBL2 chr14 rs328826195 G A 7.32E-006 0.00605044 -2.16 
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MBL2 chr14 rs344636925 G A 7.32E-006 0.00605044 -2.16 

CLEC5A chr18 rs322190257 A G 7.43E-006 0.006083721 1.03 

TLR7 chrX rs341913558 A T 7.77E-006 0.006263546 0.48 

CD55 chr9 rs329627322 G A 8.05E-006 0.006410741 0.54 

MBL2 chr14 rs325223250 A T 8.42E-006 0.00664026 -2.17 

MBL2 chr14 rs709263755 A G 8.64E-006 0.006757042 -2.17 

FCN2 chr1 rs330465066 A G 8.75E-006 0.006780538 -1.28 

C9 chr16 rs344706119 G A 8.84E-006 0.006785317 -0.76 

C9 chr16 rs328250865 A G 9.25E-006 0.006924363 -0.74 

LGALS3 chr1 rs344010591 C A 9.55E-006 0.006924363 0.89 

MBL2 chr14 rs323437099 G A 9.82E-006 0.006924363 2.88 

PBD-2 chr15 rs323532096 A T 9.63E-006 0.006924363 2.09 

TLR7 chrX rs328438129 G A 9.66E-006 0.006924363 0.97 

CD55 chr9 rs338269240 A C 1.06E-005 0.00737564 -0.55 

PBD-2 chr15 rs345811814 G T 1.10E-005 0.007533792 2.11 

C9 chr16 rs321078517 T C 1.13E-005 0.0075657 -0.75 

FCN2 chr1 rs320593237 T C 1.15E-005 0.007680772 -0.88 

FCN2 chr1 rs334836779 C A 1.17E-005 0.007737757 -0.91 

C9 chr16 rs323491083 A T 1.29E-005 0.008368123 -0.74 

C9 chr16 rs340320773 G A 1.30E-005 0.008368123 -0.75 

LGALS3 chr1 rs341181428 G A 1.38E-005 0.008731793 0.86 

LGALS3 chr1 rs81246297 A G 1.49E-005 0.009230992 0.89 

MBL2 chr14 rs320522795 G A 1.58E-005 0.009487026 2.83 

MBL2 chr14 rs337644648 T C 1.58E-005 0.009487026 2.83 

PBD-2 chr15 rs330573086 C T 1.59E-005 0.009487026 2.09 

CLEC5A chr18 rs336562067 G A 1.62E-005 0.009585246 1.16 

CD55 chr9 rs322614244 C T 1.69E-005 0.00989789 0.52 

C9 chr16 rs336979880 T C 1.73E-005 0.010046007 -0.79 

C9 chr16 rs325643836 A C 1.78E-005 0.010251483 -0.78 

C9 chr16 rs333867087 G A 1.79E-005 0.01028897 -0.73 

CD55 chr9 rs326945657 A G 1.81E-005 0.010315405 0.53 

C9 chr16 rs709466423 T A 1.87E-005 0.010521112 -0.77 

C9 chr16 rs324303965 T C 1.89E-005 0.010530666 -0.75 

C9 chr16 rs324205238 G C 1.98E-005 0.010784428 -0.75 

C9 chr16 rs336101345 A G 1.97E-005 0.010784428 -0.75 

MBL2 chr14 rs331367618 T C 1.95E-005 0.010784428 2.80 

MBL2 chr14 rs345313231 C T 2.05E-005 0.011104634 -2.65 

FCN2 chr1 rs327406019 T C 2.09E-005 0.011175555 -0.91 

FCN2 chr1 rs345392108 A T 2.09E-005 0.011175555 -0.90 

PBD-2 chr15 rs322713647 G A 2.12E-005 0.011197402 1.91 

C9 chr16 rs331047160 G A 2.19E-005 0.011487535 0.69 

C9 chr16 rs319697453 T C 2.22E-005 0.011586261 -0.69 

C8A chr6 rs320836863 C T 2.28E-005 0.011787678 -0.66 
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PBD-2 chr15 rs319868268 T C 2.49E-005 0.012838668 2.00 

FCN2 chr1 rs338072079 T C 2.54E-005 0.013006507 -0.65 

FCN2 chr1 rs323352210 G T 2.59E-005 0.01309166 -0.95 

MBL2 chr14 rs324034606 C T 2.61E-005 0.013122332 2.80 

LGALS3 chr1 rs328549353 C T 2.75E-005 0.01366744 0.89 

SFTPD chr14 rs694606761 C A 2.74E-005 0.01366744 3.73 

PBD-2 chr15 rs341333021 G T 2.79E-005 0.013800539 2.03 

C9 chr16 rs344415563 A G 2.84E-005 0.013824916 -0.70 

FCN2 chr1 rs322664568 G A 2.84E-005 0.013824916 -0.93 

CLEC5A chr18 rs331422587 C A 2.89E-005 0.013960679 1.00 

CLEC5A chr18 rs327744812 T C 2.94E-005 0.014139286 0.92 

FCN2 chr1 rs334121458 C A 3.08E-005 0.014481671 -1.32 

PBD-2 chr15 rs343692142 G A 3.13E-005 0.014481671 1.87 

TLR7 chrX rs319920863 T G 3.13E-005 0.014481671 0.63 

TLR7 chrX rs330843903 C G 3.13E-005 0.014481671 0.63 

TLR7 chrX rs702287436 T C 3.07E-005 0.014481671 0.51 

TLR7 chrX rs712876697 G T 3.07E-005 0.014481671 0.51 

MBL2 chr14 rs335832823 G T 3.17E-005 0.014571371 -2.14 

SFTPD chr14 rs337855332 T C 3.33E-005 0.015243841 3.70 

CLEC5A chr18 rs344720428 G C 3.45E-005 0.015720622 1.09 

C9 chr16 rs328409005 G A 3.60E-005 0.016194145 -0.77 

SFTPD chr14 rs328692709 T A 3.72E-005 0.016584931 2.66 

CLEC5A chr18 rs707996549 G A 3.77E-005 0.016696096 1.02 

CLEC5A chr18 rs336598808 G C 3.85E-005 0.016994498 0.98 

C9 chr16 rs325953863 C T 3.92E-005 0.017046829 -0.84 

CLEC5A chr18 rs343784954 A C 3.89E-005 0.017046829 1.09 

SFTPD chr14 rs330536494 C T 3.92E-005 0.017046829 3.71 

FCN2 chr1 rs319451320 C T 3.97E-005 0.01715165 -0.89 

SFTPD chr14 rs330919108 G C 4.11E-005 0.017657687 2.91 

SFTPD chr14 rs340763735 G A 4.18E-005 0.017793337 3.66 

SFTPD chr14 rs696949030 G A 4.18E-005 0.017793337 3.66 

CLEC5A chr18 rs326196078 T C 4.27E-005 0.01784124 1.03 

CLEC5A chr18 rs346369612 C T 4.27E-005 0.01784124 1.03 

FCN2 chr1 rs698904605 A G 4.24E-005 0.01784124 -1.34 

TLR7 chrX rs330030893 T G 4.23E-005 0.01784124 0.50 

CLEC5A chr18 rs343093524 T C 4.30E-005 0.017853044 0.93 

SFTPD chr14 rs345019883 A G 4.43E-005 0.018297144 3.66 

TLR7 chrX rs320984193 A C 4.47E-005 0.018297144 0.46 

TLR7 chrX rs329133338 A G 4.47E-005 0.018297144 0.46 

CLEC5A chr18 rs332647244 T G 4.49E-005 0.018319732 1.06 

CLEC5A chr18 rs331312213 G C 4.56E-005 0.01850682 0.99 

CD55 chr9 rs334872391 G C 4.60E-005 0.018591392 0.52 

C9 chr16 rs324895466 A G 4.81E-005 0.019111269 0.65 
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FCN2 chr1 rs328159775 A G 4.89E-005 0.019111269 -0.86 

MBL2 chr14 rs320465107 C A 4.86E-005 0.019111269 -2.11 

MBL2 chr14 rs340601674 A G 4.86E-005 0.019111269 -2.11 

SFTPD chr14 rs338005155 G A 4.78E-005 0.019111269 3.64 

TLR7 chrX rs339177737 G C 4.88E-005 0.019111269 0.45 

C9 chr16 rs331521202 A G 5.55E-005 0.021309502 -0.74 

TLR7 chrX rs333909078 G A 5.61E-005 0.021459108 0.48 

C9 chr16 rs332895350 T A 5.65E-005 0.021498612 0.72 

C9 chr16 rs339532403 G C 5.70E-005 0.021590381 0.67 

C9 chr16 rs319520928 C T 5.80E-005 0.021861128 0.64 

CD55 chr9 rs331876371 C T 5.96E-005 0.02237377 -0.48 

TLR7 chrX rs320821001 A G 5.99E-005 0.022408912 0.52 

C9 chr16 rs334173551 A C 6.22E-005 0.023102105 -0.79 

FCN2 chr1 rs324560299 G T 6.24E-005 0.023102105 -0.86 

FCN2 chr1 rs329763687 A G 6.78E-005 0.024910042 -0.89 

C9 chr16 rs334586317 C T 6.98E-005 0.025555309 -0.66 

CD55 chr9 rs339342977 C A 7.29E-005 0.02657907 0.47 

ITLN2 chr4 rs700070722 G A 7.36E-005 0.026638718 2.73 

MBL2 chr14 rs334156767 G T 7.37E-005 0.026638718 3.30 

CLEC5A chr18 rs330294991 T C 7.50E-005 0.026974724 1.03 

CD55 chr9 rs330080617 T C 7.53E-005 0.026991278 0.47 

FCN2 chr1 rs344247372 C T 7.56E-005 0.026991278 -0.90 

PBD-2 chr15 rs345490517 C T 7.64E-005 0.027148313 1.99 

MBL2 chr14 rs345964266 C T 7.70E-005 0.027190485 -2.07 

TLR7 chrX rs322452453 T G 7.71E-005 0.027190485 0.52 

FCN2 chr1 rs326256366 C T 8.00E-005 0.028023583 -0.86 

LGALS3 chr1 rs333750167 C G 8.02E-005 0.028023583 0.83 

FCN2 chr1 rs327402132 T C 8.06E-005 0.028081332 -0.88 

SCGB1A1 chr2 rs81227376 A G 8.10E-005 0.0281002 1.91 

FCN2 chr1 rs321609361 G A 8.23E-005 0.028210128 -0.86 

FCN2 chr1 rs337144001 G A 8.23E-005 0.028210128 -0.86 

FCN2 chr1 rs695704175 G A 8.23E-005 0.028210128 -0.86 

TLR7 chrX rs334257861 C T 8.28E-005 0.028255893 0.60 

FCN2 chr1 rs695124986 T C 8.32E-005 0.028301164 -0.80 

CLEC5A chr18 rs343548293 T C 8.36E-005 0.028324226 1.04 

SFTPD chr14 rs45434493 G A 8.56E-005 0.028748654 3.55 

TLR7 chrX rs326874199 A G 8.73E-005 0.029217351 0.46 

TLR7 chrX rs339740820 C A 8.95E-005 0.029837348 0.56 

FCN2 chr1 rs328171340 T C 9.14E-005 0.03022503 -0.88 

FCN2 chr1 rs335824751 G C 9.11E-005 0.03022503 -0.86 

FCN2 chr1 rs333952728 T C 9.18E-005 0.030247761 -0.86 

FCN2 chr1 rs322403126 G A 9.39E-005 0.030705366 -0.89 

FCN2 chr1 rs331316020 C A 9.39E-005 0.030705366 -0.85 
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PBD-2 chr15 rs319252499 A G 9.62E-005 0.031326383 2.00 

FCN2 chr1 rs344970007 A T 9.97E-005 0.031988901 -0.87 

ITLN2 chr4 rs698060414 C G 9.92E-005 0.031988901 -3.15 

TLR7 chrX rs325640555 G A 9.94E-005 0.031988901 0.54 

SFTPD chr14 rs713965714 C G 0.000100103 0.032006381 3.64 

CLEC5A chr18 rs320201658 C T 0.00010287 0.032648629 0.95 

CFB chrX rs322378897 G A 0.000104906 0.033172341 -0.35 

FCN2 chr1 rs341954405 G A 0.000107154 0.033635897 -0.85 

TLR7 chrX rs326226114 C T 0.000107102 0.033635897 0.45 

FCN2 chr1 rs339250981 G A 0.000107606 0.033654947 -0.84 

C9 chr16 rs328617983 A G 0.000109207 0.033922668 0.64 

TLR7 chrX rs346239293 G A 0.000109251 0.033922668 0.44 

FCN2 chr1 rs328892780 C G 0.000113937 0.035124164 -0.80 

FCN2 chr1 rs334477584 C T 0.000116011 0.035635646 -0.85 

CFB chrX rs320914345 G A 0.000116848 0.03565324 -0.36 

LGALS3 chr1 rs342708446 C T 0.000116897 0.03565324 0.85 

FCN2 chr1 rs343420433 G C 0.000118839 0.036117291 -0.88 

FCN2 chr1 rs340612906 G A 0.000122148 0.036862573 -0.87 

NOD1 chr18 rs337167571 G A 0.000126582 0.037903567 -0.71 

CLEC5A chr18 rs711332767 C T 0.000129179 0.038312404 1.02 

NOD1 chr18 rs343304937 G C 0.00012913 0.038312404 -0.80 

TLR7 chrX rs320490535 A C 0.000130598 0.038405738 0.43 

TLR7 chrX rs326190137 T C 0.000130834 0.038405738 0.44 

TLR7 chrX rs333865165 G T 0.00013071 0.038405738 0.48 

FCN2 chr1 rs344296124 G T 0.000132205 0.038555904 -0.85 

LGALS3 chr1 rs318464617 G A 0.000132242 0.038555904 1.14 

C9 chr16 rs342277995 A C 0.000132909 0.038619413 0.69 

C9 chr16 rs335752545 G A 0.000135544 0.038884826 0.62 

CFB chrX rs344211622 T C 0.000135631 0.038884826 -0.32 

SFTPD chr14 rs342243796 G C 0.000135518 0.038884826 3.46 

TLR7 chrX rs333335126 A G 0.000134524 0.038884826 0.44 

C9 chr16 rs341753259 C A 0.000140444 0.03999817 0.62 

TLR7 chrX rs337075708 G T 0.000141441 0.040149273 0.44 

CLEC5A chr18 rs81305879 G A 0.000142173 0.040224226 1.07 

C9 chr16 rs343424082 A T 0.000144961 0.040429553 0.60 

FCN2 chr1 rs319704295 C A 0.000145249 0.040429553 -0.85 

FCN2 chr1 rs329339982 A C 0.000144781 0.040429553 -0.83 

FCN2 chr1 rs330995398 C A 0.000145249 0.040429553 -0.85 

FCN2 chr1 rs340411758 A C 0.000144781 0.040429553 -0.83 

PBD-2 chr15 rs344398416 G C 0.000146208 0.040434676 1.52 

PBD-2 chr15 rs329928999 G C 0.00014952 0.041190662 1.80 

TLR7 chrX rs319364959 A G 0.000149899 0.041190662 0.52 

TLR7 chrX rs345901448 T C 0.000151342 0.041454742 0.51 
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FCN2 chr1 rs337576635 G T 0.000152366 0.041602816 -0.84 

CLEC5A chr18 rs340069284 C T 0.000155479 0.042039476 1.07 

TLR7 chrX rs334772554 G T 0.000155044 0.042039476 0.44 

TLR7 chrX rs342600664 A G 0.000155921 0.042039476 0.44 

C9 chr16 rs339497134 T C 0.000156721 0.042123061 -0.83 

KLRK1 chr5 rs326639224 G A 0.000157433 0.042182593 -0.57 

TLR7 chrX rs340395921 G A 0.000159397 0.042444632 0.42 

LGALS3 chr1 rs337354369 G C 0.000161011 0.042610564 0.82 

TLR7 chrX rs342613370 C T 0.000160994 0.042610564 0.59 

C9 chr16 rs330521468 G C 0.000165193 0.043551792 0.61 

CD55 chr9 rs339116407 T G 0.00016643 0.043551792 0.45 

DEFB122 chr17 rs319850710 C T 0.0001671 0.043551792 1.44 

TLR7 chrX rs328671703 A G 0.000166283 0.043551792 0.44 

TLR7 chrX rs341031207 G A 0.000166859 0.043551792 0.53 

CD55 chr9 rs333679324 C T 0.000169303 0.043992779 0.48 

SELL chr4 rs343628241 C T 0.000169839 0.04399903 -1.83 

C9 chr16 rs327241196 T G 0.000172292 0.044367195 0.58 

ZBP1 chr17 rs328726867 C A 0.000174565 0.044818383 -2.36 

FCN2 chr1 rs335102706 G A 0.000177604 0.045327947 -0.88 

C9 chr16 rs345775384 C A 0.000179421 0.045656306 0.69 

C9 chr16 rs344037272 A G 0.000180133 0.045702225 -0.71 

TLR7 chrX rs81294185 C T 0.000185369 0.046892309 0.45 

FCN2 chr1 rs339469390 C T 0.000186535 0.047049054 -1.37 

SFTPD chr14 rs327156991 T C 0.000189115 0.047560095 2.07 

TLR8 chrX rs334862436 A C 0.000191603 0.048045467 -0.81 

C9 chr16 rs321093005 T C 0.000195611 0.04848504 0.69 

LGALS3 chr1 rs326353586 G A 0.000195505 0.04848504 0.78 

C9 chr16 rs333628473 A G 0.000197804 0.048596186 -0.66 

C9 chr16 rs333672557 T G 0.000196789 0.048596186 0.60 

ITLN2 chr4 rs690716289 A G 0.000199982 0.048596186 2.61 

LGALS3 chr1 rs330720145 C T 0.000200015 0.048596186 1.16 

LGALS3 chr1 rs342885446 T C 0.000200015 0.048596186 1.16 

TLR7 chrX rs324124940 G T 0.000199699 0.048596186 0.45 

C9 chr16 rs324563349 C T 0.000203342 0.048742571 0.61 

CLEC5A chr18 rs339063186 C T 0.00020211 0.048742571 1.07 

FCN2 chr1 rs323814354 T C 0.000202238 0.048742571 -2.80 

FCN2 chr1 rs339179546 G A 0.000203889 0.048742571 -0.97 

FCN2 chr1 rs341236626 T C 0.000203042 0.048742571 -1.04 

FCN2 chr1 rs341477612 T A 0.000205291 0.048880938 -0.86 

FCN2 chr1 rs341485935 G T 0.000207756 0.049090242 -1.36 

FCN2 chr1 rs324618153 A C 0.000207548 0.049090242 -0.90 

PBD-2 chr15 rs328487402 A T 0.00020955 0.049243592 1.65 

PBD-2 chr15 rs335696039 C T 0.00020955 0.049243592 1.65 
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FCN2 chr1 rs331664783 G A 0.000212121 0.049576941 -0.92 

TLR7 chrX rs318720124 T C 0.000211555 0.049576941 0.44 

*The p-value was adjusted using the Benjamini-Hochberg procedure with an FDR = 0.05. 
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Appendix 4.4. List of eQTLs that were genotyped in healthy and diseased pigs. 

Gene rsID Chr Position Ref Alt 

Location 

relative to 

impacted 

gene 

Distance 

relative to 

impacted 

gene 

LGALS3 rs341181428 1 204,916,854 G A upstream 39,777 

LGALS3 rs342885446 1 204,927,302 T C upstream 29,329 

LGALS3 rs81246297 1 204,934,912 A G upstream 21,719 

LGALS3 rs322326231 1 204,935,789 A T upstream 20,842 

LGALS3 rs323704144 1 204,940,667 G A upstream 15,964 

LGALS3 rs326353586 1 204,949,440 G A upstream 7191 

FCN2 rs339469390 1 308,176,244 C T upstream 20,857 

FCN2 rs333222079 1 308,176,460 C G upstream 20,641 

FCN2 rs342490172 1 308,185,559 T C upstream 11,542 

FCN2 rs338072079 1 308,189,467 T C upstream 7634 

FCN2 rs326158227 1 308,189,511 A C upstream 7590 

FCN2 rs329763687 1 308,189,671 A G upstream 7430 

FCN2 rs344970007 1 308,190,003 A T upstream 7098 

FCN2 rs322403126 1 308,190,076 G A upstream 7025 

FCN2 rs320342887 1 308,190,797 A G upstream 6304 

FCN2 rs324618153 1 308,192,981 A C upstream 4120 

FCN2 rs342195622 1 308,205,698 G A downstream -2619 

FCN2 rs328892780 1 308,210,356 C G downstream -7277 

FCN2 rs331664783 1 308,211,156 G A downstream -8077 

FCN2 rs333340587 1 308,213,409 G A downstream -10,330 

FCN2 rs337034769 1 308,225,195 T C downstream -22,116 

FCN2 rs330321112 1 308,225,322 A G downstream -22,243 

FCN2 rs322664568 1 308,226,384 G A downstream -23,305 

FCN2 rs335102706 1 308,228,389 G A downstream -25,310 

SCGB1A1 rs81227376 2 8,609,365 A G downstream -10,601 

SELL rs343628241 4 88,904,530 C T upstream 26,948 

ITLN2 rs690716289 4 97,609,194 A G downstream -943 

ITLN2 rs698060414 4 97,609,676 C G downstream -461 

C8A rs320836863 6 143,270,088 C T upstream 3478 

CD55 rs330938856 9 74,266,167 T C upstream 47,618 

CD55 rs322614244 9 74,276,435 C T upstream 37,350 

CD55 rs333679324 9 74,292,150 C T upstream 21,635 

SFTPD rs319870426 14 88,622,626 A G upstream 37,678 

SFTPD rs319707230 14 88,635,598 G C upstream 24,706 

SFTPD rs328692709 14 88,653,734 T A upstream 6570 

SFTPD rs327156991 14 88,694,407 T C downstream -19,384 
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MBL2 rs344636925 14 105,584,184 G A upstream 47,085 

MBL2 rs328673019 14 105,585,994 T A upstream 45,275 

MBL2 rs327359428 14 105,586,853 C A upstream 44,416 

MBL2 rs334156767 14 105,611,145 G T upstream 20,124 

MBL2 rs318652830 14 105,636,724 C A downstream -294 

MBL2 rs341757289 14 105,638,542 C T downstream -2112 

DEFB1 rs330573086 15 43,309,656 C T upstream 36,662 

DEFB1 rs319252499 15 43,315,923 A G upstream 30,395 

DEFB1 rs335696039 15 43,356,023 C T intragenic  
C9 rs344037272 16 25,751,067 A G downstream -49,154 

C9 rs328250865 16 25,756,412 A G downstream -43,809 

C9 rs319697453 16 25,756,694 T C downstream -43,527 

C9 rs341476407 16 25,757,280 G A downstream -42,941 

C9 rs339497134 16 25,775,724 T C downstream -24,497 

C9 rs325643836 16 25,779,029 A C downstream -21,192 

C9 rs334586317 16 25,789,438 C T downstream -10,783 

C9 rs333628473 16 25,795,977 A G downstream -4244 

C9 rs330353029 16 25,804,503 C T intragenic 
 

C9 rs335752545 16 25,817,714 G A intragenic 
 

C9 rs342277995 16 25,821,376 A C intragenic 
 

C9 rs325953863 16 25,822,913 C T intragenic  
C9 rs336979880 16 25,823,068 T C intragenic 

 
ZBP1 rs328726867 17 65,086,594 C A downstream -49,942 

CLEC5A rs343093524 18 8,348,273 T C upstream 30,826 

CLEC5A rs327744812 18 8,350,992 T C upstream 28,107 

CLEC5A rs343548293 18 8,352,119 T C upstream 26,980 

CLEC5A rs346369612 18 8,355,766 C T upstream 23,333 

CLEC5A rs339063186 18 8,357,288 C T upstream 21,811 

CLEC5A rs336562067 18 8,372,441 G A upstream 6658 

NOD1 rs343304937 18 47,009,993 G C intragenic 
 

TLR7 rs319364959 23 10,430,593 A G upstream 20,066 

TLR7 rs330843903 23 10,462,037 C G intragenic 
 

TLR7 rs344488277 23 10,477,315 C T downstream -660 

TLR7 rs334257861 23 10,483,622 C T downstream -6967 

TLR7 rs318825117 23 10,485,866 T C downstream -9211 

TLR7 rs320984193 23 10,485,945 A C downstream -9290 

CFB rs320914345 23 47,277,665 G A upstream 17,370 

CFB rs344211622 23 47,314,430 T C downstream -2284 

Healthy (n = 592) and diseased (n = 421) pigs were genotyped. The distance relative to the impacted gene is given 

based on the distance from the annotated start of the gene (if upstream) or the annotated end of the gene (if 

downstream)
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Appendix 4.5. Linkage disequilibrium analysis for significant eQTLs within 10 of 19 innate immune genes. 
Note: The relative position of a SNV (identified by rsID) is illustrated in the bar at the top. The numbers within boxes represent the r2 value between two SNVs. 

Empty black boxes indicate an r2 of 100.  
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d) CLEC5A 
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e) FCN2 
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f) ITLN2 

 
 

 

g) TLR7 

 

 
 

 

h) NOD1 
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i) MBL2 
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j) PBD-2 (DEFB2) 
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k) LGALS3 
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l) SFTPD 
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Appendix 4.6. Porcine SNVs selected for genotyping are shown with the IDs of SNVs determined to be in LD. 

Gene SNV rsID Linked SNV Total # of Linked SNVs Genotyped Failed/Omitted 

C8A rs320836863 - 0 Yes - 

C9 rs335752545 

rs332895350, rs343424082, rs324563349, 

rs341753259, rs339532403, rs319520928, 

rs333672557, rs345164093, rs327241196, 

rs328617983, rs330521468, rs321093005, 

rs324895466, rs331047160, rs345775384 

15 Yes - 

C9 rs336979880 rs340320773, rs328409005 2 Yes - 

C9 rs319697453 rs709466423, rs341476407, rs319697453 3 Yes - 

C9 rs321078517 rs321078517 1 No unresolved cluster 

C9 rs325643836 - 0 Yes - 

C9 rs328250865 

rs330251216, rs336101345, rs324303965, 

rs333867087, rs318612015, rs344706119, 

rs324205238, rs328250865 

8 Yes - 

C9 rs330353029 rs330353029, rs344415563 2 Yes - 

C9 rs344037272 - 0 Yes - 

C9 rs342277995 - 0 Yes - 

C9 rs339497134 - 0 Yes - 

C9 rs333628473 - 0 Yes - 

C9 rs334586317 - 0 Yes - 

C9 rs325953863 - 0 Yes - 

C9 rs341476407 - 0 Yes - 

CD55 rs330938856 rs340141583 1 Yes - 

CD55 rs333679324 - 0 Yes - 

CD55 rs322614244 rs344217470, rs329627322, rs339116407 3 Yes - 

CFB rs344211622 rs344211622 1 Yes - 

CFB rs320914345 - 0 Yes - 

CLEC5A rs322190257 rs320201658 1 No poor extension 

CLEC5A rs346369612 rs346369612 1 Yes - 

CLEC5A rs339063186 - 0 Yes - 
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CLEC5A rs343093524 - 0 Yes - 

CLEC5A rs327744812 - 0 Yes - 

CLEC5A rs336562067 - 0 Yes - 

CLEC5A rs343548293 - 0 Yes - 

DEFB122 rs319850710 - 0 No unresolved cluster 

FCN2 rs329763687 rs334836779, rs324560299, rs319451320 3 Yes - 

FCN2 rs333222079 
rs323814354, rs341336572, rs333222079, 

rs341159094, rs691977343 
5 Yes - 

FCN2 rs322664568 rs327406019, rs322664568, rs334837690 3 Yes - 

FCN2 rs339469390 rs341485935, rs698904605 2 Yes - 

FCN2 rs338072079 rs338072079 1 Yes - 

FCN2 rs342499704 - 0 No unresolved cluster 

FCN2 rs342490172 - 0 Yes - 

FCN2 rs324618153 - 0 Yes - 

FCN2 rs328892780 - 0 Yes - 

FCN2 rs322403126 

rs334477584, rs344296124, rs322403126, 

rs341954405, rs328159775, rs340612906, 

rs337576635 

7 Yes - 

FCN2 rs344970007 

rs333952728, rs344970007, rs345392108, 

rs329339982, rs340411758, rs330995398, 

rs695704175, rs335824751, rs328171340, 

rs327402132, rs321609361, rs337144001, 

rs326256366, rs343420433, rs331316020, 

rs319704295, rs341477612 

17 Yes - 

FCN2 rs331664783 - 0 Yes - 

FCN2 rs335102706 - 0 Yes - 

FCN2 rs333340587 - 0 Yes - 

FCN2 rs339179546 - 0 No unresolved cluster 

FCN2 rs320342887 - 0 Yes - 

FCN2 rs326158227 - 0 Yes - 

FCN2 rs330321112 - 0 Yes - 

FCN2 rs337034769 - 0 Yes - 

FCN2 rs342195622 - 0 Yes - 
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FCN2 rs318962795 - 0 No unresolved cluster 

ITLN2 rs690716289 - 0 Yes - 

ITLN2 rs698060414 - 0 Yes - 

ITLN2 rs700070722 - 0 No unresolved cluster 

KLRK1 rs326639224 - 0 No poor extension 

LGALS3 rs322326231 
rs329498254, rs342505569, rs322326231, 

rs323704144 
4 Yes - 

LGALS3 rs326353586 
rs333750167, rs326353586, rs342263300, 

rs342708446, rs337354369 
5 Yes - 

LGALS3 rs341181428 rs345875831, rs344010591, rs323773237 3 Yes - 

LGALS3 rs342885446 rs330720145, rs342885446 2 Yes - 

LGALS3 rs81246297 - 0 Yes - 

LGALS3 rs323704144 - 0 Yes - 

MBL2 rs344636925 

rs325223250, rs345981827, rs709263755, 

rs320465107, rs329878332, rs336606363, 

rs340601674, rs345964266, rs328826195, 

rs329132054, rs342988863, rs335832823, 

rs344981933 

13 Yes - 

MBL2 rs327359428 

rs345313231, rs343578555, rs341757289, 

rs341136794, rs343818728, rs326271681, 

rs340532136, rs336690766, rs321481373, 

rs322157250, rs327359428, rs328135675 

12 Yes - 

MBL2 rs328673019 
rs320029735, rs337644648, rs342733630, 

rs320522795, rs324034606, rs328673019 
6 Yes - 

MBL2 rs323437099 rs323437099 1 No unresolved cluster 

MBL2 rs334156767 - 0 Yes - 

MBL2 rs318652830 - 0 Yes - 

MBL2 rs341757289 - 0 Yes - 

NOD1 rs343304937 - 0 Yes - 

PBD-2 rs330573086 

rs344398416, rs330073132, rs323532096, 

rs343917580, rs329928999, rs319868268, 

rs345490517, rs330573086 

8 Yes - 

PBD-2 rs335696039 

rs339770947, rs332209636, rs345811814, 

rs343692142, rs328487402, rs322713647, 

rs335696039 

7 Yes - 
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PBD-2 rs319252499 - 0 Yes - 

SCGB1A1 rs81227376 - 0 Yes - 

SELL rs343628241 - 0 Yes - 

SFTPD rs319870426 
rs319870426, rs341850018, rs331907708, 

rs327302123, rs341704971 
5 Yes - 

SFTPD rs328692709 - 0 Yes - 

SFTPD rs327156991 - 0 Yes - 

SFTPD rs330919108 - 0 No unresolved cluster 

SFTPD rs319707230 - 0 Yes - 

TLR7 rs330843903 rs330843903 1 Yes - 

TLR7 rs320984193 rs320984193 1 Yes - 

TLR7 rs334257861 - 0 Yes - 

TLR7 rs339177737 - 0 No unresolved cluster 

TLR7 rs319364959 - 0 Yes - 

TLR7 rs318825117 - 0 Yes - 

TLR7 rs344488277 - 0 Yes - 

TLR8 rs334862436 - 0 No unresolved cluster 

ZBP1 rs328726867 - 0 Yes - 
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Appendix 4.7. Allele density and corresponding eQTL profiles of the 28 eQTL associated with 

infectious disease. 
Each figure consists of two sets of graphs: a bar graph on the top, representing the proportion of alleles within pigs 

diagnosed with a specific pathogen or condition (diseased, purple bars) or within healthy pigs (normal, orange bars). 

The bottom figure represents eQTL data from the same SNV(s), illustrating the association of SNV(s) with gene 

expression. For both graphs, 0 = homozygous reference, 1 = heterozygous, 2 = homozygous alternate 
a) E. coli 
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b) Mycoplasma 
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c) Porcine reproductive and respiratory syndrome virus 

 

d) Influenza A virus 
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e) Enteritis 
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f) Pneumonia 
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g) Septicemia 

 

 


