
 

 

 

 

ABSTRACT 

Molecular Characterization of Swine Leukocyte Antigen Diversity  
in Outbred Pig Populations 

 
Chak Sum Ho, B.S., M.S. 

Mentor: Douglas M. Smith, M.D., Ph.D. 
 
 

The polymorphism of swine leukocyte antigens (SLA) has been repeatedly 

associated with swine immune responses, vaccine effectiveness and agricultural 

performance.  It also has significant implications for using pigs as large animal models for 

biomedical research and as potential xenograft donors.  Characterization of SLA genes has 

always been hampered by the availability of effective typing methods.  Partially inbred 

miniature pigs with defined SLA specificities have been used extensively as animal models 

for various immunological studies.  However, relatively few studies on swine immune 

response have been conducted using outbred farm pigs in part due to their poorly 

characterized immunogenetic backgrounds. 

The Meishan breed of pigs is an economically significant farm breed that is 

available at several research institutions in the United States.  Using a DNA 

sequence-based typing method, the polymorphism of SLA genes was characterized in the 

breeding stock of a resource population of Meishan pigs.  A simple SLA typing assay using 

polymerase chain reaction with sequence-specific primers (PCR-SSP) was then developed 



to rapidly determine the SLA types in the pigs from this herd.  The results provide a 

foundation for the establishment of SLA-defined farm pig lines which will be valuable 

experimental models for agricultural research. 

To further facilitate the study of SLA influence and promote the use of swine with 

different immunogenetic backgrounds as animal models, low-resolution SLA typing 

assays were developed for characterizing the SLA class I and class II genes in outbred pigs 

using the PCR-SSP method.  Recent establishment of a SLA nomenclature system has 

assigned alleles into groups based on DNA sequence similarities.  PCR primers were 

therefore designed to distinguish each of the alleles by group definitions based upon shared 

polymorphic sequence motifs.  These assays were then used to obtain SLA class I and class 

II haplotype information and determine the extent of SLA diversity in four outbred 

populations of conventional farm pig totaling 394 individuals.  This approach not only 

facilitates the study of genetic diversity in outbred pig populations, it also provides the 

means for further understanding the role of SLA genes to advance biomedical science and 

to improve animal health. 
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CHAPTER ONE 
 

Introduction 
 
 

Pigs are one of the most important livestock species and have been domesticated 

for over 9000 years1.  The pork industry represents a major contributor to the overall global 

economy given that pork is now the most consumed red meat worldwide2.  As a result, the 

commercial pig industry is actively seeking ways to improve pig production quality for 

both nutritional value and profit.  Considerable resources have been invested in research to 

improve pig production.  With the advancements in molecular technology, thousands of 

microsatellite markers have been developed throughout the pig’s genome to scan for 

potential genetic regions that are linked to particular phenotypes and production traits 

(quantitative trait loci).  These genetic markers are being extensively used in current 

selective breeding programs, which are becoming increasingly important as the breeding 

structures of most corporate pig farms nowadays often rely on a small number of prime 

animals as breeders to maintain desirable production traits. 

Not only have pigs served as an important nutritional source but also a valuable 

asset to the field of biomedical science.  Traditional rodent models do not always prove 

relevant in studying human diseases because of the vast genetic differences.  Many novel 

treatment approaches that worked perfectly in rodents have failed when applied to humans 

and caused devastating clinical consequences3.  This makes testing of new pharmaceuticals 

and therapeutics in large animals to evaluate their efficacy and safety an essential step 

before applying clinically to patients.  Given their anatomical, physiological and 
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immunological similarities to humans, swine have been used extensively as preferred large 

animal models for a wide array of biomedical research4,5.  They have been used in a variety 

of experiments for investigation of the etiology and pathogenesis of many human diseases, 

as well as the development of many novel treatment approaches and the assessment of their 

preclinical safety6.  In particular, the miniature pig strains, which attain an adult weight of 

around 200 lbs, as compared to over 800 lbs in full-grown domestic swine, have distinct 

advantages for the use in laboratory settings7,8.  These pigs are generally docile, can be 

easily manipulated, adapt well to the laboratory environment and have relatively few 

disease problems.  Their reproductive characteristics, such as short gestation time (114 

days), large litter size (4-10 piglets), short maturation time (4-6 months), as well as their 

lower maintenance cost and fewer bioethical issues relative to non-human primates, make 

them an ideal laboratory large animal model. 

 
Pigs as Animal Models 

 
Melanoma 

Human malignant melanoma is one of the most aggressive forms of skin cancer 

with a high mortality.  Study of this malignancy has always been hindered by the lack of 

comparable large animal models which display similar morphological, histological and 

etiological features.  Increased understanding of the underlying mechanisms and risk 

factors that are involved in the induction, proliferation and dissemination of this deadly 

disease requires the use of appropriate animal models.  Three lines of miniature pigs have 

been used extensively as models for studying human spontaneous malignant melanoma: 

the Sinclair miniature pigs9, the MeLiM (Melanoblastoma-bearing Libechov Minipigs) 
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miniature pigs10 and the Munich Troll miniature pigs11.  The MeLiM and Munich Troll pigs 

were largely derived from the Sinclair breed therefore it is likely that the genetic basis of 

the malignancy in these three models is similar. 

The tumors in these swine models showed morphological, histopathological and 

metastatic features very similar to human melanoma12.  These pigs also have cellular13 and 

humoral14 immune responses against tumor antigens similar to that which occasionally 

occurs in human melanoma patients and which many clinical trials are trying to induce15.  

Most of these swine tumors develop in utero or shortly after birth but spontaneously 

regress at about 6 months of age, which is associated with the development of vitiligo16.  

This phenomenon of regression has been associated partly with decreased telomerase 

activity17 but the heavy lymphocytic infiltration in the tumors, in vitro immune assays and 

the killing of normal melanocytes (vitiligo) indicated a strong component of immune 

response in the regression18.  On the contrary, although these swine tumors can metastasize 

widely, they do not show some of the characteristics of typical malignant cells such as 

anchorage-independent growth in culture or growth as tumors in immunodeficient mice19. 

Initial genetic studies demonstrated that the inheritance of melanoma in the Sinclair 

miniature pigs was in polygenic mode and involved at least two genes20.  One was believed 

to have a tumor-suppressor effect whereas the other affected the penetrance of the tumor 

phenotype and was linked to the swine major histocompatibility complex (MHC), which 

codes for the swine leukocyte antigens (SLA).  Four SLA haplotypes (designated as A, B, 

C and D) were initially identified in the Sinclair pigs by serologic and cellular assays21, and 

the highest level of penetrance was found in pigs that had the B haplotype.  Animals that 

were homozygous for this haplotype had more and larger primary tumors.  Recently, based 
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on additional crossbreeding studies, it has been hypothesized that the mode of inheritance 

in these melanoma pigs involves a third gene22,23.  Although these melanoma pig models 

have both similarities and differences to human malignant melanoma they have been a 

valuable resource for studies of genetic factors responsible for tumor development as well 

as immune responses causing tumor regression. 

 
Transplantation 

Cells, tissues and organs are routinely transplanted in human as a treatment for a 

number of diseases, despite allograft rejection still being the major obstacle in clinical 

transplantation.  Many approaches by which transplantation tolerance can be induced in 

traditional rodent models have failed when applied to human patients.  Experimenting with 

large animals is thus a necessary step before proceeding to clinical trials.  For decades pigs 

have been an important large animal model for human transplantation studies.  Given that 

the disparity of MHC antigens is the major contributor in graft rejection, the miniature pig 

strains with well-characterized MHC phenotypes are particularly valuable in studying 

rejection mechanisms.  They provide a unique large animal model in which researchers can 

reproducibly study the effects of selective matching and mismatching within the MHC on 

parameters of transplantation.  Several strains of miniature pig have been intentionally 

inbred for their MHC phenotypes.  These include the NIH miniature pigs7, the Yucatan 

miniature pigs8, the Clawn miniature pigs24 and the Westran pigs25.  Of which the NIH 

strain has been studied the most extensively.  Three lines of pigs, each homozygous for a 

different set of MHC alleles (designated as a, c and d haplotypes), were originally 

established by Dr. David Sachs at the National Institute of Health.  Four intra-MHC 

recombinant haplotypes (designated as f, g, h and j haplotypes) were later identified and 
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also bred to homozygosity26.  They have been extensively used as animal models in a wide 

variety of transplantation experiments including development of new surgical techniques 

and organ preservation, evaluation of the physiological function of the graft, 

immunological studies of graft tolerance and rejection, validation of the effectiveness of 

immunosuppressive regimens and development of new immunosuppressive agents27.  To 

date numerous solid-organ transplantation studies using these pigs have been documented 

with liver, kidney, heart, pancreas and small bowel; whereas cellular allotransplantation 

experiments performed between pigs include bone marrow and pancreatic islets. 

 
Xenotransplantation 

There is a critical shortage of human donor organs available for transplantation.  

The use of animal organs, therefore, is seen by many as an alternative source of supply.  

Ideally, non-human primates such as chimpanzee, orangutan or baboon would be the best 

candidates as xenograft donors because by far they have the closest evolutionary 

relationships with human than any other mammals.  However, their scarcity, low birth and 

growth rate, high maintenance cost, risks for transmitting hitherto unknown pathogens to 

human (e.g. HIV), public opinion and animal right issues make them less desirable. 

Alternatively, the miniature pigs have also been considered as potential xenograft donors26.  

Their unlimited availability and breeding characteristics provide distinct advantages for 

such purpose.  To date a number of xenotransplantation experiments using pig’s organs and 

tissues have been conducted.  Porcine tissues already studied include fetal pancreatic islet 

cells for insulin-dependent diabetes28, neural cells for Parkinson’s disease29 and 

extracorporeal pig liver perfusion as bridging treatment for liver failure30.  Organ 

xenotransplantation experiments using pig’s kidney31, heart32, bone marrow33, red blood 
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cells34,35 and skin35 have also been performed.  However xenograft tolerance could only be 

induced with limited success in these studies.  Clinical application of xenotransplantation 

is limited in large part by the severe immunological reactions of the recipient against the 

xenograft which includes hyperacute rejection, acute vascular and cellular rejections and 

chronic rejection.  Considerable progress has been made in elucidating the molecular and 

cellular basis of these rejection episodes.  Multiple strategies have been developed recently 

in attempts to overcome the immunologic barriers between human and swine, such as the 

generation of α1,3-galactosyltransferase gene-knockout pigs36, transgenic pigs that are 

expressing complement regulatory proteins such as hDAF37, membrane cofactor protein38, 

CD5939, as well as human leukocyte antigens (HLA) class II molecules DQ40 and DP41.  

Nevertheless, concerns on possible transmission of swine zoonotic pathogens to human, 

for example the porcine endogenous retrovirus42 and the porcine respiratory and 

reproductive syndrome virus (PRRSV)43, have hindered the research progress in 

xenotransplantation the past few years. 

 
Challenges Faced by the Swine Production Industry 

The swine industry nowadays is continuously facing new risks.  Pig production has 

rapidly changed from multiple small farms to a large corporate enterprise.  These corporate 

farms often rely on a small number of prime animals for breeding in order to maintain 

desirable production traits, such as meat quality, litter size and growth rate.  Over time this 

heavy selection results in excessive inbreeding which leads to reduced overall genetic 

diversity within the herds.  As a result, inbreeding depression-associated genetic defects, 

such as developmental abnormalities, sterility and high postnatal mortality have become 

increasingly common44,45.  Poor reproductive performance is of particular concern to the 
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pig production industry since any reproductive inefficiency greatly complicates and 

increases the cost of production. 

In addition, the pig production industry is often disrupted by various transmissible 

diseases which cost livestock producers millions of dollars each year, for example the 

PRRSV, the porcine parvovirus and the bacteria Salmonella choleraesuis.  As the herds 

become more and more inbred, they become more susceptible to pathogen invasions.  The 

reduced genetic diversity allows pathogens, particularly viruses, to easily adapt to the 

environment and develop as “escape mutants”, which can quickly spread among 

individuals with similar genetic background.  One study demonstrated the serial passage of 

one strain of PRRSV in pigs resulted in a large number of genetic variants46.  New variants 

of the virus were detectable after only seven days post-inoculation and multiple variants 

were often detectable in one pig.  Further, corporate herds are often maintained in close 

confinement.  This allows rapid transmission of infectious diseases and increases the risk 

of disease epidemics which could result in enormous economic loss.  Currently, treatment 

regimens and quarantine of infected animals are the main approaches to control 

transmission of disease during outbreaks, whereas vaccinations remain the primary 

preventive measure.  Vaccinations have been practiced extensively in field herds aiming to 

prevent disease outbreaks.  However their effectiveness varies and some remain 

controversial47,48.  The development of effective vaccines has therefore become more 

crucial.  In addition, the establishment of livestock with genetically increased resistance to 

infectious diseases is also highly desirable, particularly with the emergence of multiple 

antibiotic-resistant zoonotic pathogens49. 
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Genetic variability among different pig breeds not only has been shown to 

contribute to livestock production characteristics, it has also been shown to affect the 

effectiveness of vaccinations against various pathogens such as E. coli50 and pseudorabies 

virus48.  In addition it has significant influence on swine inherent resistance to diseases51,52.  

Therefore, understanding the genetic background of different pig breeds is essential for the 

development of vaccines with higher efficacy and broader protection.  Characterizing the 

genes, gene products and their diversities that have significant influence on swine immune 

performance provides a molecular basis of understanding genetic resistance and 

susceptibility.  This information could lead to targets for genetic selection and used as 

markers to assist in selective breeding programs of genetically disease-resistant pigs, 

aiming to improve overall animal health and provide better disease protection across the 

herds. 

 
The Swine Leukocyte Antigens 

The porcine major histocompatibility complex (MHC) genes encode a series of 

extremely polymorphic cell-surface glycoproteins, the swine leukocyte antigens (SLA).  

The SLA proteins function mainly in presenting self and non-self peptides on the surface of 

cells to T lymphocytes, and therefore they play a vital role in the development and control 

of the swine immune system. 

 
Function 

There are two classes of MHC molecules.  The class I molecules are found virtually 

on all nucleated cells and function in presenting peptides of 8-10 amino acids derived from 

intracellular compartments to CD8+ cytotoxic T lymphocytes.  They also interact with 



 

 

9

killer cell immunoglobulin-like receptors (KIR) expressed on natural killer (NK) cells to 

prevent NK-mediated cytotoxicity.  The class II molecules, on the other hand, are found 

primarily on professional antigen presenting cells such as macrophages, B lymphocytes 

and dendritic cells.  However, expression of class II antigens on various capillary 

endothelia in pigs has also been documented53.  They function mainly in presenting 

exogenous peptides of 13-25 amino acids to CD4+ helper T lymphocytes. 

 
Structure 

The class I antigen is a heterodimeric protein composed of a membrane-bound α 

chain which is non-covalently bonded to the monomorphic β2-microglubulin (Figure 1.1).  

The α chain has three extracellular domains, of which the α1 and α2 domains resemble 

each other in structure and form the peptide-binding groove; whereas the α3 domain is a 

binding site for the CD8 co-receptor present on T lymphocytes.  On the other hand, the 

class II antigens are also heterodimeric proteins which consist of an α chain non-covalently 

bound to a β chain (Figure 1.1).  Each consists of two extracellular domains (α1 and α2; β1 

and β2).  The α1 and β1 domains resemble each other in structure and form the 

peptide-binding groove, whereas the β2 domain is a binding site for the CD4 co-receptor 

present on T lymphocytes. 

Most SLA haplotypes have three constitutively expressed classical class Ia loci 

(SLA-1, SLA-2 and SLA-3) and three non-classical class Ib loci (SLA-6, SLA-7 and SLA-8).  

The molecular organization of the class I genes includes a leader sequence (exon 1), three 

exons (exon 2, 3 and 4) encoding corresponding extracellular α1, α2 and α3 domains, a 

transmembrane  exon  (exon 5)  and  three  cytoplasmic  exons (exon 6, 7 and 8) (only two 
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Figure 1.1.  Structure of MHC class I and class II antigens. 
 

cytoplasmic exons for the class Ib genes)54 (Figure 1.2).  For the class II antigens (SLA-DR 

and SLA-DQ), the α chains are coded by the SLA-DRA and SLA-DQA genes which consist 

of a leader sequence (exon 1), two exons (exon 2 and 3) encoding corresponding 

extracellular α1 and α2 domains, and an exon (exon 4) encoding both transmembrane and 

cytoplasmic domains55,56.  Whereas the β chains are coded by the SLA-DRB1 and 

SLA-DQB1 genes, which have essentially the same structure as the α-chain genes except 

that they have additional one or two cytoplasmic exons (exon 5 and 6)57,58. 

 
Mapping 

The MHC complex is one of the most gene-dense regions in the vertebrate genomes. 

The SLA complex consists of three major gene clusters and has been mapped to porcine 

chromosome 7  spanning the  centromere, with the class II  region on the long arm and the 
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Figure 1.2.  Schematic molecular organization of different swine MHC genes. 

 

class I and class III regions on the short arm59.  Sequencing and mapping of the entire SLA 

complex based on a very common H01 haplotype has recently been completed60.  The SLA 

class I, class III and class II regions are found to span approximately 1.1, 0.7 and 0.5 

megabases, respectively, which together are about half the size as the human MHC region.  

Further, extensive comparison and phylogenetic analysis of the SLA and HLA systems 

indicated that the SLA class I genes have more sequence homology to each other than to 

the HLA class I genes61.  Their genomic organizations are also quite different (Figure 1.3).  

In contrast, the SLA class II genes demonstrated much stronger sequence homology with 

their HLA counterparts62 and their overall genomic organizations are also very similar 

(Figure 1.4).  There are about 150 loci identified in the SLA complex, of which at least 120 

genes are predicted to be functional.  In addition to the typical class I and class II genes, 

some of the most important immune-related genes were also mapped to the SLA complex, 

particularly in the class III region.  These included the genes that code for the cytokines 

TNFα, TNFβ and the complements C2, C4a and Bf; while those involved in the peptide 
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presentation pathway such as the TAP and the proteasomes were mapped to the class II 

region.  The close proximity of these genes through evolution is believed to allow for more 

effective and coordinate regulation of gene expression during immune responses. 

 

 
Figure 1.3.  Comparative genomic organization of the human and swine MHC class I region (adapted from 
Renard et al60 and Campbell et al63).  Note that not all the genes are shown. 

 
 

 
Figure 1.4.  Comparative genomic organization of the human and swine MHC class II region (adapted 
from Renard et al60 and Campbell et al63).  Note that not all the genes are shown. 
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Extreme Polymorphism 

One of the most remarkable features of the MHC genes is the extremely high 

degree of genetic polymorphism within loci.  In fact, they are the most polymorphic genes 

in the vertebrate genomes (Figure 1.5).  In humans, over 1600 class I alleles and 800 class 

II alleles have been identified to date64.  This extreme polymorphism is believed to have 

arisen in response to the evolutionary pressures generated by encounters with pathogens 

such as intracellular bacteria and viruses65.  Given that peptides can only bind to a MHC 

molecule and be presented to T lymphocytes if some of their amino acid residues (anchor 

residues) can form stabilizing bonds with those of the peptide-binding groove of the MHC 

molecule.  The unique peptide-binding motif of each MHC allele will affect the range of 

peptides that can be bound and recognized by T cells.  Therefore, the process of natural 

selection has been maintaining the  diversity of MHC loci in order to  broaden the array of 
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antigenic peptides available for T-cell recognition thus ensuring that pathogens cannot 

escape the host’s immune surveillance.  This extreme polymorphism is essentially 

concentrated in the exon 2 and 3 of the class I genes and the exon 2 of the class II 

beta-chain genes given that these genomic regions encode for the protein domains which 

directly interact with peptides.  The class II alpha-chain genes, on the other hand, display 

limited polymorphism despite the fact that they also encode for part of the peptide-binding 

groove of the class II molecules. 

 
Linkage Disequilibrium 

Genes in the MHC region exhibit a very strong linkage.  Some alleles occur more 

frequently together than expected by chance and they always tend to be inherited as a 

haplotype.  This is mainly due to a low level of recombination between the MHC genes.  

According to all the available data, the recombination frequency within the swine MHC 

region was estimated to be less than 1%59,66, and this number was even found to be lower in 

commercial farm pigs.  Vaiman et al estimated crossover between the class I and the class 

II region occurs in one out of 270 births whereas crossover between the SLA-2 and SLA-1/3 

region occurs in one out of 2000 births 67.  In our laboratory, we have observed an overall 

recombination frequency of about 1.1% in the Sinclair x Hanford crossbred melanoma pigs 

(unpublished data).  Most crossovers tended to take place between the class I and class II 

regions although some occurred within the class I region.  To our knowledge, crossover 

within the class II region has never been documented. 

 
Influence of Swine Leukocyte Antigens 

The MHC region has been associated with more diseases than any other loci in the 

mammalian genomes.  The involvement of MHC complex in physiological conditions and 
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pathological syndromes is mostly attributable to the antigen-presenting properties of MHC 

proteins in the adaptive immune system as well as those important immune-related genes 

that are in strong linkage with the MHC genes.  Genetic variability of the MHC genes and 

alleles has been repeatedly associated with difference in immune responses, disease 

resistance and susceptibility against infections in various species.  For example, in humans, 

the HLA-B52 and HLA-B44 phenotypes have been associated with HIV resistance, while 

the HLA-B51 was associated with HIV susceptibility68.  In cattle, a significant association 

was found between the DQ haplotype 1A and susceptibility to clinical mastitis69.  In 

chickens, the B2 and B21 MHC specificities appeared to provide natural resistance against 

Marek’s disease70. 

In addition, the MHC and MHC-linked genes have been reported to play an 

important role in the reproductive success of several species, possibly due to some 

undefined genes that are also in strong linkage with the MHC genes.  In mice, embryonic 

development and survival have been linked to the Qa-2 region of the H-2 complex (mouse 

MHC)71.  Olfactory mating preference also appeared to be influenced by H-2 haplotypes72.  

In rats, a RT1 (rat MHC) haplotype has been correlated with infertility in male and reduced 

ovulation rate in female73.  In humans, recurrent spontaneous abortion74 and hormonal 

level75 have been linked to the HLA complex. 

Similar to the MHC systems in other mammalian genomes, the biological 

significance of the SLA system has been extensively documented.  Numerous studies have 

demonstrated the role of the SLA complex in swine immune responsiveness, disease 

resistance and susceptibility, as well as reproductive performance and livestock production 

characteristics. 
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Immune Response 

Serum complement plays a crucial role in the innate immune defense against 

pathogens.  Significantly higher serum hemolytic complement activity was observed in 

commercial pigs with the homozygous haplotype H10, whereas the homozygous haplotype 

H12 and the heterozygous haplotype H10/H12 had lower activities76.  Haplotypes ac, dg, 

and gg in the NIH miniature pigs have also been shown to contribute to lower serum 

hemolytic complement activity77.  In addition, a study demonstrated that pigs with the dd, 

dg and gg haplotypes had significantly higher serum IgG concentrations while the d 

haplotype may also contribute to higher serum IgM concentrations78.  Higher level of 

serum Ig may predict higher and quicker humoral response during pathogen invasions 

which in turn may confer to better natural resistance to infectious diseases79. 

Many studies have documented the SLA influence on cell-mediated and humoral 

immune responses against various immunogenic agents in order to understand the 

underlying mechanism of immune recognitions.  In the NIH miniature pigs, SLA 

haplotypes have been shown to affect antibody responses to sheep erythrocytes, hen egg 

white lysozyme and synthetic peptide (T,G)-A--L, as well as cell-mediated immune 

responses to tuberculin-purified protein and dinitrochlorobenzene80.  Higher humoral 

response and cell-mediated delayed-type hypersensitivity response to tuberculin-purified 

protein were observed in pigs with haplotypes dd, dg and gg, whereas dg and gg 

contributed to a lower contact hypersensitivity to dinitrochlorobenzene.  In commercial 

pigs, certain SLA haplotypes were also correlated with a higher antibody response to hen 

egg white lysozyme81.  In addition, several studies have demonstrated the potential 

influence of SLA complex on vaccine effectiveness, such as the immunizations with 
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attenuated pseudorabies virus48, inactivated Bordetella bronchiseptica bacteria82 and a 

modified strain of Salmonella typhimurium bacteria83. 

 
Disease Resistance and Susceptibility 

Variations in immune response against pathogens between genetically diverse pigs 

have been reported in numerous studies.  Lunney et al showed that the NIH miniature pigs 

with the cc homozygous SLA haplotype exhibited a lower burden of encysted muscle 

larvae than other haplotypes upon initial inoculation with Trichinella spiralis84.  This rapid 

clearance of parasites was believed to correlate with the early development of humoral 

antibody response.  On the other hand, pigs bearing the homozygous aa haplotype 

exhibited a highly significant reduction in the encysted muscle larvae burden upon 

secondary challenge.  This suggested that the expression of the alleles on the a haplotype 

influenced on cellular immune defense against Trichinella spiralis85.  In addition, SLA 

haplotypes have also been shown to affect the uptake and killing abilities of cultured 

peripheral blood monocyte86.  The aa, cc and gg haplotype were shown to have higher 

phagocytic and bactericidal activities against Salmonella typhimurium, whereas the aa and 

ad haplotypes were better at ingesting, and the cd, dg and gg haplotypes were better at 

killing of Staphylococcus aureus.  Further, a possible SLA influence on the inherent disease 

susceptibility and resistance in PRRSV-infected pigs has also been reported87. 

 
Tumor Association 

As described previously, the SLA complex has been correlated with the occurrence 

of cutaneous malignant melanoma in the Sinclair breed of pigs, where a particular 

haplotype appeared to be necessary for the tumor initiator locus to be fully penetrant.  The 
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highest level of penetrance was found in pigs that had the B haplotype21, which appeared to 

be identical to the NIH a haplotype as well as the international haplotype H10 in mixed 

lymphocyte cultures and serologic assays88.  Animals that were homozygous for this 

haplotype had more and larger primary tumors.  The reappearance of the malignant 

melanoma in the MeLiM pigs which also derived from the Sinclair breed further confirmed 

the SLA association in the tumor phenotype10. 

 
Xenograft Recognition 

In the context of using pig organs in human transplantation, several studies have 

documented the direct recognition of SLA class I antigens by human cytotoxic T cells89,90 

and SLA class II antigens by human helper T cells91.  Similar to the allogeneic response, 

such recognitions were found to be allele-restricted with the participation of CD4 and CD8 

co-receptors and other important co-stimulation molecules92,93.  These human anti-porcine 

T-cell responses were also similar in strength and specificity to allogeneic interactions, 

possibly due to the high level of structural homology between the SLA and HLA proteins.  

In addition, studies suggested that the expression of SLA proteins on porcine endothelial 

cells can inhibit lysis by human NK cells94,95, indicating that certain SLA alleles may 

consist of human NK-inhibitory sites and resemble more closely in structure to their human 

counterparts. 

 
Reproductive Performance and Production Traits 

SLA haplotypes have been correlated with difference in swine reproductive 

performance including ovulation rate96,97, embryonic development and survival98,99, male 

genital tract development100, androstenone level100, litter size101,102, as well as birth and 
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weaning weight of the piglets101-103.  In addition, as reviewed by Vaiman et al, a number of 

commercial production traits were also significantly associated with SLA specificities104.  

These included the backfat thickness, carcass composition, ham development, muscle 

malic enzyme activity and average daily weight gain. 

 



 

 20

 
 
 

CHAPTER TWO 

Nomenclature for Factors of the Swine Leukocyte Antigen System 

 
In parallel to the MHC systems in other mammalian species, the biological 

significance of the SLA system has been extensively documented.  Many SLA alleles and 

haplotypes have been characterized by serologic and molecular typing methods in various 

breeds of pig.  However, direct comparison of these findings was very difficult due to the 

discrepancy in the naming conventions adopted by different laboratories and the molecular 

nomenclature for the SLA system had not been standardized.  Therefore, an internationally 

recognized nomenclature system for the SLA genes and alleles is essential to resolve the 

confusion and further the development and communication of research in swine 

immunology and diseases.  Due to the efforts of numerous investigators around the world, 

DNA sequences of many genes and alleles in the swine MHC system have been determined 

and accumulated in several nucleotide sequence databases.  In addition, the swine MHC 

region of a common haplotype (H01) has recently been completely sequenced and 

mapped60.  This information has established a foundation for researchers to propose a DNA 

sequence-based nomenclature system.  The Nomenclature Committee for Factors of the 

SLA System was formed at the 2002 International Society for Animal Genetics (ISAG) 

conference in Göettingen, Germany to establish the principles of a systematic 

nomenclature system for SLA class I and class II genes and alleles that have been defined 

by DNA sequencing. 
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The nomenclature for factors of the SLA class I and class II systems have recently 

been published61,62.  This proposed nomenclature parallels the World Health 

Organization’s nomenclature for factors of the HLA system in assigning names for the SLA 

genes and numbering of their alleles.  The three constitutively expressed classical class Ia 

genes have officially been designated as SLA-1, SLA-2 and SLA-3; and the non-classical 

class Ib genes as SLA-6, SLA-7 and SLA-8 (Table 2.1).  They were named after the loci 

identified in the mapping and sequencing of the H01 haplotype105.  As demonstrated in the 

phylogenetic analyses, the SLA class I genes displayed much more sequence homology to 

each other than to the HLA class I genes61.  The genomic organizations of the SLA class I 

region and the HLA class I region are also quite different (Figure 1.3).  Therefore, instead 

of using letters as in the naming conventions of the HLA class I system (i.e. HLA-A), the 

SLA class I genes were named with numbers to avoid the implications that any of these loci 

were homologous to the HLA-A, HLA-B or HLA-C genes.  The SLA class II genes, on the 

other hand, demonstrated much stronger sequence homology with their HLA counterparts 

than they do with each other, as shown in the phylogenetic analyses62.  The overall 

genomic organization of the SLA class II region is also very similar to that of the HLA class 

II region (Figure 1.4).  Therefore the SLA class II genes were named after their HLA 

homologues.  The expressed class II alpha-chain genes were designated as SLA-DRA and 

SLA-DQA whereas the class II beta-chain genes were designated as SLA-DRB1 and 

SLA-DQB1 (Table 2.1). 

In the HLA nomenclature system, alleles are usually assigned into groups based on 

their serologic specificities.  However, such information on the SLA antigens is very 

limited.  The ISAG SLA Nomenclature Committee therefore decided to assign alleles into  
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Table 2.1.  Names for genes in the SLA region considered by the SLA Nomenclature Committee. 
 

Locus Molecular Characteristics Locus Molecular Characteristics 
SLA-1 Class I α-chain SLA-DRB2 Class II β-chain pseudogene 
SLA-2 Class I α-chain SLA-DRB3 Class II β-chain pseudogene 
SLA-3 Class I α-chain SLA-DRB4 Class II β-chain pseudogene 
SLA-4 Class I α-chain pseudogene SLA-DRB5 Class II β-chain pseudogene 
SLA-5 Class I α-chain pseudogene SLA-DQA Class II α-chain 
SLA-6 Non-classical class I α-chain SLA-DQB1 Class II β-chain 
SLA-7 Non-classical class I α-chain SLA-DQB2 Class II β-chain pseudogene 
SLA-8 Non-classical class I α-chain SLA-wDYA Class II α-chain pseudogene 
SLA-9 Class I α-chain pseudogene SLA-wDYB Class II β-chain pseudogene 
SLA-11 Class I α-chain pseudogene SLA-DMA Class II-related α-chain 
MIC-1 Class I chain-related pseudogene SLA-DMB Class II-related β-chain 
MIC-2 Class I chain-related gene SLA-DOA Class II-related α-chain 
SLA-DRA Class II α-chain SLA-DOB1 Class II-related β-chain 
SLA-DRB1 Class II β-chain SLA-DOB2 Class II-related β-chain pseudogene

 

groups based on phylogenetic analysis, sequence similarity and identification of shared 

polymorphic sequence motifs.  The SLA Nomenclature Committee has retrieved and 

reviewed all of the DNA sequence information for swine MHC genes from the GenBank, 

EMBL and DDBJ databases as well as the associated publications.  All the SLA alleles 

were subjected to phylogenetic analysis by the Bayesian Inference of Phylogeny (MrBayes 

version 3.0B4) for initial group assignments106.  Sharing of similar sequence motifs by 

alleles of each group was confirmed by visual inspection of multiple sequence alignments 

created for each locus.  For class I alleles, phylogenetic analyses and sequence 

comparisons were based on the polymorphism in the exon 2 and 3 sequences.  Given that 

these regions code for the α1 and α2 domains of the MHC class I mature protein, which 

form the peptide-binding groove and are in direct contact with the T-cell receptors and 

therefore they are considered to be functionally more important.  For class II alleles, 

phylogenetic analyses were based on the polymorphism in the exon 2 sequence of the 

alpha-chain and beta-chain genes, as they respectively codes for the α1 and β1 domains 

which together form the peptide-binding domains of the MHC class II mature protein. 
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Table 2.2 summarizes the naming and numbering conventions for the SLA alleles.  

The first two digits are used to designate groups of alleles that have similar DNA sequences.  

Group names are based upon phylogenetic analysis and the identification of shared DNA 

sequence motifs that can be used to differentiate each allelic group by molecular methods.  

Groups that have at least one confirmed allele receive a permanent number.  A group is 

designated with a lower case “w” to indicate a tentative (workshop) designation when it 

does not contain any confirmed alleles.  Class I alleles that do not contain the full exon 2 

and 3 sequence, or class II alleles that do not contain the full exon 2 sequence, and do not 

match another full-length sequence are not assigned with a group number.  Further, the 

third and fourth digits are used to designate alleles that differ in amino acid sequence, with 

the fifth and sixth digits being used to designate alleles that differ only by synonymous 

substitutions.  The capital letters N or L are used to designate alleles that have no or a low 

level of protein expression.  If the mutation causing this altered expression occurs outside 

the protein coding region of the gene, the allele will then be named using the seventh and 

eighth digits. 

 
Table 2.2.  Assignment of names and numbers for SLA alleles. 

 
Nomenclature Indication 
SLA The SLA region and prefix for a SLA gene 
SLA-DRB1 A particular SLA locus 
SLA-DRB1*01 A group of SLA alleles (based on DNA sequence similarity) 
SLA-DRB1*0101 A specific SLA allele 
SLA-DRB1*0101N A null allele (L = a low expression allele) 
SLA-DRB1*010102 An allele which differs by synonymous mutation 
SLA-DRB1*01010102 An allele which contains mutation outside the coding region 
SLA-DRB1*01010102N A null allele which contains mutation outside the coding region 

 

Most of the SLA haplotypes were defined by serologic assays107.  Some of which 

have also been characterized by high-resolution DNA sequencing for their associated 
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alleles at each locus.  Given the strong linkage exhibited by the SLA genes, it is sometimes 

more appropriate and convenient for researchers to communicate and present the SLA 

types in terms of haplotype rather than individual allele specificity.  As such, the ISAG 

SLA Nomenclature Committee has also established a nomenclature system for naming 

SLA haplotypes that were defined by means of high resolution DNA sequencing.  

Although crossovers within the SLA region occur relatively infrequently, they have been 

documented59,66,67.  Most of the crossovers tend to occur between the class I and class II 

regions.  The Committee has therefore adopted a naming convention which takes both 

regions into consideration.  SLA haplotypes defined by means of high resolution DNA 

sequencing are named with a prefix “Hp-“, and a number for the class I haplotype followed 

by a number for the class II haplotype separated by a period (e.g. Hp-1.1).  The number “0” 

will be assigned if there was no information on the associated class I or class II haplotype 

(e.g. Hp-1.0). 

Due to the extensive polymorphic nature of the SLA genes, the complexity of the 

SLA system and the difference in execution of the SLA characterization methods by 

different laboratories, quality control of the sequence data has always been very difficult.  

Therefore, the ISAG SLA Nomenclature Committee has also established a set of guidelines 

and criteria for accepting and naming new alleles in order to maintain the highest quality of 

the submitted DNA sequences and to prevent the creation of a large number of non-existent 

alleles.  In addition, the Committee has established a publicly available SLA sequence 

database at the Immuno Polymorphism Database-MHC (IPD-MHC) website 

(http://www.ebi.ac.uk/ipd/mhc/sla/index.html) to serve as a repository for maintaining a 

list of all recognized genes and their allelic sequences108,109.  This provides researchers a 
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centralized resource to conveniently access the most recent nomenclature reports, list of 

the official loci, allele names and haplotype assignments with any previous designations, 

phylogenies, GenBank accession numbers and links to publication abstracts.  In addition, it 

also provides researchers with access to multiple nucleotide and amino acid sequence 

alignments of all the recognized SLA alleles with various display options which allow for 

more direct and effective comparisons and facilitate the analysis and study of these 

sequences.  Further, an online submission tool is also available for investigators to easily 

submit both new and confirmatory allele sequences and their associated studies directly to 

the chairman of the ISAG SLA Nomenclature Committee for subsequent group and name 

assignments. 

The main goal of the nomenclature systems is to establish a common framework to 

facilitate discussion and allow more effective communication in the field of SLA research.  

With the establishment of the SLA class I and class II nomenclature systems based on DNA 

sequences, researchers can now communicate more effectively about SLA alleles and 

haplotypes, particularly in outbred pigs, where there are few molecularly defined SLA 

haplotypes and few or no serologic reagents available for typing.  The assignment of alleles 

into groups based on shared sequence motifs can also serve as a basis for designing various 

molecular-based typing assays to provide different resolutions of typing data. 
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CHAPTER THREE 

Background and Preliminary Studies 

 
Comparison of Swine Leukocyte Antigen Typing Methods 

Given the extensive polymorphic nature and strong linkage of the MHC genes, 

characterizing the SLA complex and studying the effects of individual loci or alleles have 

always been hindered by the availability and limitation of SLA typing methods.  In many 

studies it was very difficult to determine whether the observed association was due to a 

direct MHC effect, to genes that were in strong linkage, or even to a false effect caused by 

chance or inappropriate statistical evaluation.  It was also very difficult to pinpoint the 

exact locus in the MHC region that was associated with a particular genetic disorder or 

physiological trait.  As such, the development of effective SLA typing methods is crucial in 

examining SLA associations with disease resistance or improved immune response.  A 

number of SLA typing methods have been described in the literature and they can be 

collectively divided into three categories: serologic approach, cellular approach and 

molecular approach. 

  
Serology 

Serologic typing using alloantisera or monoclonal antibodies has been practiced 

extensively107,110,111.  This method is fast, simple and inexpensive to perform.  However, 

there is limited availability of typing sera with well-defined specificities.  MHC molecules 

often share similar epitopes that can be bound by the same antibody which makes most 

SLA typing sera highly crossreactive.  Serologic typing also has inherent limitations on its 
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ability to resolve alleles since serologic epitopes must be accessible on the surface of the 

SLA proteins.  Most of the typing reagents are directed against an entire haplotype rather 

than individual allele specificities111,112.  Antisera or monoclonal antibodies capable of 

identifying all SLA alleles have not been made.  This creates problems in routine typing as 

many individuals will have untyped or “blank” antigens107,113.  Although one set of locus 

specific SLA typing sera has been developed in France, it is far from complete and it is not 

readily available in the United States because of the strict import regulations. 

 
Cellular-based Typing 

A cellular-based typing method using the mixed lymphocyte culture has been 

well-documented7,114.  The mixed lymphocyte reaction is a T-cell response by means of 

proliferation to class II antigens incompatibilities present on the stimulating cells.  The 

major advantage of this typing method is the sensitivity to the class II antigen 

mismatches115,116, whereas class I antigen differences alone only lead to a slight 

proliferative response117.  Nevertheless, it is labor intensive, technically demanding and 

very time consuming to perform.  It has only been used routinely to SLA type closed herds 

of pigs with limited and defined SLA specificities7,20.  Typing random outbred pigs is not 

practical since it would require an enormous amount of reference lymphocytes with 

defined SLA specificities. 

 
Molecular-based Typing 

A variety of molecular techniques have been widely used for tissue typing.  The 

popularity of these techniques, especially DNA sequencing, is mainly because of the 

robustness and precision that they can offer.  SLA characterization by direct determination 
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of DNA sequence is the most accurate method, yet it is relatively labor-intensive and 

technically demanding.  Locus-specific amplification of genomic DNA followed by 

cloning and nucleotide sequencing has been demonstrated by various laboratories 

worldwide118-120.  This approach is usually intended only for the polymorphic portions of 

the genes (e.g. exon 2 and 3 for class I genes; exon 2 for class II genes) as the entire coding 

sequence is difficult to obtain in a single reaction because of the massive interspersed 

intron sequences in genomic DNA.  A disadvantage of amplifying only portions of the 

entire coding region is that it is sometimes very difficult to distinguish the sequences of 

expressed loci from pseudogenes.  A study of the SLA-DQB1 diversity in some Chinese pig 

breeds by Li et al demonstrated the presence of up to five DQB1 alleles in some individuals 

being characterized120.  Their sequences were not full-length and phylogenetic analysis 

was unable to differentiate the loci.  This showed that the polymerase chain reaction (PCR) 

primers they used probably lack locus specificity.  In addition, Vage et al118 and Brunsberg 

et al119 also demonstrated the co-amplification of the DRB pseudogene fragments with the 

expressed DRB1 alleles using a primer pair described by Gustafsson et al58.  Therefore the 

specificity of the PCR primers is crucial to the reliability of the typing method and thus this 

requires close examination. 

An alternative approach to address the issues mentioned above would be the 

cloning and sequencing of reverse transcriptase-PCR (RT-PCR) product which has also 

been practiced extensively8,25,121.  Working with RT-PCR products eliminates the 

possibility of amplifying the pseudogene loci as pseudogenes do not usually transcribe into 

mRNAs.  It is also easier to obtain the entire coding sequence as introns have been spliced 

out at the mRNA level.  Also, by designing primers in different exons or in the untranslated 
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regions, it can also detect and eliminate the possibility of genomic DNA contamination.  

Ando et al has previously described the complete characterization of SLA class I alleles in 

multiple breeds of miniature pigs by cloning and sequencing of RT-PCR products121.  

However the locus-specific primers they used were located in the exon 1 and exon 3 of the 

genes which only allowed partial coding sequences to be obtained.  The primers they used 

were also limited to certain groups of alleles. 

Restriction fragment length polymorphism (RFLP) analysis has been described to 

examine the SLA allelic differences.  RFLP analysis of genomic DNA on Southern blots 

hybridization122 and locus-specific amplification of genomic DNA123,124 or RT-PCR 

products114 followed by RFLP analysis have been described.  Typing by RFLP analysis is 

generally fast, easy and relatively inexpensive to perform.  However, the resolution greatly 

depends on the number of restriction enzymes used and the resulting patterns of digestion 

fragments are sometimes difficult to interpret with the increasing number of genotypes.  

PCR using sequence-specific primers (PCR-SSP) has also been developed for several 

closed herds of pigs24,125.  It is fast, accurate and inexpensive to perform, yet it is limited to 

alleles with known DNA sequences and is not able to detect new alleles unless the 

mutations interfere with primer-binding or create unexpected PCR patterns.  Haplotyping 

using microsatellite markers distributed across the MHC region has been described as a 

surrogate test for SLA loci but the resolution of this method greatly depends on the 

availability of markers in the region126,127. 
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Development of a RT-PCR-based SLA Typing Method 

 
SLA Typing in the Yucatan Miniature Pigs 

In order to study the influence of the swine MHC region, their polymorphism and 

diversity, particularly in outbred herds where information on their genetic background is 

not readily available, a robust typing method is needed to precisely characterize each SLA 

gene and its alleles.  Given the limited resolution and reagent availability of serologic 

typing methods and the tediousness of cellular typing methods, nucleotide sequence-based 

methods seem to be the best approach in the field of MHC typing.  Most of the 

molecular-based methods described in the literature focused only on the sequences that 

code for the peptide-binding regions of the SLA proteins.  Many of them also used genomic 

DNA as the starting materials, thus whether or not the alleles were actually being expressed 

could not be determined.  An ideal method for characterization of SLA genes requires the 

ability to obtain the complete coding sequence of the alleles, eliminate pseudogenes from 

being amplified with the expressed loci as well as resolve ambiguities in heterozygous 

animals. 

Using a herd of Yucatan miniature pigs as the experimental animals, our laboratory 

has previously developed a RT-PCR-based SLA typing method8.  The herd we used was 

originally founded by two boars and two sows, yet nothing was known about the SLA 

genes of these pigs.  Therefore, their SLA types were initially characterized by RFLP using 

cloned SLA class I and class II probes derived from the d haplotype of the NIH miniature 

pigs.  Four haplotypes were identified and designated as w, x, y and z.  cDNA libraries were 

subsequently constructed from individuals bearing these four haplotypes and screened by 

either SLA probes or a HLA-B probe.  Alleles from the three SLA class Ia loci (SLA-1, -2 
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and -3), the class Ib locus (SLA-6), and the alpha- and beta-chain genes of the class II loci 

(SLA-DRA, -DRB1, -DQA and -DQB1) were therefore identified and completely 

sequenced.  Based on the sequence information, a set of locus-specific PCR primers were 

designed in the 5’ and 3’ untranslated regions of each locus in order to amplify the entire 

coding region of the genes using cDNA as targets (Table A.1).  These primers were then 

used to characterize the SLA genes in several other Yucatan pigs to further evaluate their 

specificities and effectiveness.  For resolving ambiguity of the allelic sequences in animals 

with heterozygous haplotypes, PCR products were first gel-purified, cloned into a plasmid 

vector and transformed into chemically competent bacteria.  These transformed bacteria 

were then plated onto agar for individual clone isolation, cultured overnight in selective 

medium, and the plasmids were isolated for sequence determination.  A set of internal 

sequencing primers was also developed to “walk-through” the coding sequence of the SLA 

genes (Table A.2).  Each allele was characterized by complete sequencing in both forward 

and reverse direction, from at least two animals or two separate PCR reactions in order to 

minimize the possibility of the alleles being artifacts. 

Based on the information obtained from animals with homozygous SLA haplotypes, 

we have successfully assigned each allele into their respective haplotypes (Table 3.1).  An 

SLA class I-class II crossover haplotype, designated q, with class I alleles of the w 

haplotype  and  class  II  alleles  of  the  z  haplotype, was discovered.   In addition,  the  w  

 
Table 3.1.  SLA haplotypes and corresponding alleles identified in the Yucatan miniature pigs 

 
Haplotype    Loci     

Local ISAG SLA-1 SLA-3 SLA-2 SLA-6 DRA DRB1 DQA DQB1
w 05.06 0401 05sw01 w08sw01 Null 020201 0501 01mw01 0901
x 04b.05 0401 0401 04sx01 01sx01 020301 0501 0203 0201 
y 06.07 w08sy01 0601 05sy01 w03sy01 0203my01 0601 01my01 0701
z 07.08 w08sz01 0701 05sz01 0101 010101 0801 02hz01 0501
q 05.08 0401 05sw01 w08sw01 Null 010101 0801 02hz01 0501
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haplotype did not appear to express the SLA-6 gene despite considerable efforts being 

made to redesign the SLA-6 locus-specific primers in an attempt to amplify the allele. 

 
SLA Typing in the NIH Miniature Pigs 

The three SLA haplotypes (a, c and d) present in the NIH miniature pigs were 

originally characterized by serologic methods and mixed lymphocyte reactions7.  The DNA 

sequences of each corresponding allele were later elucidated by multiple laboratories61,62.  

Using the RT-PCR-based SLA typing method, we have also determined the DNA sequence 

of the alleles present in three NIH miniature pigs, with each homozygous for either of the 

haplotypes, as another experimental model8.  We have characterized the complete coding 

sequence of the alleles at all of the eight SLA loci (SLA-1, -2, -3, -6, -DQA, -DQB1, -DRA 

and -DRB1) (Table 3.2).  According to the results, sequences determined by our laboratory 

were nearly consistent with the previously published sequences determined by other 

laboratories, except for a few sequencing artifacts identified in the previous sequences, 

which we have confirmed by designing PCR primers directly at the discrepant positions to 

confirm.  We have not been able to demonstrate an SLA-1 homologue in the c haplotype nor 

an SLA-3 homologue in the a haplotype128, despite considerable efforts being made to 

redesign the locus-specific primers in an attempt to amplify the alleles.  On the other hand, 

phylogenetic analysis suggested that the SLA-1 locus of the a haplotype had duplicated. 

 
Table 3.2.  SLA haplotypes and corresponding alleles identified in the NIH miniature pigs 

 
Haplotype    Loci     

Local ISAG SLA-1 SLA-3 SLA-2 SLA-6 DRA DRB1 DQA DQB1 
a 02.02 0201, 0701 Null 0201 w02sa01 010101 0201 0201 0201 
c 03.03 Null 0301 0301 01sc01 0201 0301 0102 0301 
d 04a.04 0401 0401 0401 0102 010102 0201 0202 0401 
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SLA Typing in the Sinclair x Hanford Crossbred Melanoma Pigs 

As described previously, the Sinclair miniature swine has been recognized as an 

important animal model for studying the inheritance of malignant melanoma, particularly 

the association of SLA haplotype with the expression of the tumor phenotype.  In order to 

maximize the penetrance of the tumor trait and the heterozygosity of microsatellite 

markers for the genetic mapping studies, Dr. Max Amoss at Texas A&M University 

(College Station, TX) had previously established a crossbred Sinclair herd with the 

Hanford breed of miniature pigs20.  As mentioned, four SLA haplotypes (A, B, C and D) 

have been identified in the Sinclair pigs by serologic and cellular typing methods, however 

nothing was known about the SLA genes of the Hanford pigs.  Serologic typing reagents 

developed to type the Sinclair pigs would not be reliable for typing the Hanford pigs due to 

the likelihood of cross-reactive antigens, and there were no typing reagents developed for 

the Hanford pigs. 

Using the RT-PCR-based SLA typing method, we have characterized the SLA 

alleles in three representative Sinclair pigs that bore the four haplotypes, as well as most of 

the alleles in the six Hanford pigs used for establishing the crossbred herd (Table 3.3)129.  

Original  attempts by Dr. Gregory Martens in our laboratory to characterize the SLA-2 and  

 
Table 3.3.  SLA haplotypes and corresponding alleles identified in the Sinclair x Hanford crossbred 

melanoma pigs 
 

Haplotype    Loci     
Local ISAG SLA-1 SLA-3 SLA-2 SLA-6 DRA DRB1 DQA DQB1

A 09.10 0601 0501 0601 NT NT 0401 NT 0801 
B 02.02 0201, 0701 Null 0201 02sa01 0101 0201 0201 0201 
C 10.11 0501 hm221 0302 NT 0202 0901 NT 0402 
D 11.12 0101,w09sm09 0701sm19 0501 NT 0202 060201 0301 0701 
E 12.13 w08sm08,w09sm09 05sm14 w10sm01 NT NT 0403 NT 0303 

E(A) 12.10 w08sm08,w09sm09 05sm14 w10sm01 NT NT 0401 NT 0801 
F(B) 13.02 w10sm21 0401 w13sm20 NT 0101 0201 0201 0201 
NT: not typed 
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SLA-3 alleles of the Sinclair C haplotypes had failed due to preferential amplification of the 

other allele and possibly primer incompatibilities.  Repeated attempts using the usual 

full-length locus-specific primers on the cell lines derived from the Sinclair pigs19 allowed 

the SLA-2 allele of the C haplotype to be elucidated but not the SLA-3.  The SLA-3 allele of 

the C haplotype still failed to be amplified despite considerable efforts being made to 

redesign the full-length SLA-3 locus-specific primers and alter the thermocycling 

conditions.  We therefore developed three additional primer pairs based on a study by Ando 

et al121 in an attempt to amplify the allele (Table A.1).  Two of the primer pairs were 

specific for both SLA-1 and SLA-3 loci whereas the other was only specific for the SLA-3 

locus, and they were located within the coding region (exon 1 and 3).  Using these primer 

pairs, we were eventually able to obtain a partial coding sequence of the SLA-3 allele of the 

C haplotype.  However, this allele was not assigned into a group by the ISAG SLA 

Nomenclature Committee due to distinct polymorphic sequence motifs and insufficient 

sequence data for phylogenetic analysis, and was therefore assigned as SLA-3*hm22. 

In addition to the four haplotypes (A, B, C and D) identified in the Sinclair pigs, 

four haplotypes were also identified in the Hanford pigs.  Subsequent SLA typing by a 

PCR-SSP assay (as described in the next section) of their offspring allowed the 

assignments of each allele into their respective haplotypes.  The Hanford and the Sinclair 

pigs appeared to share the B haplotype.  The Hanford pigs also had a completely different 

haplotype that we have locally designated as haplotype E.  Two other haplotypes in the 

Hanford pigs were the result of recombinations between the class I and class II regions.  

One of these had the class I genes of the E haplotype with the class II genes of the A 

haplotype, and therefore was designated as haplotype E(A).  The other haplotype had a 
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new set of SLA class I alleles along with the SLA class II alleles of the B haplotype.  We 

designated this haplotype as F(B). 

Similar to the a haplotype in the NIH miniature pigs, sequence-based typing results 

indicated that the SLA-1 locus of the B, D and E class I haplotypes have duplicated.  Typing 

of the offspring by the PCR-SSP assay also confirmed that these alleles were segregated 

together as haplotypes.  To date, SLA-1 duplication has been described in a number of 

haplotypes from multiple pig breeds61.  Therefore, it appeared that the number of class I 

loci is haplotype-specific and ranging from two to four loci with three being the most 

common number of class I loci. 

The successful characterization of the SLA alleles and haplotypes in these three 

resource populations of miniature pig models has demonstrated the robustness and 

effectiveness of the RT-PCR-based SLA typing method.  This method also allowed other 

researchers to characterize the SLA genes in other resource herds of experimental pig.  

Zeng et al has used the method to assess the polymorphism of the SLA-DRA locus in the 

inbred Banna minipigs130.  In addition, Lee et al has used the method to successfully 

characterize the alleles at eight SLA loci in several of the inbred Westran pigs in order to 

confirm the inbreeding status and homozygosity at their SLA region25.  He was also able to 

obtain the SLA information in a conventional Large White farm pig as the control animal. 

 
Development of a PCR-SSP-based SLA Typing Method 

Characterization of the SLA alleles and haplotypes in resource herds of miniature 

pig provided valuable information for initiating SLA-defined lines of experimental animals 

for various biomedical and agricultural researches.  However, given that SLA typing by 

cloning and DNA sequencing is labor-intensive, technically demanding and costly, it is not 
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practical to be used routinely on every pig or offspring that were originated from the same 

breeders even though it is the most precise method of typing.  In order to effectively 

characterize the SLA types of individuals from these SLA-defined pig populations and to 

select animals for further experiments, we have sought to develop another method that is 

fast, accurate and inexpensive to perform routinely and can be used to rapidly assign SLA 

types of a large number of animals. 

MHC typing by the PCR-SSP method has been performed routinely in clinical 

HLA typing131 as well as in other species132 due to its high accuracy, efficiency and 

reproducibility.  For most molecular-based typing methods the PCR process is used only as 

an amplification step to acquire the needed target DNA.  A post-amplification step such as 

RFLP or hybridization with sequence-specific oligonucleotide probe (SSOP) is then 

required to differentiate between alleles.  This additional reaction would potentially 

compromise the efficiency and cost of the typing on a large number of individuals.  In 

contrast, the PCR-SSP methodology is based on the principle that completely matched 

primers are more efficiently used in amplifying a target sequence than mismatched primers 

during PCR.  This allows the differentiation of alleles during the PCR process which 

greatly simplifies the preparation and enhances the efficiency of the typing.  Even though it 

is limited to alleles with known DNA sequence and has inherent limitations on detecting 

new alleles arisen from spontaneous mutations unless these mutations interfere with 

primer-binding and cause unexpected patterns or products, it is a fast, simple and 

cost-effective typing strategy to perform routinely on a large number of pigs. 

Our laboratory has previously developed rapid SLA haplotyping assays by the 

PCR-SSP technique for the Yucatan and NIH miniature pigs125.  We initially developed the 
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assay using the Yucatan pigs as the experimental model.  Based on the allele information 

obtained previously by DNA sequencing, sequence-specific primers were designed for the 

polymorphic sites to discriminate each of the alleles in PCR amplifications.  By using an 

abbreviated set of primers which were designed to type alleles only at one class I and one 

class II locus, we took advantage of the tight linkage nature of the MHC genes to further 

improve the effectiveness and efficiency of the assay while still maintaining the ability to 

detect any potential crossovers between the class I and class II regions.  Positive control 

primers, which were designed to amplify a portion of the porcine E-selectin gene, were 

multiplexed into each reaction to detect false negative reactions.  Given that there are four 

SLA haplotypes present in the Yucatan pigs, only eight PCR reactions were required to 

assign each individual to its respective haplotypes. 

Using a similar approach, we subsequently developed a PCR assay for haplotyping 

the NIH miniature pigs with a number of improvements.  Efficiency was further improved 

by performing the reactions in a 96-well format.  Gel electrophoresis was performed using 

a 96-well gel system and allele-specific primers were designed to provide amplicons 

between approximately 100-300 bp to take advantage of the short electrophoresis time (5 

minutes).  Allele-specific primers were also designed to work at a higher annealing 

temperature to further increase their specificity.  The positive control primers were 

redesigned to instead amplify a portion of the porcine α-actin gene which has similar GC 

content as the MHC genes.  A PCR-compatible gel loading dye was incorporated into each 

reaction so that products can be loaded onto the gel directly after thermocycling.  All these 

modifications have improved the efficiency of the typing dramatically while the robustness 

of the assay was being maintained.  Given that there are three SLA haplotypes present in 
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the NIH miniature pigs, only six PCR reactions were required to assign each individual to 

its respective haplotypes and a maximum of 16 pigs can be SLA-typed in a single run. 

Furthermore, after the elucidation of the SLA alleles in the Sinclair x Hanford 

crossbred melanoma pigs by sequence-based typing method, we developed a PCR-SSP 

assay to SLA-type offspring in this herd for the study of SLA association in tumor trait 

(Table A.3).  Including the recent additions of the SLA-2 and SLA-3 alleles from the C 

haplotypes, a total of 29 alleles have been identified at five major loci in this herd of pigs.  

Using the 96-well setup, we were able to genotype a maximum of three pigs in a single run 

(Figure 3.1).  And with the use of the abbreviated primer set which only types alleles at one 

class I locus (SLA-1) and one class II locus (SLA-DQB1), a maximum of six pigs can then 

be evaluated in a single plate (picture not shown).  Using a combination of these assays we 

have successfully characterized the SLA types of 446 animals in this crossbred population.  

We were also able to identify three class I-class II crossovers, and for the first time, a 

crossover between the SLA-1 and SLA-3 regions, and a crossover between the SLA-1 and 

SLA-1’ (the duplicated SLA-1 locus) regions (details not shown).  To our knowledge, 

crossover within these class I regions has never been reported.  This also allowed the 

inference of a SLA-1’ allele for the first time.  In addition, these crossovers gave us an 

overall recombination frequency of about 1.1% which was in concordance with previously 

published data. 
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Figure 3.1.  SLA genotyping in the Sinclair x Hanford crossbred melanoma pigs by PCR-SSP with the 
complete primer set (SLA-DQB1, -DRB1, -2, -3 and -1).  Positive internal control primers that amplify a 
portion of the porcine α-actin gene (516 bp) are multiplexed into each reaction to check for adequate 
amplification.  Allele-specific primers are designed to produce amplicons smaller than the positive control 
(109-326 bp).  The presence of a smaller band in a given lane indicates the pig is positive for that allele.  
The number of the corresponding primer pair is given above each lane (Table A.3).  Lane 1 is for negative 
control without DNA to check for reagent contamination.  Sample A is heterozygous for haplotype AD 
(ISAG Hp-09.10/11.12) with specific amplifications in lanes 4, 5, 9, 10, 15, 16, 19, 21, 26, 27 and 30.  
Sample B is heterozygous for haplotype BC (ISAG Hp-02.02/10.11) with specific amplifications in lanes 
2, 6, 7, 11, 12, 17, 22, 23, 28 and 29. 

Positive
Control
Band 

Allele-
specific
Band

21 3 4 5 6 7 8

109 11 12 13 14 15 16

1817 19 20 21 22 23 24

2625 27 28 29 30

A. Haplotype AD 

21 3 4 5 6 7 8

109 11 12 13 14 15 16

1817 19 20 21 22 23 24

2625 27 28 29 30

B. Haplotype BC 
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CHAPTER FOUR 
 

Characterization of Swine Leukocyte Antigen Polymorphism by Sequence-based and 
PCR-SSP Methods in Meishan Pigs 

 
 

Introduction 
 

Given the intimate relationship between the SLA genes and the swine immune 

system, resource populations of SLA-defined farm pigs constitute a valuable tool for the 

study of genetic disease resistance and vaccine responsiveness, particularly in the pig 

production industry.  The Meishan breed of pigs is an economically important breed in the 

United States.  It was originally imported from China under a cooperative effort of the 

United States Department of Agriculture, University of Illinois, Iowa State University and 

others in 1989.  The Meishan pigs have been characterized as an extremely prolific breed 

with a large litter size, excellent mothering ability, early sexual maturation, as well as high 

fat deposition and low muscularity in carcasses133,134.  They were brought into the United 

States mainly to improve swine production by increasing the litter size through 

crossbreeding with other domestic breeds.  In addition, they are also considered to be 

resistant to some diseases caused by certain strains of Esherichia coli135 and the parasite 

Sarcocystis miescheriana136. 

The Meishan pigs have been studied extensively in regards to their agricultural 

performance such as reproductive characteristics and production traits.  However their 

genetic and immunologic backgrounds, particularly the SLA region, have not been 

well-characterized.  To our knowledge, the SLA genes and alleles present in the Meishan 

pigs have never been completely defined.  Only partial coding regions (exon 2) of some 
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class II alleles (SLA-DRB1 and SLA-DQB1) have been sequenced from a few pigs123.  In 

addition, the extent of their SLA diversity has only been briefly described in a few animals 

maintained in China124. 

With the successful characterizations of SLA polymorphism in multiple breeds of 

experimental miniature pigs, we decided to evaluate the SLA diversity in an economically 

significant commercial breed.  In the present study, using the RT-PCR-based SLA typing 

method with further improvements, we have characterized the alleles at five expressed 

SLA loci (SLA-1, -3, -2, -DRB1 and -DQB1) and their corresponding haplotypes present in 

the current Meishan breeding stock maintained at the University of Illinois.  We 

subsequently developed a simple, rapid and cost-effective SLA genotyping method using 

the PCR-SSP strategy for characterizing any individual within the herd.  The findings and 

typing methods described in this study provide unique opportunity for researchers to 

establish resource herds of commercially available farm pigs with defined SLA 

specificities and therefore facilitate the study of swine immune responses and the design of 

effective vaccines in the pig production industry. 

 
Materials and Methods 

 
Selection of Animals for Sequenced-based Typing 

Blood and semen samples obtained from 20 purebred Meishan pigs were kindly 

provided by Dr. Lawrence Schook at the University of Illinois (Urbana-Champaign, IL).  

These animals are descendents of the original herd imported from China and represent the 

current breeding stock maintained at the University of Illinois Imported Swine Research 

Center (Champaign, IL).  Another Meishan sample, designated as pig MS (which was also 
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derived from the University of Illinois herd originally), was generously provided by Dr. 

Nicholas Zavazava at the University of Iowa (Iowa City, IA).  These animals were initially 

characterized at their SLA class Ia loci (SLA-1, -2 and -3) using PCR with low-resolution 

group-specific primers which differentiated alleles into groups based on shared 

polymorphic sequence motifs (described in Chapter 5).  Four haplotype patterns (local 

designations as K, L, M and N) were therefore identified.  Five heterozygous pigs, 5011 

(LM), 446R (KM), 1-13 (LN), 5-4 (KN) and MS (MN), representing each haplotype in at 

least two animals, were chosen to be further characterized by cloning and DNA 

sequencing. 

 
Reverse Transcription and Locus-specific PCR Amplification 

Total RNA of the selected pigs was isolated from peripheral blood cells using the 

Trizol reagent (Invitrogen, Carlsbad, CA).  cDNA was synthesized from 1-2 μg of total 

RNA using the ThermoScript RT-PCR system with oligo-dT primers (Invitrogen).  

Locus-specific primers designed for the SLA-1, -2, -3, -DRB1 and -DQB1 loci (Table A.1), 

as described previously, were used to amplify the entire coding region of the genes.  

Similar to the C haplotype (Hp-10.11) of the Sinclair melanoma pigs (as described in 

Chapter 3), the SLA-3 allele of the Meishan M haplotype did not amplify with the usual 

full-length SLA-3 primers.  Therefore the three alternative primer pairs (Table A.1) based 

on the study by Ando et al121 were used to obtain the partial coding sequence (partial exon 

1, exon 2 and partial exon 3) of the allele.  Amplifications were performed with either a MJ 

Research PTC-200 thermocycler (Bio-Rad, Waltham, MA) or a GeneAmp 2700 

thermocycler (Applied Biosystems, Foster City, CA) in 20-μl reaction volume containing 1 

μl of cDNA sample, 1U of PfuUltra Hotstart High Fidelity DNA polymerase with the 
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supplied 1X reaction buffer (Stratagene, La Jolla, CA), 0.2 mM of each dNTP (Promega, 

Madison, WI) and 1.0 pmole/μl of the locus-specific primers (2.0 pmole/μl for the full 

length SLA-3 primers; 1.6 pmole/μl for the alternative SLA-3 primers).  The thermocycling 

conditions included an initial incubation of 2 minutes at 95°C followed by 35 cycles of 

95°C for 30 seconds, 50°C (65°C when using the alternative SLA-3 primers) for 30 seconds, 

72°C for 3 minutes and a final extension at 72°C for 30 minutes. 

 
Cloning and Sequencing of SLA Alleles 

PCR products were electrophoresed in 1.0% LMP agarose gels (Promega) in 1X 

TAE and products of predicted size were excised and digested with AgarACE (Promega).  

Purified PCR products were ligated into the pCR4Blunt-TOPO plasmid vectors and 

transformed into the TOP10 One Shot chemically competent bacterial cells using the Zero 

Blunt TOPO PCR Cloning Kit for Sequencing (Invitrogen).  Transformed bacteria were 

plated onto LB agars containing 50 μg/ml Kanamycin for individual clone selection.  At 

least eight clones for each locus in each animal were initially screened and additional 

clones were sequenced to resolve discrepancies if necessary.  Selected clones were 

overnight cultured in the CircleGrow broth (Qbiogene, Irvine, CA) contained 50 μg/ml 

Kanamycin.  Plasmids were isolated using the QIAprep Spin Miniprep Kit (Qiagen, 

Valencia, CA) or the RPM Miniprep Kit (Qbiogene, Irvine, CA).  All clones were verified 

for correct insert size by EcoRI restriction enzyme digestion (Promega).  

Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems) and the nucleotide sequences were determined using 

the Genetic Analyzer 3100 (Applied Biosystems).  In some cases sequencing was 

performed by a custom sequencing service (SeqWright, Houston, TX).  Combinations of 
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the typical vector primers (T7 and T3), the locus-specific primers (Table A.1) and the 

internal sequencing primers (Table A.2) were used to determine the complete nucleotide 

sequence of the inserts.  Each allele was characterized by sequencing of the entire coding 

sequence in both forward and reverse directions from at least two pigs or two PCR 

amplifications, with the exception of SLA-3 allele of the M haplotype as only a partial 

coding sequence was obtained. 

 
Sequence Analysis, Phylogeny and Nomenclature 

Sequence editing and contig construction were performed using the Wisconsin 

Package version 10.0 (Genetics Computer Group, GCG, Madison, WI).  The coding 

sequence of each allele was assembled by overlapping forward and reverse sequence 

fragments, and the amino acid sequence was deduced using the GCG translation utility.  

All sequences were submitted and compared with the GenBank database.  Novel alleles 

were subjected to analysis by the Bayesian Inference of Phylogeny (MrBayes version 

3.0B4)106.  Phylogenetic trees were constructed based on polymorphism in the exon 2 

region for class II alleles, and in both exon 2 and 3 regions for class I alleles, as described 

previously.  On the basis of phylogenetic analysis and sequence comparison, novel alleles 

as well as their corresponding haplotypes were assigned official names and numbers by the 

ISAG SLA Nomenclature Committee according to the naming conventions as described in 

the nomenclature reports. 

 
PCR-SSP Genotyping Assay 

Based on the sequence information obtained, sequence-specific primers were 

designed for the polymorphic sites to discriminate each of the SLA alleles present in the 
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Meishan herd (using the Oligo version 4.05, National Biosciences, Plymouth, MN; and the 

web-based Oligo Analyzer 3.0, Integrated DNA Technologies, Coralville, IA) (Table A.4).  

Multiple sequence alignments were created for each locus to assist in the primer design 

(Wisconsin Package version 10.0, GCG).  Genomic DNA of each animal was extracted 

either from blood or semen using the QIAamp DNA Mini Kit (Qiagen).  All PCR reactions 

were setup in the 96-well format as previously described for the NIH miniature pigs125 and 

the Sinclair x Hanford crossbred melanoma pigs129 with slight modifications.  Briefly, each 

reaction contained 20-50 ng of genomic DNA sample, 1.0 pmol/μl of α-actin positive 

control primers, 1.0 pmole/μl of allele-specific primers, 0.3 units of AmpliTaq Gold DNA 

polymerase with the supplied 1X PCR Gold buffer and 2.0 mM MgCl2 (Applied 

Biosystems), 0.2 mM of each dNTP (Promega), 50 ng/μl of acetylated bovine serum 

albumin (Promega) and 1X Cresol Red PCR-compatible gel loading buffer (0.1 mM Cresol 

Red, 175 mM sucrose) in a 10-μl reaction volume.  The thermocycling conditions included 

an initial incubation of 10 minutes at 94°C followed by 35 cycles of 96°C for 15 seconds, 

65°C for 20 seconds, 72°C for 20 seconds and a final extension at 72°C for 3 minutes.  PCR 

products were electrophoresed in 2.5% agarose gels in 1X TBE at 150V for 5 minutes 

using the Micro SSP 96-Well Gel System (One Lambda, Canoga Park, CA).  Interpretation 

of the results was based on the presence or absence of correctly sized allele-specific bands. 

 
Results 

 
SLA Typing by Cloning and DNA Sequencing 

Initially nothing was known about the SLA genes in this herd of Meishan pigs.  For 

selection of representative animals to be SLA characterized by the sequenced-based typing 
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method, all the samples were first screened at their class Ia loci using the low-resolution 

PCR-SSP SLA typing assay (described in Chapter 5).  Four haplotypes, local designations 

as K, L, M and N, were therefore identified in the breeding stock animals (results not 

shown).  By cloning and sequencing, a total of 19 SLA alleles have been  characterized in 

the five selected Meishan pigs (Table 4.1)137.  Their nucleotide and amino acid sequences 

have been deduced and submitted to the GenBank database. Comparisons with other 

published sequences indicated 10 of the alleles were novel.  These alleles were then 

subjected to phylogenetic analysis and sequence comparison for official group and name 

assignment by the ISAG SLA Nomenclature Committee. 

 
Table 4.1.  SLA alleles identified in the Meishan pigs selected for sequence-based typing 

 
Pig Haplotype   Allele   

  SLA-1 SLA-3 SLA-2 DRB1 DQB1 
MS MN 0401 03cs01a 06me01 0901 0801 

  w08ms05 0602a w09sn01 0401 0201 
  w13ms21     

5011 LM 0401 0101b 06me01 0901 0801 
  w10cs01  w11cs01 cs01 040102 
  cs02     

446R KM 0401 0401b 06me01 0901 0801 
    0401   

1-13 LN w08ms05 0101b w09sn01 0401 0201 
  w13ms21  w11cs01 cs01 040102 
  w10cs01     
  cs02     

5-4 KN w08ms05 0401 w09sn01 0401 0201 
  w13ms21 0602 0401 0901 0801 
  0401     

a Allele was amplified by the alternative SLA-3 primers. Partial coding sequences (495 bp) which included 
partial exon 1, exon 2 and partial exon 3 were obtained. 
b The SLA-3 locus appeared to be homozygous as the second allele was missed. 

 

A novel SLA-DQB1 allele of the L haplotype was found to be nearly identical to the 

SLA-DQB1*0401 of the NIH miniature pigs and the Large White pigs (GenBank accession 

numbers AF464026 and AY247779, respectively), except for the thymine residue at 

position +270 (as opposed to cytosine).  To exclude the possibility of this synonymous 
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mutation being a PCR or sequencing artifact, a PCR primer was designed directly at this 

site and tested against the genomic DNA of pigs that have the L haplotype.  The results 

were confirmatory (not shown) and this allele was therefore assigned as a confirmed allele 

SLA-DQB1*040102, whereas the SLA-DQB1*0401 was reassigned as SLA-DQB1*040101 

(as described in the SLA nomenclature reports, the use of the fifth and sixth digits in the 

allele name indicates identical amino acid sequence).  In addition, the SLA-3 allele of the N 

haplotype was found to be identical to SLA-3*06an03 which has been found in the Clawn 

miniature swine (GenBank accession number AB105389) and therefore assigned with a 

permanent name as SLA-3*0602. 

Although at least eight clones for each locus in each animal were initially screened, 

there were occasions that only one allele was detected when two were actually present, 

particularly when the locus-specific primers preferentially amplified one of them.  We 

were able to identify two alleles for each locus except for the SLA-1, SLA-3 and the class II 

loci of the pig with haplotype KM (pig 446R) (Table 4.1).  Only one allele was identified in 

each of these loci.  Subsequent PCR-SSP SLA genotyping results indicated that this was 

due to the K and M haplotypes sharing the same alleles at these loci rather than missing a 

second allele.  On the other hand, no animals yielded more than two alleles for each locus 

except for the SLA-1 locus.  Four of the five animals characterized appeared to have more 

than two SLA-1 alleles.  The presence of more than two SLA-1 alleles in some individuals 

was also revealed by the PCR-SSP SLA genotyping.  This suggested that two of the 

haplotypes (N and L) may have a duplicated SLA-1 locus, which has also been described in 

several other haplotypes in other pig breeds61. 

 



 

 

48

Similar to the sequence-based typing of the Sinclair melanoma pigs, difficulties 

were encountered in the amplification of two of the SLA-3 alleles with the usual full length 

SLA-3 locus-specific primers.  Full length SLA-3*0101 and SLA-3*0401 clones were found 

consistently in each of the animals that had the L and K haplotypes, respectively.  However, 

despite a total of 24 SLA-3 clones were screened for pig 5-4, only four of which yielded the 

SLA-3*0602 allele.  This allele was not found in two other pigs that had the N haplotype.  

In addition, both of the SLA-3 alleles of pig MS failed to amplify with the full length SLA-3 

primers, yet partial coding sequences of the SLA-3*0602 and SLA-3*03cs01 alleles were 

obtained when the alternative SLA-3 primers were used.  The SLA-3*03cs01 allele was 

only found in pig MS but not in two other pigs that had the M haplotype, despite a total of 

36 SLA-3 clones being screened. 

 
SLA Typing by the PCR-SSP Method 

In order to rapidly characterize the SLA type of individuals within this population 

of Meishan pigs, a simple SLA genotyping assay using the PCR-SSP method was 

developed.  Based on the sequence information obtained, a set of allele-specific primers 

was designed for the polymorphic sites that would distinguish each of the alleles present in 

this herd of pigs (Table A.4).  Since there were 19 alleles observed at the five SLA loci, 

using a 96-well setup a maximum of four animals can be genotyped in each plate (Figure 

4.1).  To further improve the effectiveness of the assay, an abbreviated set of primers that 

would only distinguish each of the three SLA-DQB1 alleles and each of the four SLA-3 

alleles was also tested for rapid haplotype assignment (Figure 4.2).  Using this setup, a 

maximum of 12 animals can then be typed in each run. 
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Figure 4.1.  SLA genotyping in the Meishan pigs by PCR-SSP with the complete primer set (SLA-DQB1, 
-DRB1, -1, -2 and -3).  Positive internal control primers that amplify a portion of the porcine α-actin gene 
(516 bp) are multiplexed into each reaction to check for adequate amplification.  Allele-specific primers 
are designed to produce amplicons smaller than the positive control (123-316 bp).  The presence of smaller 
bands in a given lane indicates the pig is positive for that particular allele.  The number of the 
corresponding primer pair is given above each lane (Table A.4).  Pig sample shown here is homozygous 
for the ISAG haplotype Hp-18.14 (MM) with specific amplifications in lanes 1, 4, 7, 12 and 16, which 
corresponds to alleles DQB1*0801, DRB1*0901, SLA-1*0401, SLA-2*06me01 and SLA-3*03cs01, 
respectively. 

 

 
 

Figure 4.2.  SLA haplotyping in the Meishan pigs by PCR-SSP with an abbreviated set of primers.  This 
assay distinguishes each of the three SLA-DQB1 alleles and each of the four SLA-3 alleles present in the 
herd.  Column 1-7 correspond to primer pairs for DQB*0801, 0201, 040102; SLA-3*03cs01, 0602, 0101 
and 0401, respectively (Table A.4).  Pig A is heterozygous for haplotype Hp-18.14/20.18 (LM).  Pig B is 
heterozygous for haplotype Hp18.14/19.15 (MN).  Pig C is heterozygous for haplotype Hp-04a.14/19.15 
(KN). 

 
 

All 21 samples obtained have been evaluated using these assays137.  The typing 

results were consistent with the sequence-based typing data with various combinations of 

the four Meishan haplotypes.  The haplotypes, K, L, M, N, were therefore assigned official 

haplotype numbers by the ISAG SLA Nomenclature Committee as Hp-4a.14, Hp-20.18, 

Column 
2 3 4 5 6 7 

Pig A 

Pig B 

Pig C 

ISAG  
Haplotype 

4a.14/19.15 

18.14/19.15 

18.14/20.18 

1 

2 1 3 4 5 6 7 8 

10 9 11 12 13 14 15 16 

18 17 19 

Positive 
Control 
Band 

Allele- 
specific 
Band 



 

 

50

Hp-18.14 and Hp-19.15, respectively, with the number before the period representing the 

class I haplotype and the number after the period representing the class II haplotype (Table 

4.2). 

 
Table 4.2.  Official ISAG-assigned SLA haplotypes and alleles in the Meishan pigs 

 
ISAG Local Class I Loci  Class II Loci 

Haplotype Designation SLA-1 SLA-3 SLA-2  DRB1 DQB1 
Hp-4a.14 K 0401 0401 0401  0901 0801 
Hp-18.14 M 0401 03cs01 06me01  0901 0801 
Hp-19.15 N w08ms05, w13ms21 0602 w09sn01  0401 0201 
Hp-20.18 L w10cs01, cs02 0101 w11cs01  cs01 040102

 
 

Discussion 
 

In the present study, we have characterized the coding sequence of 19 SLA alleles 

at five major loci defining four haplotypes in the current Meishan breeding stock 

maintained at the University of Illinois.  Originally, 21 sows and 10 boars were brought 

into the United States from China (Dr. Larry Schook, personal communication).  A 

maximum of 62 different haplotypes could have been introduced potentially.  On the other 

hand, we have characterized the SLA genotypes of 20 animals representing the entire 

breeding stock for a potential of 40 different haplotypes.  These animals are the direct 

descendants of the original herd from China.  Based on our findings, only four haplotypes 

were observed.  This suggested that the SLA diversity of Meishan pigs in the United States 

could be very limited and their SLA loci are showing some levels of inbreeding.  In fact, 

our results were in concordance with previous studies in which limited SLA diversities 

were also observed in the Meishan pigs maintained in the United States and China123,124.  It 

is possible that additional haplotypes may exist in other herds of purebred Meishan pigs.  

Nevertheless, a more extensive surveying of the SLA diversity in other Meishan 

populations is required to draw further conclusion. 
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Based on our findings, haplotypes Hp-18.14 and Hp-19.15 appeared to be very 

common in the breeding stock animals.  All of the pigs had at least one of these two 

haplotypes.  Haplotypes Hp-4a.14 (K) and Hp-20.18 (L) were less common with each only 

found in three animals.  In addition, haplotypes Hp-20.18 and Hp-19.15 appeared to 

possess four class Ia loci.  Phylogenetic analysis and PCR-SSP typing results suggested 

that the SLA-1 locus of these haplotypes has duplicated.  As mentioned, SLA-1 duplication 

has been previously reported in several class I haplotypes, such as the Hp-2.0 in the NIH 

miniature pigs, the Hp-2.0, Hp-11.0 and Hp-12.0 in the Sinclair x Hanford crossbred 

melanoma pigs, and the Hp-8.0 in the Westran pigs61.  These findings again demonstrated 

that the number of expressed SLA class Ia genes is likely to be haplotype-dependent. 

Despite their participations in the SLA class II proteins, the SLA-DQA and 

SLA-DRA loci were not characterized in this study due to their tight linkages to the 

SLA-DQB1 and -DRB1 loci, respectively, and the monomorphic nature of SLA-DRA.  In 

addition, by sequencing RT-PCR product rather than genomic DNA we were able to obtain 

the complete coding sequence of most alleles in single PCR reactions (except for the SLA-3 

allele of haplotype Hp-18.14).  This approach also avoided the amplification of 

pseudogenes and ensured that the alleles were at least expressed at the mRNA level.  To 

prevent amplification or sequencing artifacts a high fidelity polymerase was used, with 

multiple clones from either multiple pigs or multiple PCR amplifications being sequenced 

in both the forward and reverse directions. 

Similar to the SLA-3*hm22 of haplotype Hp-10.0 found in the Sinclair melanoma 

pigs, we had difficulties in the amplification of the SLA-3 alleles of haplotypes Hp-18.14 

(M) and Hp-19.15 (N) with our usual full length SLA-3 locus-specific primers.  When we 
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amplified the SLA-3 alleles of pigs that had either of these haplotypes with the full length 

SLA-3 primers, preferential amplification of the allele from the other haplotypes was 

constantly observed.  This primer pair failed to amplify with the SLA-3 alleles of the pig 

that had both of these haplotypes (pig MS), in spite of repeated attempts with primer 

modifications and altered thermocycling conditions.  We had to use the three modified 

primer pairs based on the study by Ando et al121 which allowed us to obtain at least partial 

coding sequence of the alleles.  This phenomenon of preferential amplification may due to 

the polymorphism in the untranslated regions which in turn interferes with primer binding, 

or the relatively low expression of certain SLA-3 mRNA transcripts.  Complete sequencing 

of these alleles including the untranslated regions and further study to characterize the 

expression profile of each SLA gene would facilitate redesigning the SLA-3 locus-specific 

primers as well as the improvement of specificity and efficiency of the locus-specific PCR 

amplifications. 

Genotyping by the PCR-SSP methodology has been practiced extensively in 

clinical HLA and KIR testing due to its high accuracy, effectiveness and 

reproducibility138,139.  This method is based on the principle that completely matched 

primers are more efficiently used in amplifying a target sequence than mismatched primers 

during PCR.  In order to efficiently select breeding animals for generation of SLA-defined 

lines of Meishan pigs as well as animals directly for experiments, a simple, rapid and 

cost-effective PCR-SSP assay was developed to SLA-type individuals within this 

population.  The full version with the complete primer set which types all 19 alleles at five 

loci is optimum for selection of Meishan breeding stock to generate and maintain herds 

with defined SLA specificities.  Alternatively, the abbreviated version with primers only 
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specific for alleles at one SLA class I (SLA-3) and one SLA class II (SLA-DQB1) locus can 

be used for rapid haplotyping, given that crossovers within the swine MHC region are quite 

rare due to the tight linkage of the SLA genes.  The abbreviated haplotyping assay 

simplifies the typing of whole litters of pigs in a single run while maintaining its ability to 

detect any potential crossover between the class I and class II regions.  It is easy to perform 

on a larger scale and therefore most suitable for selecting animals for experiments. 

Resource herds of SLA-defined pig are valuable tools for the study of swine 

immune response.  Miniature strains of pig have been used extensively as animal models in 

numerous biomedical studies as well as in agricultural research.  Yet relatively few studies 

employed conventional farm pigs as experimental models in part due to their insufficiently 

documented genetic backgrounds.  In this study, we have successfully characterized the 

SLA polymorphism and diversity in a resource herd of commercially significant Meishan 

pigs.  This information provides a foundation for investigators to selectively start colonies 

of SLA-defined Meishan pigs which will be a valuable experimental model for research in 

both agricultural and biomedical sciences, particularly for the study of vaccine response, 

disease resistance and susceptibility in swine production industry. 
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CHAPTER FIVE 
 

Low-resolution Typing of Class I and Class II Swine Leukocyte Antigens 
in Outbred Pig Populations 

 
 

Introduction 
 

The biological significance of MHC genes on swine immune response to disease 

and immunization has been well-documented.  The swine MHC complex is also linked to a 

large number of quantitative trait loci which mark genes that are associated with important 

production traits.  The ability to characterize the polymorphism and diversity of SLA 

alleles in commercial livestock, therefore, is an essential component of studies on the 

improvement of animal health.   

The majority of the studies on swine MHC genes were done with SLA-inbred 

miniature pigs which have well-defined but limited SLA specificities.  However, the 

limited immunogenetic background present in these laboratory animal models may not 

adequately represent the SLA diversity present in conventional farm pigs.  The extensive 

polymorphism of SLA genes and the lack of effective typing methods have made 

characterizing SLA alleles and studying their effects extremely difficult in outbred pig 

herds.  Reagents for serologic typing are limited and difficult to share internationally due to 

strict import restrictions on animal sera.  Molecular methods of SLA typing are promising, 

however, to date only a handful of SLA haplotypes have been defined by DNA 

sequencing61,62.  SLA typing by DNA sequencing is the most precise method, yet it is not 

practical on characterizing large numbers of pig due to the high cost and technical 

requirements.  Therefore we have sought to develop an alternative molecular-based SLA 
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typing method that is quick, easy and capable of characterizing the SLA alleles in outbred 

populations of pig. 

Our method for typing outbred pigs was based on our previous work on the 

PCR-SSP SLA typing of inbred pig herds125,129.  In order to be able to adapt such strategy to 

reliably SLA-type outbred pigs with diverse immunogenetic backgrounds, we have 

developed an extensive set of sequence-specific primers to target all the official SLA class 

Ia alleles (SLA-1, -2 and -3) and class II beta-chain alleles (DRB1 and DQB1) assigned by 

the ISAG SLA Nomenclature Committee and allow the discrimination of alleles at a 

minimum resolution of allelic groups.  We have applied the assay to four populations of 

outbred farm pigs obtained from different sources and we were able to define the SLA 

types present in each of these populations.  In the present study, we demonstrated for the 

first time the ability to characterize the SLA diversity in outbred pig populations using a 

rapid, simple and cost-effective PCR-SSP typing method. 

 
Materials and Methods 

 
Experimental Populations 

Four populations of outbred farm pigs with previously uncharacterized 

immunogenetic background totaling 394 individuals obtained from different sources were 

used as our experimental models.  Details are described as follow: 

1) The YM pigs –DNA samples obtained from two families of Yorkshire and Meishan 

(YM) crossbred farm pigs which consisted of 12 individuals were kindly provided 

by Dr. Larry Schook at the University of Illinois (Urbana-Champaign, IL). 

2) The KSU-CW pigs – 49 DNA samples from five families of pedigreed farm pigs 
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including the parents were kindly provided by Dr. Carol Wyatt (CW) at Kansas 

State University (KSU), College of Veterinary Medicine (Manhattan, KS). 

3) The KSU-RR pigs – 100 DNA samples from 17 litters of outbred farm pigs were 

generously provided by Dr. Raymond Rowland (RR) at Kansas State University, 

College of Veterinary Medicine (Manhattan, KS).  Information on the pedigree and 

origin of the breeders was not available. 

4) The BR pigs – DNA samples from 43 litters of bacterial resistance (BR) resource 

population farm pigs which derived from the mating of 43 sows with 4 boars.  

These included 3 of the boars, 39 of the sows and 191 of their offspring totaling 233 

individuals.  The animals used to establish this reference population were derived 

from two commercial pig lines and the boars were selected for relative resistance to 

a bacterial pathogen. 

 
Sequence-specific PCR Primer 

Sequence-specific primers were designed (Oligo version 4.05, National 

Biosciences, Plymouth, MN) to differentiate the class Ia and class II beta-chain alleles that 

have been officially assigned by the ISAG SLA Nomenclature Committee into allelic 

groups based upon shared polymorphic sequence motifs (Table A.5-A.6).  The primer 

specificities were also designed to include recently published alleles SLA-1*06an04, 

SLA-1*w08an03, SLA-1*w10cs01, SLA-1*cs02, SLA-2*w11cs01, SLA-3*03cs01, 

SLA-3*hm22, DRB1*cs01 and DQB1*040102 (GenBank accession numbers AB211035, 

AB211034, DQ303230, DQ303229, DQ303222, DQ303226, DQ104340, DQ303220 and 

DQ303218, respectively).  The sequence alignment tool available on the IPD-MHC 

website108 was used to assist in the identification and selection of the representative 
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polymorphic sites of each allelic group.  Primers were also verified against false-priming 

on the class Ib alleles (SLA-6, -7 and -8) and pseudogenes based on sequence comparison. 

 
Typing Setup, PCR Amplification and Gel Electrophoresis 

Each class of typing was setup on half of a 96-well PCR plate so that two animals 

were typed per plate.  The first well of each class I or class II set was reserved for a negative 

control without DNA sample to check for reagent contamination.  As described previously, 

positive control primers which amplify a portion of the porcine α-actin gene (516 bp) were 

multiplexed in each reaction to distinguish a true negative reaction from a failed reaction.  

PCR reactions, thermocycling parameters and gel electrophoresis were setup as previously 

described for typing the Meishan pigs (Chapter 4)137.  A 96-channel automated liquid 

handling system was used to aid in the preparation of the typing plates (Hydra96, Art 

Robbins Instruments, Sunnyvale, CA).  Interpretation of the results was based on the 

positive amplifications of correctly sized group-specific bands. 

 
Assay Validation 

All sequence-specific primers were evaluated for specificity and effectiveness 

using DNA samples derived from four SLA-defined resource pig populations with various 

haplotype combinations.  These included the Yucatan miniature pigs, the NIH miniature 

pigs, the Sinclair x Hanford crossbred melanoma miniature pigs and the Meishan pigs.  

Primers were validated for lack of non-specific amplifications only when there was no 

representative pig sample available to test for allele-specific amplification.  DNA sample 

from a Westran pig was also used for validation and it was kindly provided by Dr. 

Jun-Heon Lee at the Chungnam National University (Daejeon, South Korea). 
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Naming and Numbering of Low-resolution Groups and Haplotypes 

The naming of the low-resolution group specificities was in parallel to the naming 

of the alleles defined by high-resolution DNA sequencing, as described in the 

nomenclature reports61,62.  It designated the first two digits to indicate groups of alleles that 

have shared polymorphic sequence motifs which the primers were designed to target.  The 

third and fourth digits were designated as “XX” which indicated low-resolution 

group-specific designation (e.g. 01XX).  The low-resolution haplotypes identified in this 

study were arbitrarily named with a prefix “LR-” for low-resolution (instead of “Hp”, 

which is used for haplotypes defined by DNA sequencing) and a number for the class I 

haplotype followed by a number for the class II haplotype separated by a period (e.g. 

LR-01.01).  The number “0” was used provisionally when there was no information 

available on the association of the respective class I or class II haplotypes (e.g. LR-02.0; 

LR-0.03).  In addition, the low-resolution haplotypes were also numbered in parallel to the 

high-resolution haplotypes defined by DNA sequencing if their group specificities were 

exactly identical across each locus.  For example, the low-resolution haplotype which 

typed as DRB1*01XX and DQB1*01XX was named as LR-0.01 because the 

high-resolution haplotype Hp-0.01 is composed of the DRB1*0101 and DQB1*0101 

alleles. 

 
Results 

We have successfully developed PCR-SSP assays for genotyping expressed SLA 

alleles in outbred pigs at three class I loci (SLA-1, -2 and -3) and two class II beta-chain loci 

(DRB1 and DQB1).  Typing for each class was setup in half of a 96-well plate so that two 

animals could be typed for either class of alleles in each run.  Examples of the typing are 
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shown in Figure 5.1 and Figure 5.2 for class I and class II alleles, respectively.  Lane 

assignments, specificities as well as nucleotide sequences and positions are listed in Table 

A.5 and Table A.6 for class I and class II sequence-specific primers, respectively.  The 

majority of the primer pairs used in the current assay were designed and selected mainly to 

provide low-resolution group-specific typing with comprehensive allele coverage.  Aiming 

to provide maximum definition possible in the limited number of wells available on half a 

96-well plate, several medium-resolution primers (e.g. class II lane 14 specifies for 

DQB1*0201, 0203 and 02kg02) and allele-specific primers (class I lane 22 specifies only 

for SLA-3*0602) were also included.  Using these assays, we have successfully 

characterized the SLA genotypes present in four outbred populations of farm pigs and 

defined  each  locus  at  a  minimum resolution  of  allelic  groups.  We  were  also  able to 

 

 
 

Figure 5.1.  Low-resolution genotyping of SLA class I alleles by the PCR-SSP method.  Lane 1, negative 
control without DNA to check for reagent contamination; lane 2-16, SLA-2 group-specific primers; lane 
17-32, SLA-3 group-specific primers; lane 33-48, SLA-1 group-specific primers.  The number of the 
corresponding primer pair is given above each lane (Table A.5).  Pig sample shown here is positive for 
SLA-2*04XX (lane 5) and w12XX (lane 13); SLA-3*0401 (lane 19, 27 and 28) and 0601 (lane 21, 30 and 
31); and SLA-1*04XX (lane 35) and w08XX (lane 39).  Based on the arbitrary haplotype designation, this 
sample has a heterozygous low-resolution class I haplotypes of LR04.0 and 22.0 (Table 5.4). 
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Figure 5.2.  Low-resolution genotyping of SLA class II alleles by the PCR-SSP method.  Lane 1, negative 
control without DNA to check for reagent contamination; lane 2-24, SLA-DQB1 group-specific primers; 
lane 25-48, SLA-DRB1 group-specific primers.  The number of the corresponding primer pair is given 
above each lane (Table A.6).  Pig sample shown here is positive for SLA-DQB1*0201/02kg02 (lane 3, 12 
and 14) and SLA-DRB1*02XX (lane 26).  Based on the arbitrary haplotype designation, this sample has a 
homozygous low-resolution class II haplotype of LR0.02 (Table 5.5). 

 

determine the SLA diversity in each of these pig populations based on the limited number 

of samples and the results are discussed as follows.  

 
SLA Diversity in the YM Pigs 

Two families of YM crossbred farm pigs maintained at the University of Illinois 

Imported Swine Research Center were evaluated for both of their SLA class I and class II 

loci. These included both parents and four offspring from each family which consisted of 

12 individuals (Table 5.1).  Based on our findings, six class I haplotypes and four class II 

haplotypes were present in this population (Table 5.2).  They were numbered in accordance 

to the high-resolution haplotypes that have previously been defined by DNA sequencing, 

except for the class I haplotypes LR-35.0 and LR-36.0 and class II haplotype LR-0.22 as 

they appeared to be novel.  In addition, the pedigree information has allowed the 
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assignment of the class I haplotypes to their respective class II haplotypes.  Interestingly, 

the class II haplotype LR-0.14 was found to be associated with three different class I 

haplotypes (LR-4.0, LR-18.0 and LR-36.0).  This possibly resulted from several 

independent class I-class II region crossovers that had occurred in previous generations.  

This also indicates that LR-0.14 is a common class II haplotype in this herd of pigs. 

 
Table 5.1.  SLA genotypes in two families of YM crossbred farm pigs 

 
Family Pig ID Haplotype 1 Haplotype 2 Dam Sire 
1 14B 04.141 21.222 Yorkshire 65ST Meishan F8 
 24B 18.141 21.222 Meishan H20 Yorkshire 23H 
 6810 04.14 21.22 14B 24B 
 6811 01.013 04.14 14B 24B 
 6812 21.22 35.131 14B 24B 
 6813 04.14 21.22 14B 24B 
2 17B 04.141,2 ----- Meishan F8 Yorkshire 28LH 
 25B 04.141 35.132 Meishan H20 Yorkshire 60H 
 Y6800 04.14 ----- 17B 25B 
 Y6801 04.14 35.13 17B 25B 
 Y6802 04.14 35.13 17B 25B 
 Y6803 21.223 36.143 17B 25B 
1 Haplotype inherited from the purebred Meishan parent 
2 Haplotype inherited from the purebred Yorkshire parent 
3 Haplotype not consistent with parentage 

 
 

Table 5.2.  Low-resolution SLA haplotypes identified in the YM pigs 
 

Haplotype SLA-1 SLA-3 SLA-2 DRB1 DQB1 
LR-01.01 01XX 01XX 01XX 01XX 01XX 
LR-04.14 04XX 0401 04XX 09XX 08XX 
LR-18.14 04XX 03XX 06XX 09XX 08XX 
LR-21.22 rh03 0601 05XX 06XX 02sh02 
LR-35.13 06XX, w12XX, w13XX 05XX w10XX 0403 03XX 
LR-36.14 02XX 01XX 01XX, w11XX 09XX 08XX 

 

As indicated in the pedigree (Table 5.1), both sires and the dams of these two 

families were the first generation crossbreds by mating of the purebred Meishan with 

Yorkshire pigs.  We have previously characterized the SLA alleles and haplotypes in the 

Meishan pigs by high-resolution DNA sequencing.  One of the two haplotypes identified in 

each of these parents (LR-04.14 in pigs 14B, 24B and 17B; LR-18.14 in 24B) was found to 
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be consistent with previous findings.  On the other hand, initially nothing was known about 

the SLA genotypes present in the Yorkshire pig breed.  The haplotypes identified in these 

crossbreds thus allowed the inference of some of the SLA haplotypes and their associated 

alleles which were contributed by the Yorkshire pigs. 

In addition, based on the typing results, we have identified discrepancies in the 

pedigree information provided by the farm.  One of the two haplotypes identified in pigs 

6811 (LR-01.01) and 6812 (LR-35.13) was not found in either of their parents.  Both of the 

haplotypes identified in pig Y6803 were not found in either of its parents.  This indicated 

that either the pedigree information was incorrect or the pigs were misidentified. 

 
SLA Diversity in the KSU-CW Pigs 

A total of 49 KSU-CW pigs were evaluated for their SLA diversity at the class I and 

class II loci.  A total of eight low-resolution SLA haplotypes, which were composed of six 

unique class I and seven unique class II haplotypes, were identified (Table 5.3).  These five 

families were originally established by breeding of four boars with five sows.  As there was 

no relationship information available on these breeders, a maximum of 18 SLA haplotypes 

could potentially be found assuming that they were totally unrelated.  However, their SLA 

diversity was slightly less than we expected because only eight haplotypes were identified 

in the breeding animals.  The frequency of each haplotype is also given in Table 5.3. 

According to the findings, haplotype LR-04.02 was the most common haplotype in 

this herd of pigs, given that five of the nine breeders had this haplotype (not shown), 

followed by haplotypes LR-01.01 and LR-25.19.None of the SLA-1 group-specific primers 

that were used in the assay appeared to independently amplify the SLA-1 allele of 

haplotype LR-25.19.  Considerable efforts have been made to characterize this allele using  
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Table 5.3.  Low-resolution SLA haplotypes identified in the KSU-CW pigs 
 

Haplotype SLA-1 SLA-3 SLA-2 DRB1 DQB1 Haplotype Frequency
LR-01.01 01XX 01XX 01XX 01XX 01XX 0.235 
LR-01.21 01XX 01XX 01XX 01XX 05XX 0.031 
LR-04.02 04XX 0401 04XX 02XX 02XX 0.316 
LR-04.14 04XX 0401 04XX 09XX 08XX 0.051 
LR-22.15 w08XX 0601 w12XX 04XX 02XX 0.051 
LR-25.19 Blank1 03XX w07XX 0403 07XX 0.184 
LR-26.20 w08XX 05XX w10XX 06XX 03XX 0.061 
LR-27.02 06XX, w08XX 01XX 01XX 02XX 02XX 0.071 

1 Group specificity not identified 
 

an additional set of 48 SLA-1 primer pairs which targeted different polymorphic sites but 

the results did not identify a SLA-1 allele (unpublished observations).  Therefore the SLA-1 

of LR-25.19 was tentatively assigned as a “blank” locus. 

 
SLA Diversity in the KSU-RR Pigs 

A total of 100 KSU-RR pig samples were evaluated for their class I loci whereas 

only 92 were typed at their class II loci due to insufficient DNA samples.  These pigs were 

derived from 17 litters but the origin of the breeders and pedigree information was not 

available.  In theory, a maximum of 68 different SLA haplotypes could be present in this 

herd of pigs.  Based on our findings, only 16 class I haplotypes (Table 5.4) and 12 class II 

haplotypes (Table 5.5) were observed.  Seven of the class I haplotypes (LR-28.0 to 

LR-34.0) and four of the class II haplotypes (LR-0.23 to LR-0.26) were novel and the 

patterns have not been observed elsewhere.  A number of haplotypes were each found only 

in one pig, such as the class I haplotypes LR-25.0, LR-27.0, LR-32.0, LR-33.0 and 

LR-34.0; and the class II haplotypes LR-0.19 and LR-0.22.  The majority of the animals 

were found to be heterozygous at their SLA loci and no haplotype seemed to dominate in 

this herd of pigs.  Yet the class I haplotypes LR-01.0, LR-04.0, LR-22.0, and class II 

haplotypes LR-0.04 and LR-0.15 were relatively more common. 
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Table 5.4.  Low-resolution SLA class I haplotypes identified in the KSU-RR pigs 
 

Class I Haplotype SLA-1 SLA-3 SLA-2 Haplotype Frequency
LR-01.0 01XX 01XX 01XX 0.250 
LR-04.0 04XX 0401 04XX 0.215 
LR-05.0 04XX 05XX w08XX 0.015 
LR-06.0 w08XX 0601 05XX 0.050 
LR-21.0 rh03 0601 05XX 0.015 
LR-22.0 w08XX 0601 w12XX 0.195 
LR-25.0 Blank1 03XX w07XX 0.005 
LR-26.0 Blank1 05XX w10XX 0.115 
LR-27.0 06XX,w08XX 01XX 01XX 0.005 
LR-28.0 w09XX 0701sm19 01XX, 05XX 0.055 
LR-29.0 Blank1 0501 w09XX 0.030 
LR-30.0 07XX 01XX 01XX 0.020 
LR-31.0 Blank1 0701sm19 01XX 0.015 
LR-32.0 07XX 0401 02XX 0.005 
LR-33.0 01XX or blank2 0501 06XX 0.005 
LR-34.0 w08XX or blank2 0401 05XX or w12XX2 0.005 

1 Group specificity not identified 
2 Specificity cannot be determined as this was only found in one heterozygous animal 
 

Table 5.5.  Low-resolution SLA class II haplotypes identified in the KSU-RR pigs 
 

Class II Haplotype DQB1 DRB1 Haplotype Frequency 
LR-0.01 01XX 01XX 0.167 
LR-0.02 02XX 02XX 0.065 
LR-0.04 04XX 02XX 0.199 
LR-0.12 07XX 06XX 0.022 
LR-0.13 03XX 0403 0.032 
LR-0.15 02XX 04XX 0.188 
LR-0.19 07XX 0403 0.005 
LR-0.22 02sh02 06XX 0.005 
LR-0.23 06XX 10XX 0.140 
LR-0.24 02XX 07XX 0.038 
LR-0.25 09XX ss08 0.016 
LR-0.26 Blank1 w11XX 0.124 

1 Group specificity not identified 
 

Due to their diverse immunogenetic backgrounds, degree of heterozygosity and 

limited number of representative animals, we were unable to resolve the specificities at 

some loci for a few haplotypes (e.g. SLA-2 of LR-34.0).  Loci that were assigned as “blank” 

were frequently seen, particularly at the SLA-1 locus.  None of the SLA-1 primers that were 

used in the assay appeared to be able to identify the SLA-1 alleles of haplotypes LR-25.0, 
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LR-26.0, LR-29.0 and LR-31.0.  Further, we were not able to determine the specific class 

I-class II associations with confidence, except for a few pairs such as LR-01.01, LR-01.26, 

LR-04.04 and LR-22.15 due to their frequent occurrence in the herd as well as the presence 

of homozygous animals.  Nevertheless based on our findings, 26 complete SLA haplotypes 

have been deduced preliminarily (not shown).  Crossover haplotypes seemed to be very 

common in this herd of pigs. 

 
SLA Diversity in the BR Pigs 

The reference population of BR pigs was derived from 43 litters by mating of four 

boars with 43 sows, while these breeders were originally derived from two commercial pig 

lines.  A total of 233 pig samples, which included 42 of the 47 parents and 191 of the 

offspring, were evaluated for their SLA class I loci.  Their class II loci have not yet been 

determined.  In theory, a maximum of 94 different haplotypes could have been presented in 

this population.  Based on our findings, the SLA class I diversity in this population of pigs 

was very limited as we were only able to identify six class I haplotypes (Table 5.6).  

Haplotype LR-22.0  appeared to dominate in this  population.  In part, this reflects the fact  

 
Table 5.6.  Low-resolution SLA class I haplotypes identified in the BR pigs 

 
Class I Haplotype SLA-1 SLA-3 SLA-2 Haplotype Frequency 

LR-01.0 01XX 01XX 01XX 0.158 
LR-04.0 04XX 0401 04XX 0.015 
LR-07.0 w08XX 07XX 05XX 0.184 
LR-22.0 w08XX 0601 w12XX 0.598 
LR-23.0 w12XX 03XX2 Blank1 0.041 
LR-24.0 Blank1 NA3 06XX 0.004 

NA: group specificity not assigned 
1 Group specificity not identified 
2 Only positive for a SLA-3 primer pair which is specific for SLA-3*03XX alleles at positions +404 and 
+550 (lane 19) 

3 Only positive for a SLA-3 primer pair which is specific for both 03XX and 04XX alleles at positions +88 
and +186 (lane 27) 
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that only 4 boars were used to establish these families.  In addition, results showed that 40 

of the 42 parents typed had at least one copy of the haplotype LR-22.0 and 23 of them were 

homozygous.  Only 28 of the 191 offspring characterized did not have a copy of this 

haplotype.  As a result, this led to a high haplotype frequency of nearly 0.6 for LR-22.0 in 

this population (Table 5.6). 

We were unable to assign an allelic group for the SLA-3 locus of haplotype LR-24.0 

since it only amplified with a primer pair specific for both 03XX and 04XX alleles at 

positions +88 and +186 (lane 27).  On the other hand, we were initially unable to identify 

the SLA-2 allelic group of LR-23.0 and the SLA-1 allelic group of LR-24.0.  With an 

additional set of 48 primer pairs which provided a more comprehensive coverage of 

polymorphic positions for each of these loci we were able to identify the SLA-2 allelic 

group of LR-23.0 as 04XX using primers specific for 04XX alleles at positions +353 and 

+539 (unpublished data).  However we still could not assign an allelic group for the SLA-1 

allele of LR-24.0.  Based on the typing data, we have also identified discrepancies in the 

pedigree information provided by the farm as the haplotypes of 16 pigs were not consistent 

with their respective parentages. 

 
Discussion 

In the present study, we report the establishment of a simple, rapid and 

cost-effective molecular typing method for detecting SLA alleles in outbred pig 

populations.  This method of typing is based on our previous work on PCR-SSP SLA 

typing of inbred pig herds whose SLA haplotypes were limited and defined by DNA 

sequencing.  However such assays cannot be used to reliably characterize outbred pigs 

given the inherent limitations of PCR-SSP technique to detect new alleles as primers are 
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designed to discriminate alleles based on known DNA sequences.  In order to be able to 

adapt such a strategy to SLA-type outbred pigs with diverse immunogenetic backgrounds, 

an extensive set of sequence-specific primers is needed to differentiate between all 

recognized alleles.  Ideally, each allele should be identified individually in the assay to 

provide the highest level of definition.  Yet this would create a practical problem as it 

would require at least 183 different primer pairs to identify all the class I and class II alleles 

published to date and this number is continuously growing.  As demonstrated in the present 

study, this problem is overcome by using sequence-specific primers which separate alleles 

into groups and subgroups based on shared polymorphic motifs.  Such a strategy was made 

possible by the recent establishment of a SLA nomenclature system by the ISAG SLA 

Nomenclature Committee which grouped alleles by sequence similarity61,62. 

We have successfully characterized the low-resolution SLA genotypes present in 

four outbred populations of farm pig.  Most of the loci were defined at a minimum 

resolution of allelic groups.  Using a combination of primer pairs which provided different 

levels of resolution,  not only it allowed the exclusion of certain alleles from the groups to 

further improve the definitions, we were also able to assign some of the loci at the allelic 

level (e.g. DRB1*0403 of haplotype LR-25.19), although DNA sequencing would be 

needed for confirmation.  On the other hand, based on our findings, the SLA-1 alleles of 

some haplotypes failed to be identified by the selected SLA-1 primers in the current assay, 

e.g. SLA-1 of haplotype LR-25.19, resulting with the “blank” assignments.  Several 

explanations have been suggested.  First, it is possible that these “blank” loci were false 

negatives caused by incompatibility of the primers because as mentioned representative 

DNA samples were not available for evaluation of every group-specific primer pair.  
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Second, due to the limited number of members in each allelic group as compared to the 

HLA system, uncertainties remained in the selection of polymorphic sequence motifs for 

characterizing each allelic group, especially for those tentative groups and unassigned 

alleles.  As a result, it is possible that these “blank” loci were caused by the assay’s 

insufficient or inappropriate coverage of the polymorphic sites for alleles at the SLA-1 

locus.  Third, inter-genic recombination is believed to be one of the mechanisms for 

generating polymorphisms in the MHC systems140, and the SLA class Ia genes are believed 

to arise from relatively recent events of duplication and divergence141.  It is thus possible 

that the SLA-1 alleles of these haplotypes are sharing similar polymorphic sequence motifs 

with their respective SLA-2 or SLA-3 alleles of the same haplotypes and therefore they 

could not be resolved and identified individually by the current primer selection.  Fourth, it 

is also possible that the SLA-1 alleles of these haplotypes are indeed absent because the 

number of expressed SLA loci is believed to be haplotype-dependent, as demonstrated by 

the lack of SLA-1 and SLA-3 alleles in the haplotypes Hp-3.0 and Hp-2.0, respectively, 

found in the NIH miniature pigs61. 

Typing results showed that alleles at certain loci of some haplotypes were amplified 

by multiple group-specific primer pairs, e.g. the SLA-1 allele of LR-35.13 in the YM pigs.  

This result would be consistent with the theory of inter-allelic recombination which is 

believed to be one of the major mechanisms in the generations of polymorphism in the 

MHC systems.  In many cases a combination of polymorphic sequence motifs is what 

makes a SLA allele unique rather than an individual polymorphic site.  However, the 

possibility of locus duplication cannot be excluded as demonstrated by the suggested 

SLA-1 duplications in several pig breeds61.  Nevertheless, studies on mapping and 
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sequencing of these genes and alleles are necessary for further conclusion.  In addition, as 

there has been only one SLA haplotype completely sequenced, the extent of class I 

pseudogene polymorphism remains poorly documented.  Therefore non-specific 

amplification of the pseudogenes in the current assay cannot be excluded, despite the fact 

that considerable efforts have been made to ensure the specificity of each primer pair. 

Many of the SLA class I haplotypes in outbred farm pigs have been characterized 

by serologic methods107.  The only SLA class II serologic typing sera that are available are 

haplotype-specific within SLA-defined herds and are not useful for typing specific SLA 

class II loci.  Our aim was to develop a simple molecular-based typing methodology for 

rapid and accurate identification of both class I and class II SLA alleles in outbred pig 

populations.  Despite its limitation to alleles with known DNA sequence, PCR-SSP saves 

time, reagents and DNA sample.  It is a rapid and convenient assay that can be easily 

adopted by different laboratories.  Another advantage of using the PCR-SSP method for 

SLA typing is the flexibility it can offer.  The resolution and definition of the assays can be 

quickly customized according to each investigator’s needs by adapting appropriate primer 

sets.  The assays also offer the flexibility of adding and changing primer sets to include new 

alleles as they are discovered. 

The development of effective SLA typing methods is crucial in examining SLA 

influence on swine immune response to diseases.  The MHC genes of multiple strains of 

miniature pigs have been defined by high-resolution DNA sequencing, yet only a handful 

of haplotypes in commercial pigs have been defined at the molecular level.  Molecular 

characterization of the SLA genes in outbred farm pigs has not been extensively described.  

In this study, we have presented an effective SLA typing method that can be used to 
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SLA-type any pig at the allelic group level.  This will be a valuable tool for surveying SLA 

diversity in commercial farms, for identification of potential “disease-resistant” pigs and to 

further the study of SLA influence in outbred pigs.  This is particularly useful for livestock 

producers in regards to the establishment of better breeding programs as well as the 

development of more effective vaccines aiming to improve animal health and advance pig 

production. 
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CHAPTER SIX 

Conclusion and Future Studies 

 
The importance of immunological research of the pigs has arisen because of their 

physiological relevance to human and their significance as commercial livestock.  Due to 

the intimate relationship between the genes that are tightly linked within MHC region and 

the swine immune system, the characterization of SLA genes has become increasingly 

important in many aspects.  Pigs with defined SLA specificities are powerful tools in the 

field of biomedical research.  Not only do they allow researchers to study various swine 

immune responses in the context of MHC antigens, they are also one of the few large 

animal models in which investigators can reproducibly study the effects of selective 

matching and mismatching within the MHC on parameters of transplantation.  This lays a 

foundation for studying the molecular basis of rejection mechanisms and developing 

effective strategies for intervention.  Significant progress has been made in the past few 

years for the potential use of pigs as xenograft donors in human transplantation.  Whether 

pigs with particular SLA alleles are able to better resist the human anti-porcine immune 

response are of great interest and requires further investigations.  The ability to SLA-type 

pigs should therefore allow the identification of pigs with more compatible immunologic 

and genetic background for the advancement of the field.  In agricultural settings, emerging 

swine pathogens have always been threatening the stability of the pig production industry.  

The potential threat of bioterrorism makes it increasingly important not to rely entirely on 

disease eradication regimens and biosecurity programs to protect agriculturally significant 
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animal species from disease epidemics.  Multiple layers of protection are required 

including improved vaccines and development of genetically disease-resistant animals. 

Conservation of genetic diversity in commercial pig populations is also advantageous for 

the control during disease outbreaks.  Characterizing and understanding the influence of 

SLA genes and alleles will undoubtedly provide pig producers valuable information as 

SLA genotypes should make a good indicator for predicting swine immune 

responsiveness. 

We have demonstrated the robustness of the RT-PCR-based SLA typing method on 

multiple resource herds of experimental pig.  We have also repeatedly demonstrated the 

impressive qualitative and quantitative advantages of the PCR-SSP method for detecting 

SLA alleles in both inbred and outbred pig herds.  The combination of these approaches 

can be a powerful tool for effective characterization of the immunogenetic background of 

any pig population.  In addition, with the development of a simple, rapid and cost-effective 

low-resolution typing assay, we demonstrated for the first time the ability to molecularly 

characterize SLA antigens in outbred pigs with various degrees of genetic variability.  This 

is particularly useful for the improvement of pig production.  One of the outbred pig herds 

we characterized has previously been documented with respects to their immune 

performance against bacterial infections.  With the successful elucidation of their 

immunogenetic background, we will next address whether particular SLA haplotypes, loci 

or alleles are associated with an inherent genetic resistance or susceptibility to the bacteria.  

This will provide pig breeders insight on the impact of current selective breeding programs 

for desirable production traits which lead to reduced genetic diversity and increased risk of 

disease epidemics. 
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Improvements on the effectiveness of the SLA typing methods are constantly being 

sought in our laboratory to further increase the throughput of the assays.  This is 

particularly important for studies in which a large number of pigs need to be typed, for 

example, to assess the SLA diversity in commercial pig lines for risk evaluation of certain 

disease epidemics.  We are currently evaluating and optimizing the use of the 384-well 

format aiming to further improve the efficiency and reduce the reagent cost as well as the 

amount of DNA required.  In addition to the automated liquid handling system for typing 

plate preparation, equipments such as a computerized robotic pipetting station and an 

automated PCR plate sealing system have recently been acquired aiming to shorten the 

preparation time and reduce the labor cost.  Our ultimate goal is to be able to assess the 

SLA type of a large number of outbred pigs in a short time.  In addition, sequence-specific 

primers which target different polymorphic sequence motifs are being constantly 

developed in our laboratory.  Primer specificities are constantly being evaluated as more 

new alleles are discovered, aiming to provide a continuous comprehensive allelic coverage.  

On the other hand, sufficient allelic sequence information has been accumulated for the 

SLA-6, SLA-DQA and SLA-DRA loci.  Although they are not as polymorphic as the other 

five loci, PCR-SSP typing for these loci are currently being developed, aiming to provide a 

complete set of typing assays for investigators to selectively study the polymorphism, 

diversity and influence of SLA genes. 

Given that vaccines remain the primary preventive measure against disease 

outbreak in the pig production industry, examination of peptide-binding specificity of SLA 

alleles is of major practical interest in the development of more effective vaccines against 

emerging pathogens that are not well-controlled by existing immunization or treatment 
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regimens.  With the characterization of SLA genes in multiple breeds of pig by cloning and 

sequencing, we have already generated a collection of plasmid clones which contain 

various SLA alleles with complete coding sequence.  These plasmid clones can potentially 

be used in certain in vitro protein refolding assays to evaluate the binding specificity and 

efficacy of different SLA alleles for pathogen-derived peptides142,143.  In addition, the 

plasmid clones can also potentially be used as reagents to synthesize SLA/peptide 

tetramers for the study of specific cytotoxic T-cell response to defined epitopes on various 

swine pathogens. These approaches will provide opportunity to greatly accelerate the 

development of new vaccination strategies. 

Given the intimate relationship between the MHC antigens and the swine immune 

system, undoubtedly the understanding of SLA genes is an essential component of studies 

on swine immune response.  It is also crucial to the development of pigs as animal models 

for human diseases, as potential xenograft donors and to the improvement of animal health 

in the pig agriculture.  Hopefully the tools and findings described in the present studies will 

lead to advancement in the field of swine immunology research. 
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APPENDIX 
 

Primer Tables 
 
 

The following tables summarize the locus-specific primers, internal sequencing 

primers and sequence-specific primers used in this study for characterizing SLA genes and 

alleles.  The information includes specificity, nucleotide sequence, position of the terminal 

3’ nucleotide, product size and corresponding lane position on agarose gel. Primer 

sequences are listed in 5’ to 3’ direction and the position of each primer refers to the 3’ 

nucleotide in relative to the start codon.  Product size is given in base pair (bp).  The 

product size of each locus-specific amplification was calculated based on the genomic 

sequence of the H01 haplotype 60.  It may vary slightly due to polymorphism in the coding 

sequence and/or the untranslated regions. 
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Table A.1.  Locus-specific PCR primers used for amplification of the SLA genes 
 

Locus specificity Forward and reverse primer sequence Position Product size 
SLA-1 CCAGACTCCGAGGCTGAGGAT -2 1512 

 TTCTCAATCCTTCCATTTATTTCCTC +1465  
SLA-2 CCACAGAATCTCCGCAGATTCC -5 1232 
 CCGACACAGACACATTCAAATGCT +1183  
SLA-31 CCAGACTCCGAGGCTGAGGAT -2 1494 
 TAGGCTCTTTTCCCTTGGTTAGG +1450  
SLA-32 GRCCCTGGCCCTGACTGGK +54 533 
 GGAGCCACWCCACACACGC +550  
SLA-1/32 CCCGAGCCCTCKTCYTGCT +26 566 
 TTTCTGGAGCCACWCCACA +555  
SLA-1/32 CCGAGCCCTCKTCYTGCTG +27 565 
 TTTCTGGAGCCACWCCACA +555  
SLA-6 CTCAGACCAGCCAAACTCA -21 1248 
 GCAAGGCAGACACATTCAG +1191  
SLA-DRA CATCGAGGCATCTAAGGAGA -3 805 
 CAAAGTCCATTCCCTGCAAG +764  
SLA-DRB1 TGTCCTCTCCTGTTCTCCA -3 907 
 AGGACGCAGAGCATAGCAG +868  
SLA-DQA AACTCCGAAGAGCAACAGC -22 829 
 ACCTTCCCTTCTGGAGTGTG +770  
SLA-DQB1 TGACTACCATTACTTCTTCGT -13 1103 
 TCTTGCACAGTCTGTTGAGG +1051  
1 Unable to amplify with the SLA-3 alleles of the Sinclair C haplotype (Hp-10.11) and the Meishan M haplotype 
(Hp-18.14) 
2 Alternative PCR primer pairs derived from a study by Ando et al121 that were used to obtain partial exon 1, exon 2 and 
partial exon 3 sequence of the SLA-3 alleles. 
 
 

Table A.2.  Internal sequencing primers for SLA genes 
 

Locus specificity Direction Primer sequence Position1 
SLA Class Ia Reverse CTCGCTCTGGTTGTAGTAG +312 
 Reverse CCTCGCTCTGGTTGTAGTA +313 
 Reverse CGCAGGTCCTCGTTCAG +439 
 Forward GAACGAGGACCTGCGCT +457 
 Reverse TGGCGGGTCACATGTGTCTTTGGAGGCTCT +609 
 Reverse    GGTGGCGGGTCACATGTGTCTT +619 
 Forward TGGCGGGTCACATGTGTC +621 
 Reverse GGGTGGCGGGTCACATGTGT +622 
 Reverse CTCCAAAGACACATGTGACC +633 
 Reverse GGCCCAGCACCTCAAGGTGAC +658 
 Forward GGCTTCTACCCTAAGGAGA +700 
 Forward GAGAGGAGCAGAGCTACACC +837 
 Reverse CTTCCTCCAGATCACAACTCC +967 
 Forward CTGGAGTTGTGATCTGGAG +983 
 Reverse     TGCCTGCAGCCTGAGTG +1017 
 Forward      GAGGAGGTGGGGACCCTG +1230 
 Reverse    GGAAAGAGAACACAGGTCAGGGT +1261 
SLA-DRB1 Forward CCTGGTCTGCTCTGTGAC +446 
 Reverse GAACCACCTGACCTCCAC +466 
 Forward CCCTAATGGAGACTGGAC +548 
 Reverse ATTGGAGAAAAACATAATAAGGTAATATG +1105 
SLA-DQB1 Reverse TGCCTTCCTCTATCTGGTAG +342 
 Forward TACCAGATAGAGGAAGGCAC +362 
 Forward CTGATCTTCCTCGGGCTG +741 
 Reverse CTGACTCCTGTGACGGAT +751 
 Reverse CCCCAAAGTATCTTC +787 
1 Add 9 bp for the SLA-2 alleles 
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Table A.3.  Sequence-specific primers used to identify the SLA alleles present in the Sinclair x Hanford 
crossbred melanoma pigs 

 
Lane Locus Specificity Forward and reverse primer sequence Position Size
All CGCCATGTGTGACGAAGACGAGACC +21 516
 

Positive control (α-Actin) 
CACGTACATGGCGGGCACGTTGAAG +384 

1 Negative control   
     
2 DQB1 0201 GGGGCGTGGCCAGGTGG +186 177
     GGTAGTTGTGTTTGCACACCSTGTCCAC +319 
3  0303 CCAGATACATCTACAACCAGGAGGAGCATT +208 149
    AGTGTCCAGCTCGGCCCGCT +308 
4  0801 CTTCAACGGAACGCAGCGGG +166 168
    GCCCGCGTCTGCTCCAGGAT +295 
5  0701 GCACGTGCGCTTCGACAGCA +223 153
    TCCTCTATCTGGTAGTTGTGTTTGCACACA +327 
6  0402 CAGCGGGTGTGGAGCGTGGA +179 197
    TCCTCTATCTGGTAGTTGTGTTTGCACACA +327 
7 DRB1 0201 GAGAGGCAATACTATAACGGAGAGGAGTTCC +199 169
    GTAGTTGTGTCTGCAGTACGTGTCCACCT +308 
8  0403 GGGACGGAGCGGGTGAGATTTC +166 163
    CCGCCCGCTTCTGCTCCAT +289 
9  0401 TCAACGGGACGGAGCGTGTGC +160 180
     CCGTGTCCACCTCCGCTCGCT +299 
10   060201 CGAGTGTCATTTCTTCAACGGGACA +150 120
     AGCTCGTTCACCGCCCGGAA +226 
11  0901 TGTCATTTCTTCAATGGGACCGAGCA +155 166
    GCTCTAGGAGGTCCTTCTGGCTGTTATAGTT +265 
12 SLA-2 0201 CCTCCGCGGGTACAGTCAGATTGG +422 205
     GTCCTTCCCCATCTCCAGGTATCTGC +578 
13  w13sm20 GCGTGCGCCGTGGATCG +229 109
    GCCGCGCAGGGTGTTCAGGTT +301 
14  w10sm01 GCCTCGACACAGAATCTCCGCA -11 116
    CCCGCACTCACCCGCCTGA +66 
15  0601 CCCGCTTCCTCACCGTTGGGT +151 143
    GCTGATCTGTGTCTCCCGATCCCAATAG +246 
16   0501 GGTCAGGGTCTCACACCTTCCAGTGG +363 226
     CACAGTCCCTGCAGGTAGCTCCTCCTA +537 
17   0302 GCAGTTCGTGCGGTTCGACAGC +186 134
     CTCGGTAAGTCTGTGAGGTGTCCCTTTGTA +269 
18 SLA-3 0401 ATCTGCGGATGGAGCCTCGGGT +209 137
     CTGGTTGTAGTAGCCGCGCAGGTTT +300 
19  0501, 05sm14 CTCTTCCTCCGCGGGTACAGTCAGTT +410 195
   CAGGTATTTCTGTAGCCCCTCCACACAG +552 
20  05sm14 GGAAGCCCCGTTTCATCGAA +135 139
    GTCTCCCGATCCCAATACTCCTGA +231 
21  0701sm19 GATAAAGCAGGAGGGGCAGGAGTGG +231 122
    CGCTCTGGTTGTAGTAGCCGCGCA +305 
22  hm22 GGGTCTCACACCATCCAGGT +353 210
    CAGGTAGCTCCTCCTACGCTCTGT +520 
23 SLA-1 0201 GCAGTTCGTGCGGTTCGACAACT +178 148
     GGTGTTCAGGCCCACTCGGAG +283 
24   w10sm21 CTCCTCCTCCGCGGGTACGA +404 180
     CCACTCCACACACGTGCCCTC +544 
25   w08sm08 CGGGGTCAGGGTCTCACACCTA +347 183
     CCACCCACTTGCGCTTGGA +490 
26   0601 GCAGTTCGTGCGGTTCGACAACT +178 153
     CGCAGTGTGTTCAGGCCCACTCC +286 
27   0101 ACAGACTTACCGAGTGGGCCTGAAGAA +302 326
     CCCAAGTATCAGCCGTACATGCTCTGGTA +346 
28   0501 CCTCCAGTGCATGTACGGCTGCTACTT +371 208
     CAGTCCCTTCAGGTAGCTCCTCATGC +527 
29  0701 GCCGGGTCTCACACCATCCAGAT +353 220
     GGCCCTGCAGGTAGCTCCTCAAT +528 
30   w09sm09 GTCCCCACTCCCTGAGCTATTTCTT +89 198
     TGATCTGTGTCTCCCGATCCCAATAG +237 
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Table A.4.  Sequenc-specific primers used to identify the SLA alleles present in the Meishan pigs 
 

Lane Locus Specificity Forward and reverse primer sequence Position Size
All Positive control (α-actin) CGCCATGTGTGACGAAGACGAGACC +21 516
   CACGTACATGGCGGGCACGTTGAAG +384  
1 DQB11 0801 CTTCAACGGAACGCAGCGGG +166 168 
   GCCCGCGTCTGCTCCAGGAT +295  
2  0201 GGGGCGTGGCCAGGTGG +186 177 
   GGTAGTTGTGTTTGCACACCSTGTCCAC +319  
3  040102 CAGCGGGTGTGGAGCGTGGA +179 197 
   TCCTCTATCTGGTAGTTGTGTTTGCACACA +327  
4 DRB1 0901 TGTCATTTCTTCAATGGGACCGAGCA +155 166 
   GCTCTAGGAGGTCCTTCTGGCTGTTATAGTT +265  
5  0401 CATTTCTTGTTTCTGGGGAAGGCT +126 205 
   CCGCCCGCTTCTGCTCCAT +289  
6  cs01 GGGACGGAGCGGGTGAGATTTC +166 163 
   CCGCCCGCTTCTGCTCCAT +289  
7 SLA-1 0401 GCCTGACCGCGGGGACTCT +123 181 
   GTAAGTCTGTGCGGTTTCCTTGACA +261  
8  w08ms05 TCGCTGGGACTCCCGCTTCT +130 123 
   GGCCCCTCCTGCTGTATCCACT +212  
9  w13ms21 GTCTCACACCCTCCAGAGCATGTTT +360 217 
   CAGTCCCTGCAGGTAGCTCCTCCTA +528  
10  w10cs01 CTCCTCCTCCGCGGGTACGA +404 180 
   CCACTCCACACACGTGCCCTC +544  
11  cs02 ACCTACCAGAACATGTACGGCTGCTACT +370 206 
   CCCTGCAGGTAGCTCCTCTCTCC +526  
12 SLA-2 06me01 CGCCCCGAATCCGAGGAAA +207 127 
   CAGGGTGTTCAGGTTCACTCGGTA +292  
13  w09sn01 GTCTCACACCCTCCAGAGCATGTTT +369 214 
   GCCTTGCAGGTAGCTCCTCCAG +537  
14  w11cs01 CCTCCGCGGGTACAGTCAGTTT +420 162 
   AGTCCCTGCAGGTAGCTCCTCCTAC +536  
15  0401 CCGAGGGAACCTGCGCACAGC +314 316
   CCCACGTCGCAGCCGTACATGA +362  
16 SLA-31 03cs01 GCTCTTCCTCCACGGGTACCA +404 185 
   GGAGCCACTCCACACACGC +550  
17  0602 GCGACGTCGGGCCAGACT +382 154 
   GCATCGGCCGCCTCCCT +502  
18  0101 TCGCGGGTACAGTCAGTTTGG +413 217 
   TGCGTGCTGCAGCGTGTTAT +590  
19  0401 GGAAGCCCCGTTTCATCGAA +135 209 
   CTGGTTGTAGTAGCCGCGCAGGTTT +300  
1 Allele specific primers of this locus were used in the abbreviated haplotyping assay 
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Table A.5.  Sequence-specific primers used in the low-resolution SLA class I genotyping assay (lane 1: 
negative control; lane 2-16: SLA-2 primers; lane 17-32: SLA-3 primers; lane 33-48: SLA-1 primers) 

 
Lane SLA-2 primer specificity Forward and reverse primer sequence Position Size 
All Positive control (α-actin) CGCCATGTGTGACGAAGACGAGACC +21 516 
  CACGTACATGGCGGGCACGTTGAAG +384  
1 Negative control    
     
2 0101, 01an06 TCCCCACTCCCTGAGCTATTTCTC +98 256 
  GTTGTAGTAGCCGCGCAGGGTC +309  
3 0201, 02Lw02 CCTCCGCGGGTACAGTCAGTTT +420 139 
  CTGCTCCGCCACATTGGCT +519  
4 0301, 0302, 03gz01 AGTATTGGGATCGGGAGACRCAGATA +270 89 
  CTGGTTGTAGTAGTCGCGCAGGG +311  
5 0401, 04sx01 CCGAGGGAACCTGCGCACAGC +314 316 
  CCCACGTCGCAGCCGTACATGA +362  
6 0501, 05rh34, 05sy01, 05rh07, CGACAGCGACGCCCCC +195 162 
 05sz01, 05rh03 GCCACGCTCTTGTTGTAGTAGCCA +318  
7 0601, 06sr01, 06sv01, 06an03, CGCCCCGAATCCGAGGAAA +207 127 
 06me01 CAGGGTGTTCAGGTTCACTCGGTA +292  
8 w07ss01, w07we01, w07an05, GTCATGGTCTCACACCCTCCAGGT +362 199 
 w07rh12 TCCCTCCGCCACATTGGCT +519  
9 w08sw01, w08gx01 CGCCCCGAATCCGAGGAAA +207 126 
  AGGGTCTTCAGGTCCACTCGGTT +292  
10 w09sn01, w09an02 TGTGGGACCAGACGGGCTCT +397 181 
  GCCTTGCAGGTAGCTCCTCCAG +537  
11 w10sm01, w10an01 GCCTCGACACAGAATCTCCGCA -11 116 
  CCCGCACTCACCCGCCTGA +66  
12 w11so01, w11cs01 GACGCTCCGAATCCGAGGGA +206 154 
  CCTCGCTCTGGTTGTAGTAGCCAAG +316  
13 w12Lw01 CCTCCGCGGGTACAGTCAGTTC +411 160 
  GCCTTGCAGGTAGCTCCTCCAG +537  
14 w13sm20 TCGAACAGGAGGGGCAGGG +245 117 
  CGGGCTCGCTCTGGTTGTAGTA +322  
15 w14yn01 TCCTCCGCGGGTACAGTCAGTAT +420 150 
  AGCTTCTCATTTGCTCCGCCT +527  
16 an04 GACCTCTGTGACTCCCGCTTCC +139 143 
  TTCCTATCCCAATACTCCTGCCCT +237  
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Table A.5.  Continued (SLA-3 primers) 
 

Lane SLA-3 primer specificity Forward and reverse primer sequence Position Size
17 0101, 01rh28, 01ev04, 01rh12 CCTCCGCGGGTACAGTCAGTTT +411 174
  CACTTCACACACGCGCCCTC +544  
18 0301, 0302, 03an02, 03an04, GCTCTTCCTCCACGGGTACCA +404 185
 03an05, 03cs01 GGAGCCACTCCACACACGC +550  
19 0401, 04sc19 GGAAGCCCCGTTTCATCGAA +135 209
  CTGGTTGTAGTAGCCGCGCAGGTTT +300  
20 0501, 05sm14, 05sw01 CGTGGAAGATACGCAGTTCGTGT +166 139
  AGTCTGTGCGTTGTCCTTGCTGA +260  
21 0601 GCGACGTCGGGCCAGACT +382 174
  AGCTTCTCATTTGCTCCGCCT +518  
22 0602 GCAGGAAGCCCCGTTTCAC +131 140
  CTCCTCATCCCAATACTCCTGCCT +229  
23 0701, 0701sm19, 07Lw02, 07rh34 CGACCGCAGGAAGCCCCGT +126 153
  TCCTCATCCCAATACTCCTGCCA +238'1  
24 hm22 GGGTCTCACACCATCCAGGT +353 210
  CAGGTAGCTCCTCCTACGCTCTGT +520  
25 0101, 01rh28, 01ev04 TCGCGGGTACAGTCAGTTTGG +413 193
  CATCTTCAGGTATTTCTGGAGCCACA +560  
26 0301, 03an04, 03an05, 03cs01 GCTGGAAGCCCCGTTTCATCT +133 149
  GTTCTTCGTCTCCTCATCCCAATACTT +235  
27 0301, 0302, 03an02, 03an04,  TCCCCACTCCCTGAGGTATTTCG +88 139
 03an05, 03cs01, 0401, 04sc19 CGGCTCCATCTGCGGATTG +186  
28 0401, 0501, 05sm14, 05sw01 GGAAGCCCCGTTTCATCGAA +135 207
  GGTTGTAGTAGCCGCGCAGGT +302  
29 05sm14, 05sw01 GTGGACGACTCGCAGTTCGTGT +166 114
  GTCTCCCGATCCCAATACTCCTGA +231  
30 0601, 0602, 0701, 0701sm19,  CGACGTGGGRCCAGACT +382 187
 07Lw02, 07rh34 CGCGCCCTCCAGGTAGCTT +534  
31 0601, 0602, 0701sm19, 07rh34 GCGACGTCGGGCCAGACT +382 188
  CGCGCCCTCCAGGTAGCTT +534  
32 0602, 0701, 0701sm19, 07Lw02 CGACGTGGGRCCAGACT +382 172
  GCTTCTCATTTGCTCCGCCG +518  
1 Located in the 9-bp insertion which is unique to this group of alleles 
 
 
 
 
 
 
 
 



82 

 

 
 
 
 
 
 
 
 

Table A.5.  Continued (SLA-1 primers) 
 

Lane SLA-1 primer specificity Forward and reverse primer sequence Position Size 
33 0101, 01rh28, 0102 CGGGGTCAGGGTCTCACACCTA +347 209 
  CCTCCTACGCTCCGCCACATT +514  
34 0201, 02we02 GCAGTTCGTGCGGTTCGACAACT +178 148 
  GGTGTTCAGGCCCACTCGGAG +283  
35 0401, 04gz01, 04we01, 04gx01 GCCTGACCGCGGGGACTCT +123 181 
  GTAAGTCTGTGCGGTTTCCTTGACA +261  
36 0501 CGACAGCGACGCCCCC +186 161 
  CCTAGCACTGGTTGTAGTAGCCGA +308  
37 0601, 06an04 GCCTGACCGCGGGGACTCT +123 164 
  CCTTGACTTTCCGCGTCTCCTC +247  
38 0701, 07ce08 GCCGGGTCTCACACCATCCAGAT +353 220 
  GGCCCTGCAGGTAGCTCCTCAAT +528  
39 w08sz01, w08Lw02, w08sy01,  CGTGGACTCCCGCTTCTTCATT +135 142 
 w08sm08, w08ms05, w08an03 TGTCTCCCGATCCCAATACTCCG +233  
40 w09sm09 TCCCCACTCCCTGAGCTATTTCTT +89 196 
  GATCTGTGTCTCCCGATCCCAATAG +237  
41 w10sm21, w10cs01 CTCCTCCTCCGCGGGTACGA +404 180 
  CCACTCCACACACGTGCCCTC +544  
42 w11yn01 GGAAGCCCCGTGTCATCGAA +135 164 
  CTGTGCGCTGCCCATGACAC +260  
43 w12Lw01 GTTCGACAGCGACGCCCTC +186 119 
  GGTTAATCTGTGCGGTTTCCTTGA +263  
44 w13ms21 GTCTCACACCCTCCAGAGCATGTTT +360 217 
  CAGTCCCTGCAGGTAGCTCCTCCTA +528  
45 rh03 GGGTACAGACAGTACGCCTACGACA +421 196 
  CCTTCCCCATCTCCAGGTATCTGC +569  
46 an01 CGTGGACTCCCGCTTCTTCATT +135 173 
  GGAAAGTCTGTGAGGTGTCCCTTTG +262  
47 an02 CCCCACTCCCTCAGCTATTTCTC +89 172 
  ACTCCTGCCCCTCCTGTTCG +219  
48 cs01 GTCTCACACCCTCCAGAGCATGTTT +360 213 
  CCCTGCAGGTAGCTCCTCTCTCC +526  
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Table A.6.  Sequence-specific primers used in the low-resolution SLA class II genotyping assay 
(lane 1: negative control; lane 2-24: SLA-DQB1 primers; lane 25-48: SLA-DRB1 primers) 

 
Lane DQB1 primer specificity Forward and reverse primer sequence Position Size 
All Positive control (α-actin) CGCCATGTGTGACGAAGACGAGACC +21 516 
  CACGTACATGGCGGGCACGTTGAAG +384  
1 Negative control    
     
2 0101, 01sh01 CAGATACATCTACAACCAGGAGGAGCTT +207 171 
  ATCTGGTAGTTGTGTTTGCACACCG +326  
3 0201, 0202, 0203, 02kg02, GGGGCGTGGCCAGGTGGG +187 146 
 02sh02, 02zs16 GGACCGCTTCTGCTCCAGGAC +295  
4 0301, 0302, 0303 CCAGTTTAAGGGCGAGTGCTACTTCTA +149 182 
  GCTCCAGGATGTCCTTCTGGCT +283  
5 040101, 040102, 0402,  CGGAACGCAGCGGGTGTGGA +172 148 
 0402we01, 04hg09 CAGGTCCTCCTTCTGGCCGTTCA +278  
6 0501, 0502, 05an01, GCAGCGGGTGCGGCTCT +175 193 
 05sp06 CTATCTGGTAGTTGTGTTTGCACACC +327  
7 0601, 06sp10 TCCCCGCAGAGGATTTCGTGTA +122 214 
  GCCCGCGTCTGCTCCAGGAA +295  
8 0701 GCACGTGCGCTTCGACAGCA +223 153 
  TCCTCTATCTGGTAGTTGTGTTTGCACACA +327  
9 0801, 08ch01, zs12 GCGGGTGCGGCTCGTGA +178 177 
  TGTTTGCACATCGTGTCCAGCTCT +315  
10 0901, 09zh01, zs12 AGGATTTCGTGGTCCAGTTTAAGGG +134 204 
  CCCGCGTCTGCTCCAGGAT +295  
11 01sh01, sh03 GCGGGTGCGGCTCGTGA +178 124 
  GTCGTTCCAGGAGTCGGCCT +266  
12 0201, 02kg02, 02sh02, AACTCAGCGGGTGCGGGGC +174 192 
 zs13 TGGTAGTTGTGTTTGCACACCG +326  
13 0202, 02zs16 CCAGGTGGGTCTACAACCG +197 176 
  CTCTATCTGGTAGTTGTGTTTGCACACC +327  
14 0201, 0203, 02kg02 AATGCAGCGGGTGCGGGG +173 132 
  TGGCTGTTCCAGTAGTCGGCGGT +265  
15 0301, zs13 AATGCAGCGGGTGCGGGG +173 149 
  GCTCCAGGATGTCCTTCTGGCT +283  
16 0302, 0303 GCCAGATACATCTACAACCAGGAGGAGCATT +208 150 
  AGTGTCCAGCTCGGCCCGCT +308  
17 040101, 040102, 04hg09 CCCGCAGAGGATTTCGTGGT +122 198 
  CAGGTCCTCCTTCTGGCCGTTCA +278  
18 0402, 0402we01 CCGCAGAGGATTTCGTGTT +122 195 
  GGTCCTCCTTCTGGCCGTTCA +278  
19 0501, 0502, 05sp06 GCAGCGGGTGCGGCTCT +175 154 
  CCGCTTCTGCTCCAGGACC +294  
20 05an01, sh03, zs14 TACATCTACAACCAGGAGGAGTACGC +209 132 
  GGCCCGCTTCTGCTCCAGTACG +294  
21 sh03 GATACATCTACAACCAGGAGGAGTACGC +209 113 
  GTCCTTCTGGCCGTTCCAGG +275  
22 zs12 ACTCAGCGGGTGCGGCA +173 182 
  TGTTTGCACATCGTGTCCAGCTCT +315  
23 zs13 GGGCGTGGCCAGGTGGG +187 168 
  TGTTTGCACATCGTGTCCAGCTCT +315  
24 zs14 GCAGAGGATTTCGTGTACCAGTTTAAGTT +134 220 
  TGTCCASCTCGGCCCGCA +308  
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Table A.6.  Continued (DRB1 primers) 

 
Lane DRB1 primer specificity Forward and reverse primer sequence Position Size
25 0101, 0102 GCGGGTGAGGTTATTGCAGAAGCAG +177 181
  GTTGTGTCTGCAGTACGTGTCCACCG +308  
26 0201, 0201br05, 02ka05, 02ka06, GGCAATACTATAACGGAGAGGAGTTCC +199 118
 02ka08, 02sp02, 02sp08, 02zs13 AGGAGGTCCTTCTGGCTGTTCC +269  
27 0301 CGGGTGAGGTTATTGCAGAGGAATTG +179 180
  GTTGTGTCTGCAGTACGTGTCCACCG +308  
28 0401, 0402, 0403, 04ga01, 04ta01 CGCATTTCTTGTTTCTGGGGAAGG +124 207
  CCGCCCGCTTCTGCTCCAT +289  
29 0501, 0502, 05ch01, 05ka01, GGGACGGAGCGGGTGCT +161 173
 05ka03, 05np01, 05sp06 GTGTCCACTGAGGCCCGTGAGTC +295  
30 0601, 060201, 060202, 06sL47, CGGGTGAGGTATCTGCTGAAGTACTTG +180 124
 06zs12 GGCTGTTCCAGTACTTGGCGTCT +255  
31 0701, 07ka03 GGACCGAGCGGGTGAGGTTCA +166 169
  TCCACCTCCGCCCGCTTCTC +295  
32 0801, 0801hg06, 08hg09, 08ka83, CCTGTTGAAATTCGAGTGTCATTTCTTCAAT +144 162
 08ka92, 08sp05, oj02 CTGTTCCAGTCCTTGGCGACC +255  
33 0801, 0801hg06, 08hg09, 08ka83, GGGTGAGGTTATTGGAGATGCAG +177 177
 08ka92, 08sp05, ka04, ka05, oj01, ss08 TGTGTCTGCAGTACGTGTCCACCT +308  
34 0901, 0901br04, 09sL48, 09ta01, GCAGCGCATTTCTTGTTTCTGGG +119 107
 oj02 CGCACGAACTCCTCTCCGTTATAGT +179  
35 0901, 0901br04, 09sL48, 09ta01, TGTCATTTCTTCAATGGGACCGAGCA +155 163
 ka09, kb02 CCAGGAGGTCCTTCTGGCTGTTAT +269  
36 1001, 10ka06, 10sp07 GCGGGTGAGGTTATTGGACAGGCAT +177 149
  GCCTCTGCTCCAGGATGTCCTTCC +278  
37 w11ac21, w11an01, w11br02, CGAGTTCTGGGAAGTGACCGAAT +244 111
 w11sp01, w11zs10 TTGTGTCTGCAGTACGTGTCCACTG +308  
38 w12ka02, w12ka05, w12ka12 GACGGAGCGGGTGAGGTTTC +166 186
  TTGTGTATGCAGTACGTGTCCACTGAG +306  
39 02sp02, 02sp08, 0801, 0801hg06 CCCACCGCATTTCTTGTACCTGT +118 267
 08hg09, 08sp05 GGCACGAGTAATGTATCCGAGGTCCT +337  
40 0401, 0402, 04ga01, 04ta01 CGGAGCGGGTGCGGTTG +165 159
  CCGCCCGCTTCTGCTCCAT +289  
41 0403, w11ac21, w11an01, ka13 GACGGAGCGGGTGAGGTTTC +166 115
  GTCGTCTGGCCGCCCAAAT +243  
42 w11br02, w11zs10, w11sp01 GGACGGAGCGGGTGAGGTTGC +166 154
  CTCTGCTCCAGGAAGTCCTTCAGGCTA +273  
43 cs01 GACGGAGCGGGTGAGGTTTC +166 113
  CGTCTGGCCGCCCCAGT +243  
44 ka14 AACACGAGTGTCATTTCTTCACTGGA +147 133
  GGCCGCCCCAGCTCG +240  
45 kb02, kb03N, kb04N GGTGAGGTTTCTGGACAGATACTTCTATAAT +186 209
  GCGGCACCAGGAATGTATCG +345  
46 oj01 GTGAGGTTATTGGAGAGGCAG +177 136
  CCAGGAGGTCCTTCTGGCTGTTAT +269  
47 oj02 TTTCTTCAATGGGACCGAGCA +155 141
  CTGTTCCAGTCCTTGGCGACC +255  
48 ss08 TGGAGAGGCAGTACTATAACGGAGAGGAAC +196 182
  ATCCAAGATCCTGTAGTTGTGTCTGCACAC +319  
 
 
 



85 

 

 
 
 

BIBLIOGRAPHY 
 
 

1. Bokonyi S. History of domestic mammals in Central and Eastern Europe. Budapest: 
Akademiai Kiado; 1974. 597 p. 

2. Rothschild MF, Ruvinsky A. Genetics of the Pig. 622 Oxon, UK.: CABI Press; 
1998. 640 p. 

3. Vitetta ES, Ghetie VF. Immunology. Considering therapeutic antibodies. Science 
2006;313(5785):308-9. 

4. Schook L, Beattie C, Beever J, Donovan S, Jamison R, Zuckermann F, Niemi S, 
Rothschild M, Rutherford M, Smith D. Swine in biomedical research: creating the 
building blocks of animal models. Anim Biotechnol 2005;16(2):183-90. 

5. Vodicka P, Smetana K, Jr., Dvorankova B, Emerick T, Xu YZ, Ourednik J, 
Ourednik V, Motlik J. The miniature pig as an animal model in biomedical research. 
Ann N Y Acad Sci 2005;1049:161-71. 

6. Dincer Z, Jones S, Haworth R. Preclinical safety assessment of a DNA vaccine 
using particle-mediated epidermal delivery in domestic pig, minipig and mouse. 
Exp Toxicol Pathol 2006;57(5-6):351-7. 

7. Sachs DH, Leight G, Cone J, Schwarz S, Stuart L, Rosenberg S. Transplantation in 
miniature swine. I. Fixation of the major histocompatibility complex. 
Transplantation 1976;22(6):559-67. 

8. Smith DM, Martens GW, Ho CS, Asbury JM. DNA sequence based typing of swine 
leukocyte antigens in Yucatan miniature pigs. Xenotransplantation 
2005;12(6):481-8. 

9. Strafuss AC, Dommert AR, Tumbleson ME, Middleton CC. Cutaneous melanoma 
in miniature swine. Lab Anim Care 1968;18(2):165-9. 

10. Horak V, Fortyn K, Hruban V, Klaudy J. Hereditary melanoblastoma in miniature 
pigs and its successful therapy by devitalization technique. Cell Mol Biol 
(Noisy-le-grand) 1999;45(7):1119-29. 

11. Buttner M, Wanke R, Obermann B. Natural killer (NK) activity of porcine blood 
lymphocytes against allogeneic melanoma target cells. Vet Immunol 
Immunopathol 1991;29(1-2):89-103. 

 



86 

 

12. Das Gupta TK, Ronan SG, Beattie CW, Shilkaitis A, Amoss MS, Jr. Comparative 
histopathology of porcine and human cutaneous melanoma. Pediatr Dermatol 
1989;6(4):289-99. 

13. Morgan CD, Measel JW, Jr., Amoss MS, Jr., Rao A, Greene JF, Jr. 
Immunophenotypic characterization of tumor infiltrating lymphocytes and 
peripheral blood lymphocytes isolated from melanomatous and non-melanomatous 
Sinclair miniature swine. Vet Immunol Immunopathol 1996;55(1-3):189-203. 

14. Cui J, Chen D, Misfeldt ML, Swinfard RW, Bystryn JC. Antimelanoma antibodies 
in swine with spontaneously regressing melanoma. Pigment Cell Res 
1995;8(1):60-3. 

15. Faries MB, Morton DL. Therapeutic vaccines for melanoma: current status. 
BioDrugs 2005;19(4):247-60. 

16. Misfeldt ML, Grimm DR. Sinclair miniature swine: an animal model of human 
melanoma. Vet Immunol Immunopathol 1994;43(1-3):167-75. 

17. Pathak S, Multani AS, McConkey DJ, Imam AS, Amoss MS, Jr. Spontaneous 
regression of cutaneous melanoma in sinclair swine is associated with defective 
telomerase activity and extensive telomere erosion. Int J Oncol 
2000;17(6):1219-24. 

18. Greene JF, Jr., Townsend JSt, Amoss MS, Jr. Histopathology of regression in 
sinclair swine model of melanoma. Lab Invest 1994;71(1):17-24. 

19. Green A, Shilkaitis A, Bratescu L, Amoss MS, Jr., Beattie CW. Establishment and 
characterization of four Sinclair swine cutaneous malignant melanoma cell lines. 
Cancer Genet Cytogenet 1992;61(1):77-92. 

20. Tissot RG, Beattie CW, Amoss MS, Jr. Inheritance of Sinclair swine cutaneous 
malignant melanoma. Cancer Res 1987;47(21):5542-5. 

21. Tissot RG, Beattie CW, Amoss MS, Jr. The swine leucocyte antigen (SLA) complex 
and Sinclair swine cutaneous malignant melanoma. Anim Genet 1989;20(1):51-7. 

22. Hruban V, Horak V, Fortyn K, Hradecky J, Klaudy J, Smith DM, Reisnerova H, 
Majzlik I. Inheritance of malignant melanoma in the MeLiM strain of miniature 
pigs. Vet Med - Czech 2004;12:453-9. 

23. Muller S, Wanke R, Distl O. Segregation of pigment cell anomalies in Munich 
miniature swine (MMS) Troll crossed with German Landrace. Dtsch Tierarztl 
Wochenschr 1995;102(10):391-4. 

 

 



87 

 

24. Ando A, Ota M, Sada M, Katsuyama Y, Goto R, Shigenari A, Kawata H, Anzai T, 
Iwanaga T, Miyoshi Y and others. Rapid assignment of the swine major 
histocompatibility complex (SLA) class I and II genotypes in Clawn miniature 
swine using PCR-SSP and PCR-RFLP methods. Xenotransplantation 
2005;12(2):121-6. 

25. Lee JH, Simond D, Hawthorne WJ, Walters SN, Patel AT, Smith DM, O'Connell P J, 
Moran C. Characterization of the swine major histocompatibility complex alleles at 
eight loci in Westran pigs. Xenotransplantation 2005;12(4):303-7. 

26. Sachs DH. The pig as a potential xenograft donor. Vet Immunol Immunopathol 
1994;43(1-3):185-91. 

27. Kenmochi T, Mullen Y, Miyamoto M, Stein E. Swine as an allotransplantation 
model. Vet Immunol Immunopathol 1994;43(1-3):177-83. 

28. Groth CG. Transplantation of porcine fetal pancreas to diabetic patients. Lancet 
1995;345(8951):735. 

29. Deacon T, Schumacher J, Dinsmore J, Thomas C, Palmer P, Kott S, Edge A, 
Penney D, Kassissieh S, Dempsey P and others. Histological evidence of fetal pig 
neural cell survival after transplantation into a patient with Parkinson's disease. Nat 
Med 1997;3(3):350-3. 

30. Chari RS, Collins BH, Magee JC, DiMaio JM, Kirk AD, Harland RC, McCann RL, 
Platt JL, Meyers WC. Brief report: treatment of hepatic failure with ex vivo 
pig-liver perfusion followed by liver transplantation. N Engl J Med 
1994;331(4):234-7. 

31. Kozlowski T, Shimizu A, Lambrigts D, Yamada K, Fuchimoto Y, Glaser R, 
Monroy R, Xu Y, Awwad M, Colvin RB and others. Porcine kidney and heart 
transplantation in baboons undergoing a tolerance induction regimen and antibody 
adsorption. Transplantation 1999;67(1):18-30. 

32. Kuwaki K, Tseng YL, Dor FJ, Shimizu A, Houser SL, Sanderson TM, Lancos CJ, 
Prabharasuth DD, Cheng J, Moran K and others. Heart transplantation in baboons 
using alpha1,3-galactosyltransferase gene-knockout pigs as donors: initial 
experience. Nat Med 2005;11(1):29-31. 

33. Tseng YL, Dor FJ, Kuwaki K, Ryan D, Wood J, Denaro M, Giovino M, Yamada K, 
Hawley R, Patience C and others. Bone marrow transplantation from 
alpha1,3-galactosyltransferase gene-knockout pigs in baboons. 
Xenotransplantation 2004;11(4):361-70. 

34. Rouhani FJ, Dor FJ, Cooper DK. Investigation of red blood cells from 
alpha1,3-galactosyltransferase-knockout pigs for human blood transfusion. 
Transfusion 2004;44(7):1004-12. 



88 

 

35. Gojo S, Shimizu A, Ierino FL, Banerjee PT, Cooper DK, LeGuern C, Sachs DH. 
Xenogeneic and allogeneic skin grafting after retrovirus-mediated SLA class II DR 
gene transfer in baboons. Transplant Proc 2000;32(2):289-90. 

36. Lai L, Kolber-Simonds D, Park KW, Cheong HT, Greenstein JL, Im GS, Samuel M, 
Bonk A, Rieke A, Day BN and others. Production of 
alpha-1,3-galactosyltransferase knockout pigs by nuclear transfer cloning. Science 
2002;295(5557):1089-92. 

37. Cozzi E, White DJ. The generation of transgenic pigs as potential organ donors for 
humans. Nat Med 1995;1(9):964-6. 

38. McCurry KR, Kooyman DL, Alvarado CG, Cotterell AH, Martin MJ, Logan JS, 
Platt JL. Human complement regulatory proteins protect swine-to-primate cardiac 
xenografts from humoral injury. Nat Med 1995;1(5):423-7. 

39. Fodor WL, Williams BL, Matis LA, Madri JA, Rollins SA, Knight JW, Velander W, 
Squinto SP. Expression of a functional human complement inhibitor in a transgenic 
pig as a model for the prevention of xenogeneic hyperacute organ rejection. Proc 
Natl Acad Sci U S A 1994;91(23):11153-7. 

40. Tu CF, Lee JM, Sato T, Dai HC, Lee FR, Yang CK, Tsuji K, Lee CJ. Expression of 
HLA-DQ genes in transgenic pigs. Transplant Proc 2003;35(1):513-5. 

41. Tu CF, Tsuji K, Lee KH, Chu R, Sun TJ, Lee YC, Weng CN, Lee CJ. Generation of 
HLA-DP transgenic pigs for the study of xenotransplantation. Int Surg 
1999;84(2):176-82. 

42. Boneva RS, Folks TM, Chapman LE. Infectious disease issues in 
xenotransplantation. Clin Microbiol Rev 2001;14(1):1-14. 

43. Talpe S, Oike F, Dehoux JP, Sempoux C, Rahier J, Otte JB, Gianello P. 
Posttransplant lymphoproliferative disorder after liver transplantation in miniature 
swine. Transplantation 2001;71(11):1684-8. 

44. Hradecky J, Hruban V, Hojny J, Pazdera J, Stanek R. Development of a semi-inbred 
line of Landrace pigs. I. Breeding performance and immunogenetic characteristics. 
Lab Anim 1985;19(4):279-83. 

45. Signer EN, Jeffreys AJ, Licence S, Miller R, Byrd P, Binns R. DNA profiling 
reveals remarkably low genetic variability in a herd of SLA homozygous pigs. Res 
Vet Sci 1999;67(2):207-11. 

46. Chang CC, Yoon KJ, Zimmerman JJ, Harmon KM, Dixon PM, Dvorak CM, 
Murtaugh MP. Evolution of porcine reproductive and respiratory syndrome virus 
during sequential passages in pigs. J Virol 2002;76(10):4750-63. 

 



89 

 

47. Nodelijk G, de Jong MC, van Leengoed LA, Wensvoort G, Pol JM, Steverink PJ, 
Verheijden JH. A quantitative assessment of the effectiveness of PRRSV 
vaccination in pigs under experimental conditions. Vaccine 2001;19(27):3636-44. 

48. Rothschild MF, Hill HT, Christian LL, Warner CM. Genetic differences in 
serum-neutralization titers of pigs after vaccination with pseudorabies modified 
live-virus vaccine. Am J Vet Res 1984;45(6):1216-8. 

49. Payot S, Dridi S, Laroche M, Federighi M, Magras C. Prevalence and antimicrobial 
resistance of Campylobacter coli isolated from fattening pigs in France. Vet 
Microbiol 2004;101(2):91-9. 

50. Edfors-Lilja I, Gahne B, Morein B, Petersson H. Immune response to some E. coli 
antigens. Proc 32nd Annu Meet Eur Assoc for Anim Prod 1981. 

51. Vincent AL, Thacker BJ, Halbur PG, Rothschild MF, Thacker EL. An investigation 
of susceptibility to porcine reproductive and respiratory syndrome virus between 
two genetically diverse commercial lines of pigs. J Anim Sci 2006;84(1):49-57. 

52. Clapperton M, Bishop SC, Glass EJ. Innate immune traits differ between Meishan 
and Large White pigs. Vet Immunol Immunopathol 2005;104(3-4):131-44. 

53. Wilson AD, Haverson K, Southgate K, Bland PW, Stokes CR, Bailey M. 
Expression of major histocompatibility complex class II antigens on normal 
porcine intestinal endothelium. Immunology 1996;88(1):98-103. 

54. Satz ML, Wang LC, Singer DS, Rudikoff S. Structure and expression of two 
porcine genomic clones encoding class I MHC antigens. J Immunol 
1985;135(3):2167-75. 

55. Hirsch F, Sachs DH, Gustafsson K, Pratt K, Germana S, LeGuern C. Class II genes 
of miniature swine. III. Characterization of an expressed pig class II gene 
homologous to HLA-DQA. Immunogenetics 1990;31(1):52-6. 

56. Hirsch F, Germana S, Gustafsson K, Pratt K, Sachs DH, Leguern C. Structure and 
expression of class II alpha genes in miniature swine. J Immunol 
1992;149(3):841-6. 

57. Gustafsson K, LeGuern C, Hirsch F, Germana S, Pratt K, Sachs DH. Class II genes 
of miniature swine. IV. Characterization and expression of two allelic class II DQB 
cDNA clones. J Immunol 1990;145(6):1946-51. 

58. Gustafsson K, Germana S, Hirsch F, Pratt K, LeGuern C, Sachs DH. Structure of 
miniature swine class II DRB genes: conservation of hypervariable amino acid 
residues between distantly related mammalian species. Proc Natl Acad Sci U S A 
1990;87(24):9798-802. 

 



90 

 

59. Smith TP, Rohrer GA, Alexander LJ, Troyer DL, Kirby-Dobbels KR, Janzen MA, 
Cornwell DL, Louis CF, Schook LB, Beattie CW. Directed integration of the 
physical and genetic linkage maps of swine chromosome 7 reveals that the SLA 
spans the centromere. Genome Res 1995;5(3):259-71. 

60. Renard C, Hart E, Sehra H, Beasley H, Coggill P, Howe K, Harrow J, Gilbert J, 
Sims S, Rogers J and others. The genomic sequence and analysis of the swine 
major histocompatibility complex. Genomics 2006;88(1):96-110. 

61. Smith DM, Lunney JK, Martens GW, Ando A, Lee JH, Ho CS, Schook L, Renard C, 
Chardon P. Nomenclature for factors of the SLA class-I system, 2004. Tissue 
Antigens 2005;65(2):136-49. 

62. Smith DM, Lunney JK, Ho CS, Martens GW, Ando A, Lee JH, Schook L, Renard C, 
Chardon P. Nomenclature for factors of the swine leukocyte antigen class II system, 
2005. Tissue Antigens 2005;66(6):623-39. 

63. Campbell RD, Trowsdale J. Map of the human MHC. Immunol Today 
1993;14(7):349-52. 

64. IMGT/HLA Sequence Database. http://www.ebi.ac.uk/imgt/hla/index.html. 
(accessed September 2006). 

65. Potts WK, Slev PR. Pathogen-based models favoring MHC genetic diversity. 
Immunol Rev 1995;143:181-97. 

66. Edfors-Lilja I, Ellegren H, Wintero AK, Ruohonen-Lehto M, Fredholm M, 
Gustafsson U, Juneja RK, Andersson L. A large linkage group on pig chromosome 
7 including the MHC class I, class II (DQB), and class III (TNFB) genes. 
Immunogenetics 1993;38(5):363-6. 

67. Vaiman M, Chardon P, Renard C. Genetic Organization of the Pig SLA Complex. 
Studies on Nine Recombinants and Biochemical and Lysostrip Analysis. 
Immunogenetics 1979;9:356-61. 

68. Fabio G, Scorza R, Lazzarin A, Marchini M, Zarantonello M, D'Arminio A, 
Marchisio P, Plebani A, Luzzati R, Costigliola P. HLA-associated susceptibility to 
HIV-1 infection. Clin Exp Immunol 1992;87(1):20-3. 

69. Lunden A, Sigurdardottir S, Edfors-Lilja I, Danell B, Rendel J, Andersson L. The 
relationship between bovine major histocompatibility complex class II 
polymorphism and disease studied by use of bull breeding values. Anim Genet 
1990;21(3):221-32. 

70. Simonsen M. The MHC of the chicken, genomic structure, gene products, and 
resistance to oncogenic DNA and RNA viruses. Vet Immunol Immunopathol 
1987;17(1-4):243-53. 



91 

 

71. Warner CM. Genetic manipulation of the major histocompatibility complex. J 
Anim Sci 1986;63(1):279-87. 

72. Yamazaki K, Boyse EA, Mike V, Thaler HT, Mathieson BJ, Abbott J, Boyse J, 
Zayas ZA, Thomas L. Control of mating preferences in mice by genes in the major 
histocompatibility complex. J Exp Med 1976;144(5):1324-35. 

73. Kunz HW, Gill TJ, 3rd, Dixon BD, Taylor FH, Greiner DL. Growth and 
reproduction complex in the rat. Genes linked to the major histocompatibility 
complex that affect development. J Exp Med 1980;152(6):1506-18. 

74. Scott JR. Immunologic aspects of recurrent spontaneous abortion. Fertil Steril 
1982;38(3):301-2. 

75. White PC, Werkmeister J, New MI, Dupont B. Steroid 21-hydroxylase deficiency 
and the major histocompatibility complex. Hum Immunol 1986;15(4):404-15. 

76. Vaiman M, Hauptmann G, Mayer S. Influence of the major histocompatibility 
complex in the pig (SLA) on serum haemolytic complement levels. J Immunogenet 
1978;5(1):59-65. 

77. Mallard BA, Wilkie BN, Kennedy BW. Influence of major histocompatibility 
genes on serum hemolytic complement activity in miniature swine. Am J Vet Res 
1989;50(3):359-63. 

78. Mallard BA, Wilkie BN, Kennedy BW. The influence of the swine major 
histocompatibility genes (SLA) on variation in serum immunoglobulin (Ig) 
concentration. Vet Immunol Immunopathol 1989;21(2):139-51. 

79. Williams MR, Halliday R. The relatioship between serum immunoglobulin levels 
and specific antibody production in cows. Res Vet Sci 1980;28(1):76-9. 

80. Mallard BA, Wilkie BN, Kennedy BW. Genetic and other effects on antibody and 
cell mediated immune response in swine leucocyte antigen (SLA)-defined 
miniature pigs. Anim Genet 1989;20(2):167-78. 

81. Vaiman M, Metzger JJ, Renard CC, Vila JP. Immune response gene(s) controlling 
the humoral anti-lysozyme response (Ir-Lys) linked to the major histocompatibility 
complex SL-A in the pig. Immunogenetics 1978;7:231-8. 

82. Rothschild MF, Chen HL, Christian LL, Lie WR, Venier L, Cooper M, Briggs C, 
Warner CM. Breed and swine lymphocyte antigen haplotype differences in 
agglutination titers following vaccination with B. bronchiseptica. J Anim Sci 
1984;59(3):643-9. 

 

 



92 

 

83. Lumsden JS, Kennedy BW, Mallard BA, Wilkie BN. The influence of the swine 
major histocompatibility genes on antibody and cell-mediated immune responses 
to immunization with an aromatic-dependent mutant of Salmonella typhimurium. 
Can J Vet Res 1993;57(1):14-8. 

84. Lunney JK, Murrell KD. Immunogenetic analysis of Trichinella spiralis infections 
in swine. Vet Parasitol 1988;29(2-3):179-93. 

85. Madden KB, Murrell KD, Lunney JK. Trichinella spiralis: major 
histocompatibility complex-associated elimination of encysted muscle larvae in 
swine. Exp Parasitol 1990;70(4):443-51. 

86. Lacey C, Wilkie BN, Kennedy BW, Mallard BA. Genetic and other effects on 
bacterial phagocytosis and killing by cultured peripheral blood monocytes of 
SLA-defined miniature pigs. Anim Genet 1989;20(4):371-81. 

87. Kristensen B. Possible influence of parental MHC class I on survival of offspring 
from sows naturally infected with porcine reproductive and respiratory syndrome 
virus (PRRSV). 1995 July 16-21. 

88. Tissot RG, Beattie CW, Amoss MS, Jr., Williams JD, Schumacher J. Common 
swine leucocyte antigen (SLA) haplotypes in NIH and Sinclair miniature swine 
have similar effects on the expression of an inherited melanoma. Anim Genet 
1993;24(3):191-3. 

89. Xu XC, Naziruddin B, Sasaki H, Smith DM, Mohanakumar T. Allele-specific and 
peptide-dependent recognition of swine leukocyte antigen class I by human 
cytotoxic T-cell clones. Transplantation 1999;68(4):473-9. 

90. Shishido S, Naziruddin B, Howard T, Mohanakumar T. Recognition of porcine 
major histocompatibility complex class I antigens by human CD8+ cytolytic T cell 
clones. Transplantation 1997;64(2):340-6. 

91. Yamada K, Sachs DH, DerSimonian H. Human anti-porcine xenogeneic T cell 
response. Evidence for allelic specificity of mixed leukocyte reaction and for both 
direct and indirect pathways of recognition. J Immunol 1995;155(11):5249-56. 

92. Tomazin R, Boname J, Hegde NR, Lewinsohn DM, Altschuler Y, Jones TR, 
Cresswell P, Nelson JA, Riddell SR, Johnson DC. Cytomegalovirus US2 destroys 
two components of the MHC class II pathway, preventing recognition by CD4+ T 
cells. Nat Med 1999;5(9):1039-43. 

93. Murray AG, Khodadoust MM, Pober JS, Bothwell AL. Porcine aortic endothelial 
cells activate human T cells: direct presentation of MHC antigens and 
costimulation by ligands for human CD2 and CD28. Immunity 1994;1(1):57-63. 

 



93 

 

94. Kwiatkowski P, Artrip JH, John R, Edwards NM, Wang SF, Michler RE, Itescu S. 
Induction of swine major histocompatibility complex class I molecules on porcine 
endothelium by tumor necrosis factor-alpha reduces lysis by human natural killer 
cells. Transplantation 1999;67(2):211-8. 

95. Itescu S, Artrip JH, Kwiatkowski PA, Wang SF, Minanov OP, Morgenthau AS, 
Michler RE. Lysis of pig endothelium by IL-2 activated human natural killer cells 
is inhibited by swine and human major histocompatibility complex (MHC) class I 
gene products. Ann Transplant 1997;2(1):14-20. 

96. Conley AJ, Jung YC, Schwartz NK, Warner CM, Rothschild MF, Ford SP. 
Influence of SLA haplotype on ovulation rate and litter size in miniature pigs. J 
Reprod Fertil 1988;82(2):595-601. 

97. Rothschild MF, Zimmerman DR, Johnson RK, Venier L, Warner CM. SLA 
haplotype differences in lines of pigs which differ in ovulation rate. Anim Blood 
Groups Biochem Genet 1984;15(2):155-8. 

98. Ford SP, Schwartz NK, Rothschild MF, Conley AJ, Warner CM. Influence of SLA 
haplotype on preimplantation embryonic cell number in miniature pigs. J Reprod 
Fertil 1988;84(1):99-104. 

99. Renard C, Vaiman M. Possible relationships between SLA and porcine 
reproduction. Reprod Nutr Dev 1989;29(5):569-76. 

100. Rothschild MF, Renard C, Sellier P, Bonneau M, Vaiman M. Swine lymphocute 
antigen (SLA) haplotype effects on male genital tract development and 
androstenone level. In: Dickerson GE, Johnson RK, editors. 1986; Lincoln, NE. p 
197-202. 

101. Gautschi C, Gaillard C. Influence of major histocompatibility complex on 
reproduction and production traits in swine. Anim Genet 1990;21(2):161-70. 

102. Mallard BA, Wilkie BN, Croy BA, Kennedy BW, Friendship R. Influence of the 
swine major histocompatibility complex on reproductive traits in miniature swine. 
J Reprod Immunol 1987;12(3):201-14. 

103. Rothschild MF, Renard C, Bolet G, Dando P, Vaiman M. Effect of swine 
lymphocyte antigen haplotypes on birth and weaning weights in pigs. Anim Genet 
1986;17(3):267-72. 

104. Vaiman M, Chardon P, Rothschild MF. Porcine major histocompatibility complex. 
Rev Sci Tech 1998;17(1):95-107. 

105. Velten F, Rogel-Gaillard C, Renard C, Pontarotti P, Tazi-Ahnini R, Vaiman M, 
Chardon P. A first map of the porcine major histocompatibility complex class I 
region. Tissue antigens 1998;51(2):183-94. 



94 

 

106. Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phylogenetic trees. 
Bioinformatics 2001;17(8):754-5. 

107. Renard C, Kristensen B, Gautschi C, Hruban V, Fredholm M, Vaiman M. Joint 
report of the first international comparison test on swine lymphocyte alloantigens 
(SLA). Anim Genet 1988;19(1):63-72. 

108. IPD-MHC SLA Sequence Database. http://www.ebi.ac.uk/ipd/mhc/sla/index.html. 
(accessed September 2006). 

109. Ellis SA, Bontrop RE, Antczak DF, Ballingall K, Davies CJ, Kaufman J, Kennedy 
LJ, Robinson J, Smith DM, Stear MJ and others. ISAG/IUIS-VIC Comparative 
MHC Nomenclature Committee report, 2005. Immunogenetics 2006;57(12):953-8. 

110. Ivanoska D, Sun DC, Lunney JK. Production of monoclonal antibodies reactive 
with polymorphic and monomorphic determinants of SLA class I gene products. 
Immunogenetics 1991;33(3):220-3. 

111. Lie WR, Rothschild MF, Warner CM. Preparation and characterization of murine 
monoclonal antibodies to swine lymphocyte antigens. Immunology 
1988;64(4):599-605. 

112. Lunney JK. Current status of the swine leukocyte antigen complex. Vet Immunol 
Immunopathol 1994;43(1-3):19-28. 

113. Mytilineos J, Christ U, Lempert M, Opelz G. Comparison of typing results by 
serology and polymerase chain reaction with sequence-specific primers for 
HLA-Cw in 650 individuals. Tissue Antigens 1997;50(4):395-400. 

114. Hosokawa-Kanai T, Tanioka Y, Tanigawa M, Matsumoto Y, Ueda S, Onodera T. 
Differential alloreactivity at SLA-DR and -DQ matching in two-way mixed 
lymphocyte culture. Vet Immunol Immunopathol 2002;85(1-2):77-84. 

115. Termijtelen A, van Rood JJ. Complexity of stimulation in MLC and the influence 
of matching for HLA-A and -B. Scand J Immunol 1981;14(5):459-66. 

116. DeWolf WC, Carroll PG, Mehta CR, Martin SL, Yunis EJ. The genetics of PLT 
response. II. HLA-DRw is a major PLT-stimulating determinant. J Immunol 
1979;123(1):37-42. 

117. Thistlethwaite JR, Jr., Auchincloss H, Jr., Pescovitz MD, Sachs DH. Immunologic 
characterization of MHC recombinant swine: role of class I and II antigens in in 
vitro immune responses. J Immunogenet 1984;11(1):9-19. 

118. Vage DI, Olsaker I, Lingaas F, Lie O. Isolation and sequence determination of 
porcine class II DRB alleles amplified by PCR. Anim Genet 1994;25(2):73-5. 

 



95 

 

119. Brunsberg U, Edfors-Lilja I, Andersson L, Gustafsson K. Structure and 
organization of pig MHC class II DRB genes: evidence for genetic exchange 
between loci. Immunogenetics 1996;44(1):1-8. 

120. Li H, Zhang YP, Qiu XP. The genetic diversity of the second exon about SLA-DQB 
in some Chinese native pigs. Yi Chuan 2005;27(2):173-80. 

121. Ando A, Kawata H, Shigenari A, Anzai T, Ota M, Katsuyama Y, Sada M, Goto R, 
Takeshima SN, Aida Y and others. Genetic polymorphism of the swine major 
histocompatibility complex (SLA) class I genes, SLA-1, -2 and -3. 
Immunogenetics 2003;55(9):583-93. 

122. Chardon P, Vaiman M, Kirszenbaum M, Geffrotin C, Renard C, Cohen D. 
Restriction fragment length polymorphism of the major histocompatibility 
complex of the pig. Immunogenetics 1985;21(2):161-71. 

123. Shia YC, Bradshaw M, Rutherford MS, Lewin HA, Schook LB. Polymerase chain 
reaction based genotyping for characterization of SLA-DQB and SLA-DRB alleles 
in domestic pigs. Anim Genet 1995;26(2):91-100. 

124. Fang MY, Hu XX, Li N, Wu CX. Polymorphism analysis of the exon 2 of 
SLA-DQB gene in Xiao Meishan, Zhong Meishan and Yorkshire pigs with 
PCR-RFLP. Yi Chuan Xue Bao 2002;29(8):685-7. 

125. Martens GW, Lunney JK, Baker JE, Smith DM. Rapid assignment of swine 
leukocyte antigen haplotypes in pedigreed herds using a polymerase chain 
reaction-based assay. Immunogenetics 2003;55(6):395-401. 

126. Nunez Y, Ponz F, Gallego FJ. Microsatellite-based genotyping of the swine 
lymphocyte alloantigens (SLA) in miniature pigs. Res Vet Sci 2004;77(1):59-62. 

127. Tanaka M, Ando A, Renard C, Chardon P, Domukai M, Okumura N, Awata T, 
Uenishi H. Development of dense microsatellite markers in the entire SLA region 
and evaluation of their polymorphisms in porcine breeds. Immunogenetics 
2005;57(9):690-6. 

128. Sullivan JA, Oettinger HF, Sachs DH, Edge AS. Analysis of polymorphism in 
porcine MHC class I genes: alterations in signals recognized by human cytotoxic 
lymphocytes. J Immunol 1997;159(5):2318-26. 

129. Martens GW. DNA Based Typing of Swine Leukocyte Antigens [Dissertation]. 
Waco (TX): Baylor University; 2002. 156 p. 

130. Zeng R, Zeng YZ. Molecular cloning and characterization of SLA-DR genes in the 
133-family of the Banna mini-pig inbred line. Anim Genet 2005;36(3):267-9. 

 



96 

 

131. Olerup O, Aldener A, Fogdell A. HLA-DQB1 and -DQA1 typing by PCR 
amplification with sequence-specific primers (PCR-SSP) in 2 hours. Tissue 
Antigens 1993;41(3):119-34. 

132. Ellis SA, Staines KA, Stear MJ, Hensen EJ, Morrison WI. DNA typing for BoLA 
class I using sequence-specific primers (PCR-SSP). Eur J Immunogenet 
1998;25(5):365-70. 

133. Bazer FW, Thatcher WW, Martinat-Botte F, Terqui M. Sexual maturation and 
morphological development of the reproductive tract in large white and prolific 
Chinese Meishan pigs. J Reprod Fertil 1988;83(2):723-8. 

134. Legault C. Selection of breeds, strains and individual pigs for prolificacy. J Reprod 
Fertil Suppl 1985;33:151-66. 

135. Michaels RD, Whipp SC, Rothschild MF. Resistance of Chinese Meishan, 
Fengjing, and Minzhu pigs to the K88ac+ strain of Escherichia coli. Am J Vet Res 
1994;55(3):333-8. 

136. Reiner G, Eckert J, Peischl T, Bochert S, Jakel T, Mackenstedt U, Joachim A, 
Daugschies A, Geldermann H. Variation in clinical and parasitological traits in 
Pietrain and Meishan pigs infected with Sarcocystis miescheriana. Vet Parasitol 
2002;106(2):99-113. 

137. Ho C-S, Rochelle ES, Martens GW, Schook LB, Smith DM. Characterization of 
swine leukocyte antigen polymorphism by sequence-based and PCR-SSP methods 
in Meishan pigs. Immunogenetics 2006. In press. 

138. Olerup O, Zetterquist H. HLA-DR typing by PCR amplification with 
sequence-specific primers (PCR-SSP) in 2 hours: an alternative to serological DR 
typing in clinical practice including donor-recipient matching in cadaveric 
transplantation. Tissue Antigens 1992;39(5):225-35. 

139. Sun JY, Gaidulis L, Miller MM, Goto RM, Rodriguez R, Forman SJ, Senitzer D. 
Development of a multiplex PCR-SSP method for Killer-cell immunoglobulin-like 
receptor genotyping. Tissue Antigens 2004;64(4):462-8. 

140. Parham P, Adams EJ, Arnett KL. The origins of HLA-A,B,C polymorphism. 
Immunol Rev 1995;143:141-80. 

141. Renard C, Chardon P, Vaiman M. The phylogenetic history of the MHC class I gene 
families in pig, including a fossil gene predating mammalian radiation. J Mol Evol 
2003;57(4):420-34. 

 

 



97 

 

142. Oleksiewicz MB, Kristensen B, Ladekjaer-Mikkelsen AS, Nielsen J. Development 
of a rapid in vitro protein refolding assay which discriminates between 
peptide-bound and peptide-free forms of recombinant porcine major 
histocompatibility class I complex (SLA-I). Vet Immunol Immunopathol 
2002;86(1-2):55-77. 

143. Gao FS, Fang QM, Li YG, Li XS, Hao HF, Xia C. Reconstruction of a swine SLA-I 
protein complex and determination of binding nonameric peptides derived from the 
foot-and-mouth disease virus. Vet Immunol Immunopathol 2006;113(3-4):328-38. 

 
 




