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Abstract 

The major histocompatibility complex (MHC) is a genomic region encoding for 

genes with various immune functions in vertebrates. Although this region has been 

studied extensively in humans, mice and agriculturally important species such as cattle, 

horses and chickens, the organization and functional significance of the turkey MHC is 

relatively unknown.  One set of loci located in the avian MHC, designated as B-G genes, 

have been identified and sequenced within the B-locus of the turkey, chicken and quail, 

with additional B-G loci identified in the extended MHC of the latter two species.  These 

genes are linked to the class I and class II loci of the MHC and also show regions of 

extreme polymorphism (Miller, 1984).  The total number, function and significance of 

the B-G genes are yet unknown in any bird species.  In turkeys, three B-G genes were 

previously sequenced within the B-locus (Chaves et al., 2009a), with evidence suggesting 

additional functional B-G genes located past the 5’ ends of the sequenced MHC region.  

Evidence in the chicken shows differential expression of B-G genes in various immune 

tissues, which suggests potential immune function.   

This research used 454 FLX Next Generation Sequencing technology (Roche) for 

sequencing a bacterial artificial chromosome (BAC) and identified two additional B-G 

genes located past the 5’ end of the core B-locus of the turkey.  These genes were 

annotated using in silico analysis and show organization similar to those in the chicken 

and quail.  Using this information, sequence variation of the B-G genes was compared in 

different stocks of turkeys. Because each of the three groups, (commercial, heritage and 

wild), have been selected for different characteristics, variation within these loci was 

expected.  This experiment found variation among loci within the three groups of turkeys.  
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Lastly, B-G gene expression was investigated with quantitative real-time PCR using liver 

tissue of aflatoxin challenged birds.  A low level of expression was observed for three of 

the four BG genes investigated, with BG5 expression invariant in all individuals across 

treatment groups.  BG4 expression levels fluctuated within and between groups and a 

higher level of expression was measured in the lactobacillus + aflatoxin group.  This 

work extended the turkey B-locus sequence past the homologous region in the chicken 

and marks the first examination of sequence variation and gene expression of multiple B-

G genes in any species.  Sequence variation and expression differences among loci 

support a hypothesis of distinct functions for these molecules.      
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Chapter 1 

Literature Review 

Major histocompatibility (MHC) gene composition and evolution 

The immune system contains many mechanisms to fight invasion by non-self pathogens 

while minimizing host cellular damage, including both innate and adaptive responses.  

These responses include the ability to differentiate between self and non-self, induction 

of inflammatory responses, antigen recognition and presentation and clearance of the 

pathogen.  The Major Histocompatibility Complex (MHC) is of central importance in the 

adaptive immune system.   

There are three major MHC regions that contain different types of molecules 

common to vertebrate species.  These have been reorganized several times throughout 

vertebrate evolution, but most retain a common set of genes and gene families.  Class I 

molecules are found on the surface of all nucleated cells and present antigens to CD8+ T 

cells, whereas class II molecules are expressed mainly on immune cells and present 

antigens to CD4+ T cells.  These two classes of molecules are responsible for the 

alloreactivity of T cells involved in allograft rejection and are associated with active 

immunity.  There are several genes (e.g. TAP1, TAP2, Tapasin, LMP2) involved in the 

pathways for intracellular (e.g. viral, parasitic), and extracellular (bacterial) peptide 

breakdown located within the MHC region.  Class III MHC molecules encode genes 

involved in innate immunity, such as complement receptors (Thorsby et al., 1997) and 

some have non-immune functions.   

Class I and Class II molecules are further subdivided into two categories, classical 

and non-classical molecules.  Classical molecules are highly polymorphic cell surface 
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glycoproteins directly related to antigen peptide presentation to T cells.  Non-classical 

molecules are structurally related to their corresponding classical molecule but 

responsible for functions other than peptide presentation, such as T cell activation and 

peptide loading onto the MHC molecule (Maenaka et al., 1999).  Notably, the non-

classical class I CD1 genes, which are unlinked to the MHC, are responsible for lipid 

antigen presentation.  Non-classical class II genes include members of the DMA, DMB 

and DO gene families, which facilitate peptide loading onto classical class II molecules.     

Other well conserved genes in the MHC include framework genes (Ex: TRIM, 

BTN and Blec families) and have varying functions, some of which have been correlated 

with immune function and disease susceptibility.  Notably, TRIM genes have been  

associated with tumor development and antiviral properties (van der Aa et al., 2012; 

Hatakeyama, 2011; Gack, 2011; Uchil et al., 2008) along with innate immune responses, 

including modulation of pattern recognition receptor (PRR) signaling pathways through 

ubiquitylation events (Kawai and Akira, 2011; Ozato et al., 2008).  Butyrophilin genes 

share structural homology to members of the B7 family, are members of the Ig 

superfamily and encode membrane proteins.  Increasingly well characterized are the 

immunosuppressive effects through inhibition of T cell activation and cytokine secretion, 

which appear to inhibit inflammation (Smith et al., 2010; Yamashiro et al 2010).  Recent 

studies show many micro RNAs distributed across certain mammalian MHC regions, 

which is presumably related to gene expression regulation (Gao et al., 2010).  Their effect 

on MHC genes is not yet described.  
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The MHC loci of some avian species have been found to contain an additional set 

of genes not found outside of the class Aves.  These genes, classified as B-G (class IV), 

are disulfide linked cell surface receptors originally described as erythroid markers.  The 

function of these molecules is not yet described, but they share some structural 

similarities with a complex of natural killer (NK) genes, the chicken leukocyte receptor 

complex family (CHIR), such as an N-terminal signal peptide, an IgV-like region, a 

transmembrane domain, cytoplasmic tails of variable length and the occasional presence 

of immunoreceptor tyrosine-based inhibition motifs (ITIMS) in the exon encoding the C 

terminus (Goto et al., 2009; Kaufman et al., 1989, 1990; Laun et al., 2006).  B-G 

molecules are extremely variable and immunogenic (Miller, 1984, 1991).  The genes in 

this family are not glycosylated but are linked with other MHC Class I and II loci 

(Simonsen et al., 1980; Salomonsen et al., 1987; Morgan et al., 1990).  Monoclonal 

antibodies have detected B-G homodimers and heterodimers in specific tissues and blood.  

Although these studies suggest an important immune function of B-G genes, very little is 

known about the actual function of members of this gene family. 

The region encoding the MHC is the most polymorphic, gene dense region of the 

genome.  High sequence variation (SNPs and insertions/deletions) between individuals, 

populations and species are well documented (Ho et al., 2009; Kumanovis et al., 2003; 

Trahene et al., 2006).  The classical class I and class II genes show particularly high 

degrees of polymorphism, although high levels of allelic variation have also been 

documented in other MHC genes (Ballingall et al., 2010; Rogers and Kaufman, 2008; 

Marusina et al., 1997; Sena et al., 2011; Sironi et al., 2008; Tanaka-Matsuda et al., 2009; 

Walker et al., 2011).  This appears to be necessary to combat the extreme diversity and 
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mutation rates of infectious agents.  The sequence composition of the MHC is such that 

stretches of highly polymorphic sequence are dispersed between sequence that is highly 

conserved in individuals between and among species.  Genes in the MHC are in strong 

linkage disequilibrium, which promotes co-evolution and increases the complexity of 

identifying single genes contributing to host immunity.  Identifying specific loci 

associated with disease phenotypes is further complicated by the presence of gene 

families, some of which have highly conserved sequence motifs within and across 

species.  Specific haplotypes in many species, including humans, are associated with 

differential resistance to over 100 detrimental conditions not limited to cancer, diabetes, 

narcolepsy, systemic lupus erythematosus, HIV and a variety of bacterial and viral 

infectious agents (Deshpande et al., 2008; Lombard et al., 2006; Niens et al., 2007; 

Sheehy, 1991; Svejgaard et al., 2001; Saaringen et al., 2002; Thorsby, 1997; Trowsdale, 

2011).   

Mechanisms such as convergent, concerted and birth-and-death evolution are 

proposed to act on the MHC leading to rapid evolution of this locus compared to other 

regions of the genome, with higher rates of non-synonymous (dN) vs synonymous (dS) 

mutations as well as documented gene duplications (Hughes and Nei, 1988, 1989; Nei et 

al., 1997).  A variety of different selective pressures have been proposed to maintain both 

individual and population level diversity at the MHC including balancing, positive, rare-

allele, and pathogen-mediated selection.  These forces, along with the rapid evolutionary 

change, cause the MHC to be an enigmatic and challenging region of study.   

Popular MHC molecules often chosen for evolutionary and population studies are 

the Class IIβ loci, which are members of the immunoglobulin superfamily.  Mature class 
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II molecules are heterodimers of the class IIα/IIβ gene products and are composed of two 

α and two β subunits of approximately equal length encoded by multiple loci within the 

MHC.  These molecules generally present exogenous peptides derived from extracellular 

pathogens to T cells.  The α1 and β1 subunits comprise the peptide binding groove, which 

are the most polymorphic regions of the class II molecule.  The variability in this region 

facilitates the binding of foreign peptides with different amino acid compositions.   

Evidence of population history affecting the extent of MHC class IIβ diversity in 

groups of animals has been reported (Spurgin and Richardson, 2010).  Genetic drift 

appears to drive and limit class IIβ gene selection on recently bottlenecked populations, 

with variation equivalent to or less than that measured using neutral markers (Miller and 

Lambert, 2004).  Diversity increases in comparison to neutral markers as population 

expansion occurs, regardless of founder effects.  Social species show a trend towards 

higher diversity in the MHC class IIβ region (Aguilar et al., 2004), whereas more solitary 

species show less diversity regardless of population expansions after bottlenecks (Miller 

et al., 2010).   

High variation at the MHC is correlated with elaborate male ornamentation in 

some species and optimal allele frequencies in others, both supporting disassortative mate 

choice (Ekblom et al., 2004; von Schantz et al., 1996).  Low intraspecific MHC diversity 

may increase a population’s susceptibility to epidemics (Siddel et al., 2007).  Studies 

characterizing these genes are confounded by various properties of MHC gene families, 

including high sequence homology between loci and variable numbers of loci (CNV) 

between individuals among populations (Moore et al., 2002; Nadachowska-Brzyska et 

al., 2011).  For example, 71 MHC class IIβ alleles were found among a group of 24 
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individual sparrows with 1-6 alleles observed per individual (Bonneaud et al., 2004) and 

299 MHC class IIβ alleles were found among groups of newts sampled throughout 

Europe with 2-6 alleles observed per individual (Nadachowka-Brzyska et al., 2011).  In 

contrast, a recent study using 454 pyrosequencing in conjunction with qPCR showed the 

loss of class II genes in the Atlantic cod, although approximately 100 class Ia molecules 

were estimated, an expanded number compared to other teleosts (Star et al., 2011).   

Resistance to disease (infections and epidemics) of domestic and wildlife 

populations has been correlated to both the number and sequence diversity of MHC loci 

(Alcaide et al., 2010; Jarvi et al., 2004; Spurgin and Richardson, 2010).  These studies 

focused on assessing genetic variability of classical class I and II molecules to aid with 

efficient animal management and conservation.  Class IIβ haplotype diversity in 

commercial lines, appears to be negatively correlated with selection, with lines subject to 

increased egg production and growth rate selection having less diversity than random 

bred control lines (Zhu et al., 1995).  Comparative studies have identified differences in 

MHC haplotype diversity among wild, heritage and commercial breeds of turkey (Chaves 

et al., 2010), likely due to the historical selective pressures on each of these genetic 

backgrounds (commercial, heritage and wild).  Disease resistance between wild and 

commercial turkey populations has been studied relating to Newcastle virus (Saif and 

Nestor, 2002), avian influenza, various bacterial diseases, including Pasteurella (Nestor 

and Saif, 1996) as well as phagocytic responses (Li et al., 2001).  The availability of 

diverse genetic material allows for detailed investigations of the role of MHC diversity in 

population dynamics and disease challenge studies.   
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Avian MHC gene organization 

The avian MHC comprises two genetically unlinked regions, the B-locus (MHC-B) and 

the Rfpy region (MHC-Y) (Briles et al., 1993; Miller et al., 1996; Reed et al., 2011; 

Schierman and Nordskog, 1961).  These regions are co-located on a microchromosome in 

both the chicken (GGA16) and the turkey (MGA18).  The B-locus of the domestic 

chicken (haplotype B12) was sequenced and was originally described as the ‘minimal 

MHC,” as a majority of genes identified in this region contained homologues or 

orthologues found in other mammalian MHCs.  Of particular interest is the conspicuous 

lack of an extensive class III region. The ‘minimal essential’ chicken MHC-B is about 20 

fold more compact than the analogous human region, contains 19 genes with small 

introns (about 200bp) and spans 92kb.  The region is divided into two subregions, the 

BF-BL, which contains 2 classical class I and class IIβ genes, and the B-G which contains 

1 B-G gene (Kaufman et al., 1999).  In 2004, Shiina et al. published a 180kb assembly of 

the Japanese quail MHC region followed by an extension of the chicken MHC sequence.  

Both species have similar gene organization, but the Japanese quail appears to have more 

class I (7 vs 2), class IIβ (10 vs 2) and B-G genes (8 vs 3) than the chicken.  Evidence in 

the quail suggests some of the B-G genes are pseudogenes, whereas others have 

functionality 243kb (Shiina et al., 2007).  More recent advancements in turkey MHC 

research include the mapping and sequencing of the core B-locus (Chaves et al., 2009a).  

To accomplish this, a BAC was sequenced (~10x) and assembled into a single contiguous 

sequence comprising 197kb.  This turkey haplotype contained three more genes in 

comparison to the homologous regions in the chicken, including two additional B-G 

genes and a third class IIβ locus.  Subsequent screening of the BAC library identified 
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clones overlapping the 5’ end of this B-locus sequence, with end sequences matching to 

BG-like sequences, consistent with Shiina’s findings in the chicken. The reason and 

impacts of these findings are not yet known, but as the genetic composition of the MHC 

region affects disease resistance/clearance, more comparative studies are needed (Shiina 

et al., 2007).   

The structure of B-G genes makes them difficult targets of study. The first 3 

exons have highly conserved intergenic and interspecies sequence identity and comprise 

the extracellular and transmembrane domains.  Limited pockets of SNPs are found 

scattered among these first three exons.  These domains are followed by a cytoplasmic 

tail comprised of 21 base pair tandem repeats, the sequences of which are not conserved 

between species or even genes.  Studies investigating B-G gene variation in various avian 

species, including the sandhill crane and ring-necked pheasant confirm the high degree of 

polymorphism in this gene family (Jarvi et al., 1996, 1999).  Most of these population 

studies used techniques such as serological typing, Southern blots and single stranded 

conformational polymorphism (SSCP).  Southern blots of DNAs collected from a 

population of WI wild turkeys hybridized with both class IIβ and B-G probes 

corresponding to B-locus sequences (prepared in 1993 by Marcia Miller’s lab) show more 

polymorphism in the B-G genes compared to the class IIβ.   

Limited expression studies have been reported in the turkey on MHC genes. A 

single MHC-B class IIβ gene (the major locus), shows predominant expression in the 

chicken and quail (Jacob et al., 2000; Hosomichi et al., 2006).  RT-PCR was used to 

amplify class IIβ genes expressed in the spleen to determine if selective expression of 

these genes also occurs in the turkey.  PCR experiments identified 6 class IIβ alleles from 
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genomic DNA, but only 4 expressed alleles corresponded to IIβ1 and IIβ3 (Chaves et al., 

2009a) and reduced expression was found in class IIβ2 alleles.  Considering this 

information, expression studies of genes comprising the turkey MHC-B are needed, 

which may correlate with variable functions.   

B-G gene expression studies are few, but evidence in the chicken points to 

specific gene expression in erythrocytes, intestinal epithelium and liver. The B-G 

molecules expressed in tissue appear to be larger and show more size heterogeneity than 

the B-G antigens expressed on erythrocytes (Miller et al., 1990).  Recently a study found 

a correlation between a variant of BG1 and malignant lymphoma resistance in chickens, 

showing the first known association between a gene in this family and a disease condition 

(Goto et al., 2009).  Clearly, generating an expression profile of this gene family in the 

turkey is imperative to identifying related functional differences between B-G genes. 

The possible expression of B-G molecules in the liver is of particular interest 

because turkeys are now known as the most susceptible animal to aflatoxin B1 (AFB1), 

likely due to a combination of efficient microsomal activation of AFB1 by cytochrome 

P450 enzymes to the toxic intermediate, exo-AFB1-8,9-epoxide (AFBO) and inefficient 

detoxification of the intermediate mediated by glutathione-S-transferase (GST) enzymes 

(Diaz et al., 2010; Klein et al., 2000; Rawal and Coulombe, 2011).  Wild poults show 

more resistance to aflatoxicity than their domestic counterparts and exhibit less weight 

loss and mortality than domestic poults in response to aflatoxin challenge (Quist et al., 

2000).  There have been few studies investigating host gene expression changes 

correlated with aflatoxin exposure and possible associations between MHC genes and 
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mycotoxin exposure are unknown, despite the known role of these genes in disease 

resistance. 

 

Significance of disease correlations to the avian MHC 

Most of the accumulated knowledge of the avian MHC stems from the chicken, which 

was the second vertebrate MHC to be recognized (Briles and McGibbon, 1948).  Of 

particular interest is the relation of MHC haplotypes in the chicken to Marek’s disease 

susceptibility (Briles et al., 1977; Hepkema et al., 1993; Dalgaard et al., 2005; Sarson et 

al., 2008) and vaccine efficacy (Bacon and Witter, 1993).  Investigating host genetics, 

particularly variation in the MHC, in connection with this and other important turkey 

diseases such as avian influenza or turkey coronavirus is instrumental in gaining 

understanding of differences in vaccine response and disease resistance.  Some studies 

suggest host response to vaccination is connected to MHC haplotypes (Saif and Nestor, 

2002).  This concept is of obvious interest to those wanting to control both current and 

future flock outbreaks. However, the tools needed to study this are simply not available 

yet, hence the need for further characterization of the composition and diversity of the 

avian MHC. 

Increasing the health and well-being of humans and animals, both commercial and 

domestic has many benefits. According to USDA statistics, the value of turkey 

production approaches 4.4 billion dollars per year, with the United States being the 

world’s largest producer, consumer and exporter of turkey products (USDA/NASS, 

2010). In 2010, 7.1 billion pounds of turkey was produced and the value of exported 

turkey meat products totaled more than $464 million (USDA/FAS, 2011).  The estimated 
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cost of disease to the turkey industry is difficult to estimate, because yearly mortality 

must be considered along with the costs of vaccinations, antibiotics, eradication programs 

and production losses such as feed efficiency and lower average daily weight gain.  The 

USDA estimates disease related costs to be about 17% of total production costs per year.  

An outbreak of avian metapneumovirus (aMPV) in 1997 infected Minnesota turkeys.  

This pathogen causes an estimate $15 million in losses per year to Minnesota turkey 

farms (Goyal et al., 2003).  Morbidity rates within infected flocks reached 50-100% with 

mortality of up to 30% (Jirjis et al., 2002).  The virus not only hit commercial flocks, but 

birds in wild populations were infected as well (Bennett et al., 2004), which complicated 

eradication efforts.  Costs associated with single disease outbreaks are significant.  For 

example, the World Organization for Animal Health estimates the efforts to eradicate a 

highly pathogenic avian influenza strain between 1984 and 1985 cost nearly $65 million 

(USDA/APHIS, 2001; WHO, 2004).  Eradication of exotic Newcastle disease in the early 

1970’s cost tax payers $56 million (USDA/APHIS, 2001) with more than $160 million 

spent on the subsequent 2002-03 outbreak (USDA/ARS, 2011). 

Commercial turkey production mainly focuses on improving weight gain and feed 

efficiency with little to no selection for improvement of the immune system. With the 

rapid genetic advancements made in the field of immunology, the pathologies of many 

diseases are being connected to their underlying genetic components, with many 

involving MHC genes. Application of this knowledge could be used to create healthier 

flocks, decreasing morbidity and mortality rates of the birds as well as lowering costs 

related to vaccinations, antibiotics, and eradication programs.  This helps create a 

healthier food product for consumers as well.  Research on the relation between turkey 
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host genetics and disease is relatively uncharted with few molecular tools developed for 

this purpose, which makes investigation of the MHC all the more critical.  The B-G genes 

prove particularly interesting, with little known about this family found exclusively in the 

avian MHC. 

 

Research Aims and Goals 

Given the described role of polymorphic MHC genes, such as the classical class I and II 

genes, to host immunity and the described polymorphic nature of the B-G gene family, 

further characterization of these genes is needed to elucidate their role in the avian 

immune response.  The first aim of this research was to sequence and annotate the B-G 

genes located upstream of the current turkey MHC B-locus.  The second aim was to test 

the hypothesis that B-G genes have differing degrees of variability within individuals of 

diverse genetic backgrounds.  Patterns of interspecific and intraspecific sequence 

variation will be compared to hypothesize a model for B-G gene evolution.  Finally, B-G 

gene expression was examined at the level of mRNA transcripts.  Specifically, a B-G 

tissue expression profile is generated and differential B-G gene expression examined in 

response to aflatoxin challenge in the context of Lactobacillus probiotic.  Since B-G 

genes are expressed in the liver, it is hypothesized that their expression levels vary in 

response to treatment groups. 
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Abstract 

Genetic variation in the major histocompatibility complex (MHC) is directly correlated to 

differences in disease resistance.  Immunity is greatly dependent on highly polymorphic 

genes in the MHC, such as class I, class II and class III complement genes.  Preliminary 

studies of wild turkey populations show extreme polymorphisms in a family of genes 

exclusive to the avian MHC, the class IV or B-G genes.  Significance of this variation is 

unclear as there are few and conflicting studies of the expression of these genes.  

Confounding understanding of B-G variation is the lack of a complete delineation of the 

number of loci in the turkey genome.  Direct 454 sequencing of a clone from the CHORI-

260 BAC library was used to extend the turkey MHC B-locus sequence, identifying two 

additional B-G genes in the species.  Phylogenetic analysis shows species-specific gene 

evolution supporting a birth-death model of evolution for the B-G gene family.  Analysis 

of variation within the signal peptide sequence (exon 1) found two clusters of 

polymorphism among the turkey B-G genes.  Resequencing of exon 1 in a diverse sample 

including wild, heritage and commercial turkeys confirmed multiple alleles at each B-G 

gene.  Future studies aim to correlate B-G variation with group and individual 

immunological differences. 
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INTRODUCTION 

The major histocompatibility complex (MHC) encodes genes responsible for host immune 

defense.  As antigen diversity increases, so must the diversity of host molecules that can 

bind to and aid in clearance of ever evolving pathogens.  MHC molecules have a variety 

of properties and mechanisms for this purpose.  Two striking characteristics of many 

MHC molecules are their extreme polygenic and polymorphic nature, particularly in 

respect to antigen presenting molecules and those molecules with which they directly 

interact. 

 The B-G gene family of the MHC continues to be an enigmatic area of study in the 

avian genome, despite their discovery in the chicken (Gallus gallus) over 30 years ago 

(Pink et al., 1977; Vilhelmová et al., 1977).  Early studies of the chicken originally 

described these molecules as erythrocyte antigens closely linked to the B-F (class I) and 

B-L (class II) regions of the chicken MHC (Koch et al., 1983; Longenecker et al., 1980).  

Each of these gene families encode highly polymorphic molecules, with class I and class 

II molecules responsible for antigen presentation to CD8+ and CD4+ T cells, respectively.  

Function of the B-G antigens has not yet been fully elucidated, although they loosely share 

characteristics with the chicken leukocyte receptor (CHIR) complex family (Laun et al., 

2006).  For example, the expressed mRNAs have an extracellular domain consisting of an 

N-terminal signal peptide, an IgV-like region, a transmembrane domain, individually 

variable cytoplasmic tails and immunoreceptor tyrosine-based inhibition motifs (ITIM) 

located in the exon encoding the C-terminus (Goto et al., 2009; Kaufman et al., 1989, 

1990).  ITIMs are conserved amino acid sequences [I/V]XYXX[L/I] located in the 

cytoplasmic tails of some proteins that bind to phosphatases and control the intensity of 
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signal received by the cell.  The extreme immunogenicity of B-G antigens is well 

established.  Exposure to B-G antigens induces an antibody response before immunization 

in non-avian species, such as mice and rabbits, although the genes have only been 

identified in birds (Goto et al., 1988; Miller et al., 1982; Salomonsen et al., 1987).  

Early studies in the chicken hypothesized interaction of B-G and class I antigens 

expressed on erythrocytes (Hala et al., 1981) and with B cells (Salomonsen et al., 1991).  

Studies using mAbs found conflicting results regarding tissue localization of B-G proteins 

in immune tissues such as the bursa and thymus (Miller et al., 1990; Salomonsen et al., 

1991), but convincing evidence for antigen expression in a variety of tissues, including the 

caecum, small intestine and liver.  A protein showing high sequence similarity to BG2 was 

found to localize in chicken to the intestinal epithelial cell microvillus, where it reportedly 

interacts with brush-border myosin-1 protein and actin (Bikle et al., 1996).  

Previous studies have focused on elucidating the polymorphic nature of the B-G genes.  

Of particular interest are studies of recombinant chicken lines showing differences in 

immunological resistance to infection, including Marek’s disease, associated with certain 

B-G haplotypes (discussed in Goto et al., 2009).  Recently, a recombinant BG1 haplotype 

was shown to increase resistance of chickens to Rous sarcoma virus (Goto et al., 2009).  A 

main challenge is delineating allelic differences caused by phenomena such as exon 

shuffling and alternate splicing versus actual nucleotide polymorphisms (Hosomichi ei al., 

2008).  In addition, studies that rely on typing with B-G alloantisera may ignore potential 

contributing polymorphisms in the adjacent BF-BL region. 

 It is currently not known how many B-G genes are present in the avian MHC, but 

clearly, the number of genes varies between species.  Most studies have used techniques 



 17 

such as hemagglutination, restriction fragment length polymorphism (RFLP), Southern 

hybridization and immunoprecipitation for haplotype characterization (Kaufman et al., 

1990; Miller et al., 1988; Nishibori et al., 2000 ; Ruby et al., 2005).  The best studied 

species is the chicken, where one B-G gene was originally identified in the MHC B-locus 

(Kaufman et al., 1999), and two additional B-G genes were more recently discovered in 

the extended B-locus sequence upstream of a cluster of TRIM genes (Shiina et al., 2007).  

In the quail, three B-G genes and five B-G-like pseudogenes have been described (Shiina 

et al., 2004).  B-G genes have also been identified in the ring-necked pheasant (Jarvi et al., 

1996, 1999), and three B-G genes are found in the MHC B-locus of the turkey (Chaves et 

al., 2009a).  

 This study was designed to further characterize the B-G genes in the MHC B-locus 

of the turkey (Meleagris gallopavo).  Specifically, we describe new B-G genes in the 

extended B-locus and compare these to the previously identified B-G genes.  Examination 

of interspecies phylogenetic relationships and intraspecies variation in the B-G genes 

provides new insights into the pattern of evolution and importance of these unique 

members of the avian MHC.  

 

MATERIALS and METHODS 

MHC BAC identification and sequencing 

Two bacterial artificial chromosome (BAC) clones (56J17 and 38O12) from the CHORI-

260 turkey BAC library were identified as containing B-G sequences by overgo 

hybridization.  The library was generated from DNA of a female bird (Nici) from a 

partially inbred Nicholas subline and is currently believed to be homozygous at the MHC 
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(Chaves et al., 2009b).  End sequencing of 56J17 and 38O12 determined that the inserts of 

these clones partially overlapped and extended the 5’ end of the MHC B-locus sequence 

(GenBank DQ993255), with both BACs terminating in BG-related sequences (ET222701 

and ET222704).  The 3’ end sequence of 56J17 (ET222703) was located closer to the 5’ 

end of the current turkey B-locus sequence than 38O12 (ET222701).  As such, this BAC 

was hypothesized to extend further upstream of the known B-locus sequence and was 

chosen for further sequencing.  The 5’ end sequence of 38O12 was later verified to be 

enclosed within 56J17.   

 For sequencing, a starter culture consisting of 5 ml of LB media supplemented 

with 100ug/ml of ampicillin was inoculated from a glycerol stock and grown in a shaker 

for 8 hours at 37°C.  From this culture, 1 ml was transferred into 500 ml of LB with 

100ug/ml of ampicillin added and grown for 16 hours at 37°C with gentle shaking.  BAC 

DNA was purified using the Large Construct kit (Qiagen) following the standard protocol 

and with the removal of contaminating genomic DNA.  Purified BAC DNA was 

sequenced using the Roche 454 FLX platform at the Advanced Genetic Analysis Center, 

University of Minnesota.  Approximately 12x coverage of the BAC was obtained with 

16,940 total reads.  About 5.5% (940 total) of these aligned to vector or E. coli sequence 

and were discarded. 

 Sequence reads were assembled into contigs using gsAssembler (Roche) and 

Sequencher software (Gene Codes, Inc.).  To aid in assembly of repetitive regions, BAC 

DNA was restriction digested with EcoRI or BamHI to obtain fragments 2-3 kb in length.  

These were ligated into compatibly digested pBluescript II KS+ and transformed into E. 

coli DH5α competent cells.  A total of 20 clones were screened for insert size and 
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selectively end sequenced using vector-specific primers.  Primer walking and PCR 

sequencing were used to verify assembly and fill unresolved gaps.  PCR reactions with 

HotStar Taq polymerase (Qiagen) used the following parameters: 95°C for 15 minutes, 35 

cycles of 95°C for 30 sec, 58°C for 30 sec, and an extension time of 1min /kb at 72°C with 

a final extension of 72°C for 10 minutes.  PCR amplicons were ligated into either pGEM 

or pDrive vector, transformed into electrocompetent E. coli DH5α cells and sequenced 

using vector and/or gene specific primers.  

 

Sequence annotation 

The in silico analysis tool, BLAST, was used to identify genes within the assembled BAC 

sequence.  Open reading frames were predicted by aligning the assembled BAC sequence 

with the annotated chicken MHC gene sequences (AB268588) and where available turkey 

mRNA sequences.  The program PIPmaker (Schwartz et al., 2000) was used to determine 

CG content and identify CpG islands. 

 To verify predicted exons, select transcripts were amplified from liver cDNA 

prepared from a commercial turkey of a Hybrid converter line.  For PCR, RNA was 

isolated using Trizol reagent (Invitrogen) and reverse transcribed using the AffinyScript 

Multiple Temperature cDNA Synthesis Kit (Stratagene).  Oligo-dT primers were 

combined with 500 ng of RNA template. First-strand cDNA synthesis was performed with 

the following cycling parameters: 42ºC for 60 min and 72ºC for 15 min. Amplicons were 

purified using ExoSapit (USB) and directly sequenced using the original amplification 

primers.  Synonymous and non-synonymous mutations between chicken and turkey 

transcripts were manually documented and percent nucleotide and amino acid similarities 
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were calculated.  Sequence variation in exons 1, 2 and 3 of turkey B-G genes was 

analyzed by performing pairwise comparisons.  Identification of the signal peptide 

sequence was verified for all B-G genes identified in the turkey BAC using SignalP 4.0 

(Petersen et al., 2011).   

 

Interspecies sequence comparisons and phylogenetic analysis 

The NCBI databases were queried with BG exon 1 sequences using BLAST to identify B-

G genes in other avian species.  Recovered sequences were aligned and compared with 

turkey B-G genes sequenced from Nici using Clustalx (Larkin et al., 2007) and Mega 

(Tamura et al., 2007).  Neighbor Joining trees were visualized using TreeViewx for 1000 

bootstrap replicates (Page, 2002).  

 

Intraspecies genetic variation 

A subset of five commercial, six heritage breed and four wild turkeys were selected for 

comparative sequencing of B-G genes.  Samples were obtained from the following 

sources; commercial birds were all Nicholas bred animals obtained directly from Nicholas 

Turkey Breeding Farms, Inc (Lewisburg, WV).  Two of these birds are F1s from the 

UMN/NTBF mapping families (Reed et al., 2003) and the remaining three are each from 

different breeder lines (Chaves et al., 2009b).  Samples from heritage breed birds were 

obtained from Dr. Ed Smith (Virginia Tech University) and consisted of 2 Royal Palm, 1 

Spanish Black, 1 Narragansett and 2 Bourbon Red.  Genomic DNA was extracted from 

blood samples using Trizol (Invitrogen). The DNA from the wild birds was provided by 
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Dr. Marcia Miller (City of Hope Research Hospital, Duarte, CA).  These animals 

originated from a wild population in Grant County, Wisconsin sampled in 1993.   

Primers were designed based on sequences from Nici and used to amplify exon 1 of the 

five sequenced turkey B-G genes.  Exon 1 of BG1, 2 and 3 were amplified using a 

universal forward primer (BGuniv, 5’-TGAAACCCAAGTGTGTGTGG-3’) in 

conjunction with locus-specific reverse primers (BG1R, 5’-CTTCCGCATCTCCTTCTC 

AG-3’, BG2R, 5’-TCTTCTCAGTCTCATTCCTCTCC-3’ and BG3R, 5’-CATCTTCTAC 

GTTTCCCTCCTC-3’). The newly identified BG4 and BG5 genes were amplified using 

locus specific forward (BG4F, 5’-CCATCCCCAATCTCTTTTCC-3’, BG5F, 5’-TCCAA 

GTCCTCTTCCCCATC-3’) and reverse (BG4R, 5’-TGAAACCCAAGTGTGTCTGG-3’ 

and BG5R, 5’-CAAGTGTGTGTGGGTGCTG-3’) primers.  Sequences were aligned and 

variants were identified for each gene.  Phylogenetic analysis was conducted using Mega 

(Tamura et al., 2007) and Neighbor Joining trees were generated for 1000 bootstrap 

replicates. 

 

RESULTS 

Assembly of BAC 56J17 

Sequencing using the Roche GS FLX provided ~8000 reads from BAC 56J17 representing 

approximately 12x coverage.  After removal of contaminating genomic sequence, average 

read length was 251 bp.  Removal of vector (PTARBAC2.1) sequence resulted in a 

completed insert of 119 kb.  Of the 119 kb insert, 79,437 bp directly overlapped the 5’end 

of the MHC B-locus (DQ993255) previously described by Chaves et al. (2009a), with the 

3’ end of the insert terminating in the middle of the TRIM41 gene.  Sequence of the 
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overlapping portion of 56J17 was identical to the original sequence.  The remaining 39959 

bp of 56J17 extends the 5’ boundary of the turkey MHC B-locus and is hereafter referred 

to as the extended sequence.  The assembled sequence is accessioned in Genbank as 

HQ008883. Analysis of the extended sequence found nucleotide content to average 52% 

CG.  Two CpG islands were predicted; the first spans positions 17714 to 18489 and the 

second occurs from position 30885 to 31256.   

 

Gene annotation 

Using predicted chicken mRNA sequences and turkey ESTs, the position, exon coding 

regions and amino acid sequences of each gene in the extended turkey MHC B-locus were 

identified.  Organization of this region was similar to the orthologous region in the 

chicken MHC (Shiina et al., 2007).  Included in the 40 kb extended sequence, are five 

complete genes: two BG, KIFC, Blec3, Bzfp3 (Figure 2.1) and the terminal exon of 

TRIM7.2.  For each gene identified, the position, predicted coding sequence and resulting 

number of amino acids are given in Table 2.1.  Predicted coding sequences of the newly 

identified genes were compared to syntenic chicken orthologs to determine percent 

identity and to identify synonymous and non-synonymous mutations.  

 

KIFC 

KIFC (Carboxy-terminal kinesin 1) is a member of the C-terminal motor domain-type 

kinesin superfamily. The closest human homologue is KIFC1, a class III MHC gene, 

which is associated with the nuclear membrane and is known to affect mitotic spindle 

formation and microtubule function (Yang and Sperry, 2003).  In the turkey, KIFC is 8227 
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bp in length with a coding region of 1944 bp and comprises 14 exons (Table 2.1).  A CpG 

island is located 272 bp before the start codon and extends through exon 3.  The turkey 

sequence shares 92% nucleotide identity and 92% amino acid identity with the chicken 

orthologue.  In comparison to the chicken, there are 2 codon deletions in the turkey at 

position 70 and 3 codon insertions at position 229.  In total there are 163 nucleotide 

substitutions between the species, with 45% of the substitutions being non-synonymous.  

The dN/dS ratio of this gene (0.45) is indicative of purifying selection, which selectively 

eliminates deleterious mutations (Axelsson et al., 2005). 

 

Blec3 

 Blec3 (a c-type lectin receptor) is part of a multigene family that codes for C-type lectin 

proteins and are not found in the MHC region of mammals.  Genes in this family encode 

signaling molecules closely related to activation-induced lymphocyte receptors, 

particularly CD69.  In the turkey, Blec3 is 3171 bp in length with a coding region of 516 

bp comprising of 5 exons (Table 2.1). The turkey Blec3 shares 89.7% nucleotide identity 

and 82.6% amino acid identity with that of the chicken.  The turkey mRNA sequence is 9 

bp shorter, with a deletion of 3 codons spanning position 494 to 504.  Additionally, there 

are 56 nucleotide substitutions, 54% of which are non-synonymous. The dN/dS ratio for 

Blec3 is >1 (1.15) suggesting diversifying selection at this locus. 

 

Bzfp3 

 Bzfp3 (a zinc finger protein) is a member of a multigene family that encodes for zinc 

finger proteins.  These genes are particularly well known for their ability to bind to DNA 
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and affect processes related to transcription.  In the turkey, Bzfp3 is 6166 bp long with a 

coding region of 1557 bp comprising 11 exons (Table 2.1).  There is a CpG island 941 bp 

before the start codon.  The turkey gene shares 93% nucleotide and amino acid identity 

with its chicken orthologue.  Between the species, there are a total of 40 amino acid 

substitutions with the transcript in the turkey being 12 bp shorter as the result of a deletion 

at position 212, an 8 base pair gap between positions 219 and 226 and a codon deletion 

from positions 688-690.  Based on dN/dS ratio (0.53), Bzfp3 appears to also be under 

purifying selection. 

 

B-G genes  

The extended MHC sequence of the turkey contains two additional B-G genes, designated 

BG4 and BG5.  BG4 is 6876 bp in length, comprising 37 exons and BG5 is 5580 bp, 

comprising 30 exons (Table 2.1).  These B-G genes show similar exon patterns as those of 

the chicken and the three previously described B-G genes of the turkey.  Included in the 

predicted transcripts are a 5’UTR that is not highly conserved between B-G genes, three 

conserved exons (1-3) comprising the extracellular and transmembrane domains, variable 

length cytoplasmic tails comprised of 21 bp tandem repeats and a moderately conserved 

3’UTR (Figure 2.2).  The cytoplasmic tails of BG4 and BG5 include 34 and 27 exons, 

respectively, resulting in a slightly longer coding region [1251 bp (BG4) and 1131 bp 

(BG5), compared to 948 bp (BG1), 1080 bp (BG2) and 879 bp (BG3)].  There is no 

evidence of immunoreceptor tyrosine-based inhibition motifs (ITIMs) in the tails of the 

alleles represented in the turkey BAC.  Each of the turkey B-G transcripts was amplified 

by PCR from liver cDNA confirming that BG4 and BG5 are functional genes.  Sequencing 
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of PCR products confirmed the predicted exon sequences.  Substitution rates are not 

reported between the turkey B-Gs and the syntentic chicken B-Gs, since orthology cannot 

be determined with certainty by sequence similarity comparisons.   

 

Turkey B-G gene comparisons 

Exons 1, 2 and 3 are more conserved between and within species than the highly variable 

cytoplasmic tail (Figure 2.2).  Length of the tail is not only variable between genes, but 

previous studies in the chicken indicate variability of loci among individuals (Kaufman et 

al., 1990).  Comparisons among turkey B-G loci found variation in length and number of 

exons; BG1 and BG3 are more similar to each other than to the other B-G genes (Figure 

2.2).  Nucleotide and amino acid differences for exons 1-3 of all sequenced turkey B-G 

genes (BG1-5) were compared to quantify variability within the species.  Pairwise 

comparisons of exons 1, 2 and 3 show an average of 8.5%, 6.25% and 8.72% nucleotide 

difference, respectively.  This establishes the signal peptide as the most variable part of 

the extracellular domain.   

 As the most variable part of the extracellular domain, the B-G signal peptide 

region is of particular interest.  Previous reports in the chicken identify the 100 base pair 

exon 1 as encoding the signal peptide (Miller et al., 1991).  This was confirmed for the 

turkey B-G genes using SignalP (Petersen et al., 2011).  In a recent study, Goto et al. 

(2009) provided evidence of BG1 acting as a surface receptor in the chicken.  Sequence 

Variation in the sequence of exon 1 between the B-G loci identified in B-locus occurred 

primarily in 2 regions, one located between nucleotides 4 and 14 and the other between 36 

and 45.  In contrast, nucleotide differences in exons 2 and 3 were dispersed across the 
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exons (Figure 2.3).  Exon 1 of BG1 is most similar to that of BG4, having only 2 

nucleotide differences and identical predicted amino acid sequences.  There are 5 

nucleotide differences between BG1 and BG3, resulting in 3 amino acid differences.  Exon 

1 is least conserved between BG4 and BG1-3 with nucleotide differences averaging just 

over 13%.  Exon 3 is most conserved between BG1 and BG3 with a nucleotide difference 

of 0.9%.   

 Alignment of amino acid sequences of exon 2 with the V motif (Hunkapiller and 

Hood, 1989; Miller et al., 1991) (Figure 2.3) demonstrates both the IgV-like sequence of 

this exon and the variability of this hypothesized ligand binding region.  BG2 and BG5 are 

most similar and share 86% amino acid sequence with the IgV motif.  The remaining 

genes, BG1, 3 and 5 are 84.2%, 83.3% and 85% similar to this motif.  Some of these 

nucleotide differences would result in amino acid compositions with different functional 

or physical properties, possibly changing the conformation of the molecule.  This clearly 

establishes exon 2 as the coding sequence of a variable IgV-like domain for all known 

turkey B-G molecules. 

 

BG interspecies analysis 

Nucleotide and amino acid sequences of exons 1- 3 of turkey genes (BG1-5) were 

compared with the corresponding exons of the syntenic chicken B-G genes (referred to as 

cBG1-3, Table 2.2).  Whether these genes are truly orthologous is not known.  Exons 

comprising the cytoplasmic tails were also excluded, as sequence variation precluded 

reliable comparative alignments.  
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Sequence comparisons demonstrate the reticulate nature of the B-G genes.  The first 3 

exons of turkey BG4 share an average 86.5% nucleotide and 78.7% amino acid similarity 

with chicken cBG2 (Table 2.2).  Comparable values are seen for cBG3 (exons 2-3) with 

average similarities of 90.8% and 84.6%.  This comparison is somewhat biased because 

exon 1 of cBG3 is not known.  Similarity values for BG5 versus cBG2 (first 3 exons) are 

86.8% nucleotide and 78.2% amino acid, respectively.  Average similarities for BG5 with 

cBG3 (exons 2 and 3) are slightly higher at 90.6% and 84.0%.  Although turkey BG4 and 

BG5 are syntenic in position to cBG2 and cBG3, similarity values for these comparisons 

are not substantially different than comparisons contrasting turkey BG1, 2, or 3 with the 

chicken BG genes (Table 2.2).  Examination of intron sequences did not further resolve 

homologies (Figure 2.7). Sequences of introns 1 and 3 are more conserved than intron 2 

where several length variants occur among the compared genes. 

 Interspecies evolutionary relationships of genes can provide insights into gene 

function.  The first three exons of the B-G genes are the most phylogenetically informative 

because of their highly conserved nature and confidence in sequence alignments.  Exons 1 

and 2 are potentially the most interesting because of their hypothetical functions in 

signaling and ligand binding.  Comparisons between published exon sequences from other 

galliformes(1) (2) revealed B-G phylogenetic relationships between species.  Full gene 

sequences were not available for some species; for example, the sequence of cBG3 begins 

in the middle of exon 2 (Shiina et al., 2007).  Similarly, the sequenced B-G gene in the 

ring-necked pheasant extends only through exon 2.  The quail MHC is unique with several 

                                                 
1 GenBank AB078884, U32559.1,   
 
2 GenBank AB078884, U32559.1,   
 



 28 

identified B-G pseudogenes, qBG1, 2, 3, 5 and 8.  Predictably, some of these are missing 

exons.  

 Gene phylogenies were initially constructed separately for each of the first three 

exons.  Sequences of exons 1 and 2 showed distinct clustering of B-G genes by species.  

Exon 1 (signal peptide) of turkey BG2 was most closely related to that of cBG1.  

Clustering based only on exon 3 sequences (transmembrane domain) identified two major 

clusters.  One cluster contained the turkey BG1, 2, 3 and 5 genes along with quail BG4 

and pseudogenes, qBG2 and qBG3.  The other cluster contains BG4, cBG2, cBG3, qBG1, 

qBG6, and qBG7.  Exon 3 may be least related to the hypothesized receptor function of 

the protein, making mutations between species likely to be more random in type and 

position.  A phylogenetic tree depicting the evolutionary relationship among B-G genes 

based on the combined sequences of the first 3 exons is depicted in Figure 2.4.  This tree 

supports the hypothesis that the B-G gene family has diverged through 

expansion/contraction after speciation and is consistent with the B-G molecules having a 

role as a ligand receptor of species-specific pathogens. 

 

Intraspecies sequence variation  

A diverse set of 5 commercial, 6 heritage and 4 wild turkeys was chosen for exon 1 

resequencing to further characterize variation of the signal peptide sequences between B-

G alleles and loci.  Sequences for each individual at each of the 5 amplicons were grouped 

by locus and the minimum number of alleles per locus was determined as the number of 

unambiguous sequences (1 SNP or fewer) in the group.  Among the exon 1 sequences, 22 

variable sites were identified.  A majority of the variable nucleotides were found in two 
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clusters (positions 4 to 15 and 32 to 45), consistent with the sequence variation observed 

between loci in the assembled B-locus BACs (Figure 2.5). 

 A minimum of 19 distinct exon 1 alleles was identified among the 15 birds (Figure 

2.5).  Although many nucleotide variants were shared across B-G genes, locus-specific 

SNPs were identified for each gene.  For all loci except BG-4, an allele sequence identical 

to the corresponding locus in the assembled BAC sequences was recovered in the sample 

set.  The number of alleles per locus ranged from 6 at BG-1 to 2 at BG-2.  Individual birds 

showed the least variation at BG-2 where the sequences were invariant for all but one wild 

turkey.  The sequence from this bird (allele H) was originally thought to represent a PCR 

artifact because of the TTTCCAA motif (positions 39-45) that is nearly universal in BG-1 

and BG-3 loci (Figure 2.5).  However, examination of flanking sequence confirmed it as a 

BG-2 related sequence.  Phylogenetic analysis was used to examine relationships among 

the 19 alleles (Figure 2.6).  Alleles grouped into two major clusters with strong bootstrap 

support.  The first cluster contains three subclusters comprised of sequences derived from 

the BG1, BG3, and BG4 primer sets.  The second cluster is comprised of two groups 

containing sequences obtained with the BG2 and BG5 primer sets. 

 

DISCUSSION 

Five new genes, Bzfp3, Blec3, KIFC and two B-G genes, were sequenced in the turkey 

extended B-locus.  These genes are members of MHC multigene families which are a 

common feature of the MHC and often encode for quickly evolving proteins of critical 

immune related function.  Immune function and variability of these genes is not well 

characterized, but studies indicate gene-dependant tissue expression.  KIFC proteins are 
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most extensively studied in mice and are responsible for organelle transport (Noda et al., 

2001; Saito et al., 1997), Blec3 is most closely related to the human C-type lectin 

transmembrane receptor gene CD69 (Natarajan et al., 2000), and Bzfp3, a nucleic acid 

binding protein, is closely related to mammalian Zinc finger protein 91 (Unoki et al., 

2003). 

 Gene content and order of the extended turkey MHC appear identical to the 

syntenic region in the chicken; however, both the turkey and chicken differ considerably 

from the syntenic region in the quail.  The higher stability of MHC organization and gene 

content of the turkey and chicken when compared to the quail may relate to the diversity 

of pathogen exposure of each species.  The quail, as a migratory bird, is hypothesized to 

be exposed to a more diverse set of pathogens than either the turkey or chicken (Shiina et 

al., 2007), stimulating genetic variability in regions related to immunity, such as the MHC.  

Studies in the quail show increased resistance of this species to Marek’s disease compared 

to the chicken.  This phenomenon is hypothesized to relate to variances in the number of 

gene loci and/or alleles between the species (Mikami et al., 1975).   

 B-G proteins were originally isolated from chicken erythrocytes (Longenecker and 

Mosman, 1980), but were later found in a variety of tissues, namely the liver and intestinal 

epithelium.  Proteins isolated from these two tissues exhibit considerable size 

heterogeneity.  Variable cytoplasmic tail lengths and alternate splice sites have been 

shown to contribute to variable size B-G proteins (Figure 2.2; Kaufman et al., 1989).  

Although length variation may be the result of alternate splicing, it is likely that multiple 

B-G proteins are expressed in both the liver and intestinal epithelium, and that size 

heterogeneity is the result of length differences between loci. Differences in exon number 
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between the turkey B-G loci would clearly lead to size differences in the translated 

proteins. The B-G molecules specific to erythrocytes may have a more limited expression 

profile, with the least size variation found in this cell type (Miller et al., 1990).  The extent 

of variation between B-G proteins in the turkey caused by these phenomena is currently 

being examined.   

 Pairwise comparisons between the first three B-G exons show most variation in 

exons 1 (the signal peptide) and 3 (the transmembrane domain).  The IgV region is highly 

similar between genes, perhaps due to selection pressure favoring conservation of 

function.  Signal peptides are best known for their role in protein translocation.  However, 

they have also been shown to affect co- and post-translational events, along with the 

behavior of downstream transmembrane domains.  The N-terminal region of signal 

peptides is responsible for the translocation of the translated protein to the endoplasmic 

reticulum.  The hydrophobic region is critical for subsequent cleavage of the signal 

peptide, which is considered crucial for post-translational function.  The time point and 

location of signal peptide cleavage after protein translation can result in cytoplasmic build 

up or a change in the level of protein expression.  This can change the function of the 

molecule, leading to detrimental effects on the host cell (Hegde and Bernstein, 2006).  The 

location of SNPs in the signal peptide between and within turkey B-G loci is intriguing in 

that one cluster of variants is located in the N-terminal region and the other is adjacent to 

the hydrophobic core.  These may alter the molecule’s function.  Thus far, there has been 

no evidence of post-transcriptional or post-translational modifications of B-G proteins. 
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Interspecies comparisons 

Phylogenetic trees examining the interspecies relationship of B-G genes show clustering 

by species rather than by gene.  This is typical of gene families that independently expand 

or contract after speciation.  A similar pattern is observed for other Ig-like receptors in 

humans and mice (Martin et al., 2002).  Molecular data suggest MHC genes follow a 

birth-death evolution model more closely than other models such as concerted evolution, 

which is primarily characterized by the processes of gene conversion and unequal 

crossover (Wan et al., 2011).  Gene conversion results in interspecies sequence 

homogenization and does not change the number of genes in the same family between 

species. The process of unequal crossover results in homogenization of genes and may 

result in an increase or decrease in the number of genes in a family between species as a 

result of random mutation after species divergence. However, a certain range is 

maintained so as to not alter the functionality.  

 The birth-death model is characterized by duplication and subsequent loss of genes 

and has been described in the class Ia, class Ib and class II gene families between 

mammalian orders (Debenham et al., 2005; Nei et al., 1997; Nei and Rooney, 2005).  The 

B-G gene family has multiple characteristics that support this pattern such as the variation 

in gene number within subregions of the B-locus between closely related taxa.  For 

example, the chicken has one B-G gene in the core B-locus sequence (cBG1) whereas the 

turkey has three (BG1-3) in the syntenic position.  Whether this is a result of an expansion 

in the turkey or a contraction in the chicken is unknown.  The quail is different from both 

species with one B-G pseudogene in this region, which suggests a regional expansion in 

the turkey.  At least three structurally sound B-G genes are encoded in the sequenced quail 
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haplotype (Shiina et al., 2007), and several B-G pseudogenes are also present.  The total 

number of B-G genes in the turkey has yet to be determined but the results of the present 

study confirm a minimum of six.  Examination of unassigned contigs form the draft whole 

genome sequence (Dalloul et al., 2010) and preliminary experimental results suggest at 

least one more functional gene and one pseudogene (Bauer unpublished).  Presence of 

pseudogenes is one of the characteristic features of the birth-death evolution model.  

Although these are seen in the extended B-locus sequence of the quail, further 

examination of the turkey and chicken are needed to determine if additional B-G genes or 

pseudogenes are present upstream of the B-G cluster.   

 

Intraspecies variation 

In the turkey, B-G genes exhibit high conservation of the first three exons, suggestive of 

duplication and subsequent recombination events that are consistent with the birth-death 

evolution hypothesis.  Partial locus gene conversion and unequal crossover may contribute 

to B-G gene variation in parallel with this process.  Gene conversion and unequal 

crossover result in genes with highly similar exon sequence due to meiotic recombination.  

Unequal crossover occurs between loci located in gene clusters that are not homologous in 

position.  In order for exon pairing to occur during this recombination event, gene copies 

must have highly related exons and introns, which is true for the first three exons and two 

introns of the five turkey B-G genes (Figure 2.7).  The degeneracy and varying numbers of 

exons in the cytoplasmic tails of B-G genes seems inconsistent with gene conversion and 

unequal crossover theories.  However, this feature of the B-G loci may be the result of 

exon shuffling and selection towards structural rather than sequence conservation.   
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The extracellular regions of B-G molecules are more likely to be under immunological 

selection than exon 3, the transmembrane domain, due to their potential location on the 

cell surface and structural features (ie IgV motif and possibly the signal peptide).  The 

signal peptide sequence is generally cleaved off of the translated protein in the 

endoplasmic reticulum.  However, several post cleavage functions of this type of sequence 

have been identified.  In humans, HLA-E presents a 9 amino acid signal peptide sequence 

on the cell surface (Braud et al., 1997).  The presented sequence is a conserved signal 

sequence on several MHC-class I proteins (Borrego et al., 1998; Braud et al., 1998).  

Sequence comparisons and reconstructed phylogenies suggest similar evolutionary 

constraints.  Loci under the influence of gene conversion should show admixture, which is 

observed between BG1 and BG3 alleles.  The remaining B-G loci separate into 

monophyletic clades, typical of genes undergoing birth-death evolution. 

 MHC haplotypes have been associated with variation in disease resistance in many 

species.  Genotyping experiments by restriction fragment length polymorphism (RFLP) of 

various turkey show line-dependent banding patterns (Emara et al., 1993; Sacco et al., 

2001; Zhu et al., 1995), and MHC variation between wild and commercial turkey 

haplotypes has been established by SNP haplotyping (Chaves et al., 2010).  Southern blots 

and RFLP experiments measuring B-G variation demonstrate striking polymorphisms 

within and between groups of chickens (Kaufman et al., 1990; Miller et al., 1988; 

Nishibori et al., 2000; Uni et al., 1995; Yonash et al., 2000).  Wild and commercial birds 

show differences in antibody response, vaccine efficacy and disease resistance related to 

polymorphisms in the MHC (Bacon and Witter, 1993; Bonneaud et al., 2005, 2006; Gehad 

et al., 1999; Loiseau et al., 2008, 2009; Westerdahl et al., 2005).  Genes encoded by the 
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MHC are known to have high linkage disequilibrium and in commercial turkeys are 

inherited as haplotypes (Chaves et al., 2010).  MHC haplotypes have been correlated with 

immunological resistance and the level of antibody response in numerous species, with 

certain haplotypes correlated with increased susceptibility to pathogenic infections.  

Commercial turkeys are bred primarily for production traits such as growth rate and body 

weight and generally demonstrate reduced variability at MHC loci (Chaves et al., 2010; 

Nestor et al., 1996; Zhu et al., 1996).  Wild birds experience no artificial selection 

pressure and show higher MHC sequence variability compared with commercial birds 

(Chaves et al., 2011).  Wild turkeys in the United States have historically passed through a 

significant genetic bottleneck resulting from severe population elimination with 

subsequent restocking (Mock et al., 2002; Reed, 2009).  Studies of MHC variability in 

heritage birds are limited, but these turkey breeds are primarily selected for color traits and 

show varying degrees of relatedness to commercial turkeys (Kamara et al., 2007).  

 Phylogenetic trees examining relationships of B-G exon 1 alleles show segregation 

of clusters by locus. The divergence of alleles provides evidence supporting differential 

selection pressures acting on each group.  The significance of this divergence is unknown 

but may relate to differences in disease resistance as sequences differences are predicted 

result in amino acid differences.  The exon 1 sequences of BG2 seemingly contradict this 

observation as this exon was nearly invariant among the individuals examined.  This is 

typical of loci with specialized functions undergoing purifying selection.  B-G alleles of 

the other four genes show varying degrees of polymorphism with few locus-specific 

polymorphic sites.  
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CONCLUSION 

The B-G gene family remains a complex and enigmatic area of study.  Intraspecies and 

interspecies comparisons of the turkey B-G genes support a birth-death model of evolution 

acting in tandem with recombination processes such as gene conversion, unequal 

crossover and exon shuffling.  The similarity in the position of these genes among avian 

species supports an initial duplication of these loci in a common ancestor.  The 

polymorphic nature of these genes, particularly evident in the signal peptide and 

cytoplasmic tail, may have effects on the protein structure and function of these genes.  

Polymorphisms in the signal peptide may affect the efficiency of translocation or signaling 

properties of the molecule via interaction with downstream exons.  Locus-specific 

segregation suggests divergence in function of these molecules.  Expression of these genes 

in various tissues is under investigation. 

 The effect of B-G gene variation on vaccine response and disease resistance in the 

turkey is unknown.  Future studies aim to investigate variation in the IgV region and 

splice variants in the cytoplasmic tail lengths both between individuals and among groups 

of turkeys.  Variation in the IgV region may affect ligand binding properties and 

differences in cytoplasmic tail length may, as in the chicken, include in the presence of 

ITIMs on certain molecules.  It will be necessary to examine several cell types to 

characterize the cellular distribution of these proteins and determine locus-specific 

differences in expression.  Likewise, protein studies are needed to elucidate the behavior 

of the signal peptide and its effects on the functional properties of B-G proteins.  The 

ligands of these receptors remain to be discovered, but there is evidence of B-G proteins 

interacting with other MHC molecules (Hala et al., 1981), and other Ig-like receptors have 
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proven essential for Ig binding and crosstalk between the innate and adaptive immune 

system.  The effect of the highly polymorphic family of B-G receptor molecules on the 

innate and adaptive immune responses await further investigation, but their linkage with 

the class I and class II molecules makes them an interesting and unique area of study. 
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    Turkey Chicken     

Gene Strand Position Exons Bp AA Bp AA 
Nucleotide 

Identity dN/dS AA Sub 
Amino Acid  

Identity 
BG5 + 2325-8410 30 1131 377       
BG4 + 9921-17010 37 1251 417       
KIFC + 18000-28201 14 1944 648 1944 648 92.0% 0.45 51 92.0% 
Blec3 - 28806-31977 5 516 172 507 168 89.7% 1.15 30 82.6% 
Bzfp3 + 33820-42172 11 1581 527 1569 522 93.0% 0.53 40 92.4% 
 

Table 2.1.  Genes in the extended turkey MHC.  For each gene, the position, number of exons, length of coding region and 

predicted number of amino acids are given.  Comparative data are presented for KIFC, Blec3 and Bzfp3. 
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 Exon1 Exon 2 Exon3 

Turkey/Chicken 
Diff 
(bp) 

Nucleotide 
Similarity 

Diff 
(AA) 

AA 
Similarity 

Diff 
(bp) 

Nucleotide 
Similarity 

Diff 
(AA) 

AA 
Similarity 

Diff 
(bp) 

Nucleotide 
Similarity 

Diff 
(AA) 

AA 
Similarity 

BG1/cBG1  16 0.84 9 0.73 25 0.93 2 0.98 16 0.85 10 0.72 
BG1/cBG2  16 0.84 10 0.70 23 0.93 16 0.86 12 0.89 7 0.81 
BG1/cBG3  NA NA NA NA 22 0.94 8 0.93 17 0.84 11 0.69 

                   
BG2/cBG1  8 0.92 6 0.82 28 0.92 14 0.88 17 0.84 9 0.75 
BG2/cBG2  11 0.89 8 0.76 39 0.89 14 0.88 15 0.86 8 0.78 
BG2/cBG3  NA NA NA NA 22 0.94 7 0.94 18 0.83 14 0.61 

                   
BG3/cBG1  17 0.83 9 0.73 27 0.92 14 0.88 17 0.84 10 0.72 
BG3/cBG2  18 0.82 10 0.70 39 0.89 15 0.87 13 0.88 7 0.81 
BG3/cBG3  NA NA NA NA 26 0.92 11 0.90 18 0.83 11 0.69 

                   
BG4/cBG1 14 0.86 9 0.73 28 0.92 14 0.88 19 0.82 10 0.72 
BG4/cBG2 14 0.86 9 0.73 43 0.87 19 0.83 17 0.84 11 0.69 
BG4/ cBG3  NA NA NA NA 23 0.93 9 0.92 18 0.83 14 0.61 

                   
BG5/cBG1 11 0.89 9 0.73 28 0.92 15 0.87 19 0.82 10 0.72 
BG5/cBG2  15 0.85 12 0.64 41 0.88 19 0.83 17 0.84 9 0.75 
BG5/cBG3  NA NA NA NA 25 0.93 11 0.90 17 0.84 13 0.64 

 

Table 2.2.  Comparison of exons 1- 3 of turkey BG genes (BG1-5) to the syntenic chicken B-G genes (cBG1-3).  For each 

gene comparison the number of nucleotide (bp) and amino acid (AA) differences and similarities are given. 
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Figure 2.1. Organization of assembled BAC clone, 56J17 (Genbank HQ008883).  Newly sequenced genes are labeled in 

green. Genes overlapping with the previously sequenced MHC-B locus (DQ993255) are labeled in black.
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Figure 2.2. Exon structures of sequenced turkey B-G genes.  
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Figure 2.3.  Predicted amino acid sequences of the ectodomain (exons 1 and 2) of 

sequenced turkey B-G genes aligned to BG1.  The B-G signal peptide region as defined 

by Miller et al., 1991 and confirmed by SignalP 4.0 (Petersen et al., 2011) is indicated 

and the chicken IgV motif (Miller et al., 1991) is included for comparison. 
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Figure 2.4.  Phylogenetic analysis of sequenced B-G genes from galliform species based 

on nucleotide sequences of exons 1 through 3.  Bootstrap percentages resulting from 

1000 iterations are given at each node of the unrooted Neighbor Joining tree. 
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Figure 2.5.  Aligned exon 1 alleles of BG1-5 show clusters of variation spanning 

nucleotides 4-15 and 32-45 that cause predicted amino acid differences.  Consensus 

nucleotide and amino acid sequences of the coding region are given above and below, 

respectively.  For each locus, alleles observed in the sequence survey are listed below the 

original BAC sequence.  Periods indicate identical bases and locus-specific SNPs at each 

gene are indicated in bold. 
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Figure 2.6.  Phylogenetic analysis of B-G exon 1 alleles identified in a set of genetically 

diverse turkeys.  The unrooted Neighbor Joining tree is based on aligned nucleotide 

sequence of the coding region (Fig. 5).  Bootstrap percentages resulting from 1000 

iterations are given at each node. 
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72  

Con  ATGCGCTTCCTATTGGGCTGCAACCACCCCAGTTTCGCCTTCCCCTGGAGGACCCTCCTGGCTCATC   
BG1  ...T.........C.....................T..T....AA......................  
BG2  ...AA.C.............................A..C...........................  
BG3  .........TC............T...........T..T....AA......................  
BG4  ...T.........C.....................T.......AA......................  
BG5  ........G....CA.....................A..............................  
cBG1 ....A...T...........................A..C.T..................C..T...  
cBG2 T.T.A...................A..............C.................A..CT.T...  
 
Con  TCGTGGCTCTGCACCTCCTCCATCTGGGATCAGGTAGGGGTCCTGTGGGGCTGCTGTGCCGGCCACA  
BG1  .T.........................................G.......................  
BG2  ...................................................................  
BG3  .T.................................................................  
BG4  .T.................................................................  
BG5  ..A................................................................  
cBG1 ......................G.C...................................T.G....  
cBG2 ......................G........................CA...........T.G....  
 
Con  GCTGTTGCTGTGGGGTGGGGGAGCGGCCATGGGGCAGGGAGGACCCAAGCCCAGCACCCACACACAC  
BG1  .......................T...........................................  
BG2  ...................................................................  
BG3  ...................................................................  
BG4  .............A..............................................G......  
BG5  ...................................................................  
cBG1 .G......................A..........G........G...............GC.CTG.  
cBG2 .G......................A......A............G................-.CTG.  
  
 
Con  TTGGGTTTCACTTTCACTTT-GGTTATAYCATGAAA-GACGCCATTYTGGGTAGAATTTCTGTCTCT  
BG1  ....................G......TC.......T..-.TG...T..................T.  
BG2  ....................T..A.G..G.................C....................  
BG3  .......................C.G..T.........G.......C....................  
BG4  ............A.......T..G....T.................A...............C....  
BG5  ..............TG...CC-.C.G..T.................C........T...........  
cBG1 ...........................TC...........A.....T....................  
cBG2 ...........................TC...........A.....T....................  
 
Con  TCTCCACCTCCACCACACGCTGTCAGTGGGCTCCCACCCACACAAGTCCTTCCCCGCTCCCTCCTGC  
BG1  ...................................................................  
BG2  ...................................................................  
BG3  C..................................................................  
BG4  ...................................................................  
BG5  ...................................................................  
cBG1 ...T...............G...G............T..G..G..A.........A..........A  
cBG2 ...T...............G...G...............C..GC.A.........A..........A  
 
Con  TCCCTCTCCAGTGCTGTTACATGGGATGGAGCACACACCAACTCACCCTGTGCCGCTCCATGCCCCC  
BG1  ...................................................................  
BG2  ...................................................................  
BG3  ...................................................................  
BG4  ...................................................................  
BG5  .................................................T.................  
cBG1 ......C...C....T...................................................  
cBG2 .....TC...C....T.....CC............................................  
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Con  ACATTCACACAGCCACCATCTCACCGTCTCTCCGTGCCCTTCTCATTGCCCAGCCCAGCTCAGGGTG  
BG1  .....................T..........T.............................C....  
BG2  ..T................................................................  
BG3  ...............T...................................................  
BG4  ...........C..T...............................................CA...  
BG5  ...................................................................  
cBG1 .....A...................A......T..................................  
cBG2 .....A......A............A......T.............................C....  
 
Con  GTGGCACCGAGCCTCCGTGTCACTGCCATCGTGGGACAGGACGTCGTGCTGCGCTGCCACTTGTCCC  
BG1  ..........A..A...G................................................G  
BG2  ................C..........G....................................GT.  
BG3  ................C...............................................GT.  
BG4  ................C..........G.............................T.........  
BG5  .................G...G.............................................  
cBG1 ............................A............T..T..............G.......  
cBG2 ............................A............T..T..............T....G.. 
 
Con  CTTGCAAGGATGCTTGGAGCTCAGACATCAGATGGATCCAGCACCGGTCCTCTGGCCTTGTGCACCA  
BG1  ..............C.........................................T..........  
BG2  ........A.........A................G.............T.................  
BG3  ...................................................................  
BG4  .............................................A.....................  
BG5  ...................................................................  
cBG1 ...............................................A.......TT..........  
cBG2 ........A................T................TG...........TT..........  
cBG3                                  .............C........GA..........  
  
Con  CTACCAAAATGGAGWGGACCTGGAGCAGATGGAGGAGTATAAAGGGAGGACAGAACTGCTCAGGRAT  
BG1  ..............A....T......................G.....................G..  
BG2  ..............T...T.......................G.....................A..  
BG3  ..............A.................................................A..  
BG4  ........G...G.T...T.............................................G..  
BG5  ............G.T.............................A...................A..  
cBG1 ...T..........A.....................A..........A................G..  
cBG2 .....G........A................ACA..A...........................A.G  
cBG3 .......G.C....T................ACA..A..........A................G..  
 
Con  GGTCTCTCTGATGGAAACCTGGATCTGCGCATCACTGCTGTGAGCTCCTCTGATAGTGGCTCATACA  
BG1  ......C..........T.........T.......................................  
BG2  ..G................................................................  
BG3  ......C..........................................................T.  
BG4  ............................................AC...............C.....  
BG5  ..G.........................................A.................C....  
cBG1 ........................T....................A.....................  
cBG2 .....T..............A...T.........................C..........TG....  
cBG3 ........................T............................C........G....  
 
Con  GCTGTGCTGTGCAAGA---TGGTGATGGCTATGCAGAAGCTGTGGTGAACCTGGAGGTGTCAGGTCA  
BG1  ...................................................................  
BG2  ...................................................................  
BG3  T...C..................................AGA..........A..............  
BG4  ..........G........................................................  
BG5  ..........................AA.C...G.................................  
cBG1 .............G.......................C.........G...................  
cBG2 ................CGG..A...................T.....G.G.................  
cBG3 ......T...T....................................G...................  
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Con  GTGGCTGGGGTGAY------GCCTCCAGCTGTTGMTGGGTTTGTGTGTCCCACCTCA-CCTCTGTCC  
BG1  ..A..........TA.....-.............A...............A.T..............  
BG2  .............TA.....-.............A...............A.T..............  
BG3  ........C....T..............G...AAC........C.............T.........  
BG4  .............T....................A.....................C..........  
BG5  .............CGGTGAC..............A.......-........................  
cBG1 ....T........CA.....-.......T...C.C...................C.GA.........  
cBG2 .............C.......T......G...CCC..........G..T......-GA.........  
cBG3 ........A....C..............G.....C....G........T......-GA.........  
 
Con  ATCCTCATCCTCATGTCCATGCATGGAGAGCTGAAGGACAGCAGCCTTTG-AAAGAGGTCGGGGCTG  
BG1  .......................................................C.A...A.....  
BG2  ..............A....................................................  
BG3  ...................................................................  
BG4  .......................................T.T.....C..A......T.T.......  
BG5  ................----------------------------------.---------------A  
cBG1 .............C.......G.....A......................G-..............A  
cBG2 .............C.......G............................G-........A......  
cBG3 .............C.......G......................T...C..G........A......  
 
Con  AATTGTTCCAKGAGATGCTGGAGTTGGAGCGTGTGCACA-GGTGTGATTTGGGGATGGATCTGCATG  
BG1  ..........G.................T--..A.....C..A........................  
BG2  ..........-----.........................-..........................  
BG3  ..........G.........A.......T--..A.....C..A........................  
BG4  ..........G...............T..--..G.....C...........................  
BG5  ....C..--------------------------------.-.A...-....A.AGG-----------  
cBG1 ..........T..........T........AG........-...CA.....T....AAG........  
cBG2 .....C....T...........A...C....G......-............A......G........  
cBG3 .....C....T...........A...C....G......-...................G........  
 
Con  GATGAGGTGGTTGGGTTGGGTTTCTGTGATGGGTTTCTTCATGTCTCAGTGGCAGTGGGCACACGAT  
BG1  ..............................TT......................-------------  
BG2  ........................CA.............................A.......G...  
BG3  ........................C.............................-------------  
BG4  ........................CA.....C...............................G...  
BG5  -------------------------------------------------------------------  
cBG1 ...................A......G...........C--------....................  
cBG2 ..........................G...........C............................  
cBG3 ..........................G...........C............................  
 
Con  GCTGAGCAGCTCCTCCACCTGTGCCAAGCTGGGGATGCTGCCATTGTGTATCACTGCTCCCTGGTTG  
BG1  --------------------------------------------------C...........-----  
BG2  .................................C........T......G.................  
BG3  --------------------------------------------------............-----  
BG4  .............G...................C.C......T......G.................  
BG5  -------------------------------------------------------------------  
cBG1 ...........................T....T.....C.T.......C....G.............  
cBG2 .................T..A..........................A...............C...  
cBG3 ...C.............T..A..........................A...............C...  
 
Con  CTGCCCCTTCGGGTTCTGTGATGTATCTATGCCAAGCTGGGGATGCTGCCATTGTATATCACTGCTC  
BG1  -------------------------------------------------------------------  
BG2  ......................---------------------------------------------  
BG3  -------------------------------------------------------------------  
BG4  ......................---------------------------------------------  
BG5  -------------------------------------------------------------------  
cBG1 .........T..............-------------------------------------------  
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cBG2 ...A..A...A.A...........-------------------------------------------  
cBG3 ...A..A...A.A......................................................  
 
Con  CCTGCTTGCTGACCATTCAGATTCTGTGATGTCCCAAGGCTGAGTCGTGCTTGTCCAYWGAATGTCA  
BG1  -------------------------------------------------------------------  
BG2  -------------------------------------------------------------------  
BG3  -------------------------------------------------------------------
BG4  -------------------------------------------------------------------  
BG5  -------------------------------------------------------------------  
cBG1 --------------------------------..............---------------------  
cBG2 --------------------------------.........................TT........  
cBG3 .........................................................CA...-----  
 
Con  TTGTTCCTTGGTTGCTGCCCCTTCGGGTTCTGTGATCTTGAGAAGTCYGAGTCTTGCTTTTCCACAT  
BG1  -------......................................CGC...................  
BG2  ------------------------------------..-CGC.....T........A.......TG.  
BG3  -------......................................CGC...................  
BG4  ------------------------------------..-CCC.....T........A..........  
BG5  -------------------------------------------------------------...T--  
cBG1 -----------------------------------------------------............T.  
cBG2 .......AA..............T.......................GA....G............C  
cBG3 -------------------------------------------------------------------  
 
Con  ATGGCAATGGAAAAGGAACCC-TTGTCCTGATGTTTTTT--MCAGATCCCTTTTCYGAGATTGTCCA  
BG1  ...C......G..............................A.............T...........  
BG2  ..............AA.....G...................C.......T.....T.....C.....  
BG3  ...C......G..............................A.............T...........  
BG4  ...TG.G........A........C................A.............CA..........  
BG5  -...G..................................TTC.............T...........  
cBG1 .C..G..................C............C....C....C........CC....CAC...  
cBG2 .........................................C.............CC....C.....  
cBG3 --............AT.........................A.............CC.A..A....G  
 
Con  TCCCTGGAAGGTGGCTCTGGCTGTGGTCATCACACTTCTGSTTGGGTCATTTG--GTCATCATTGTT  
BG1  ........................A...............C...........-............C.  
BG2  ..................................A.....C............CT............  
BG3  ........................A............T..C...........-............C.  
BG4  .T..................G......TG...........G......T.....TT............  
BG5  ........................................C............CT...G........  
cBG1 .........................A..G.....A.....G...........-.........C....  
cBG2 .........................A..G.....A....CG...........-............C.  
cBG3 .............................C...C......G.........G..TC.......A...C  
Con  TTTCTCCATAGAAAGCAAGGTGAGCTGAGAGYGGAGGGGATGGAGCRCAGGGAGGTGTTGTGCAGGG  
BG1  ...............................T..............G....................  
BG2  .....T.........................C..............G.......A..C.........  
BG3  ...............................T..............A....................  
BG4  ................G.......A......T..T..........AG.G....C...C....AT...  
BG5  ................G..........G...CA..A..........G....................  
cBG1 ......T....G...A........T....CAT..............A.............A......  
cBG2 ......T....G...A...............C.....A.....T..A.................T..  
cBG3 ......T........A...............CA...CA........A.................T..  
 
Con  ACAGGGATGGTCGGGGTGGTGCTGAGCTCTGCTCCATGGAGGTACACAGGAGGAGGAAGGGAGATTT  
BG1  ............A.....A................T...............................  
BG2  ............A............................A...G.....................  
BG3  ...........T......A................T...............................  
BG4  ..............T..C..A...........CT..CA..T..................A.......  
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BG5  .............A..C.A.....T.T--A..---................................  
cBG1 .T.............................G...G........TG........---..........  
cBG2 ...............................G....C.........G.......T......T..C..  
cBG3 ...........T...................G....C.......T......................  
 
Con  TTCCTGGGATTCCCA--GTGCTCATTAAATAACGTTTGCCTTTYTTTTT-GGGAATGAAGGAAGGGG  
BG1  C.................G.........T...T..........T........C.........T....  
BG2  C.............C...C...T..........T...A.....TG....T.................  
BG3  C...................G.......T...T..........T........C.........T....  
BG4  .-A................AAATG...............TG..CC.....-..........C.-.A.  
BG5  ...............TCA....TG........T..........C....-G.............-...  
cBG1 ...TG......GA.......G............A......G..TGA..-..............A...  
cBG2 .C.A.............................A....A....C.......................  
cBG3 ......A..........................T.........C.......................  
 
Con  AAAAARG--AAAGGGGTGTGGGTGGGAAGATAGGAAYGTGGCTGGAYYGTGGGGCAGGTGGAAAGGT  
BG1  ....GG-.............A...............A.........TT...................  
BG2  ....TGT..................A..........A.........TC............A......  
BG3  ....GG-.............A...............T.........TT...................  
BG4  -TT..AAAT.............A.............C.........GC...................  
BG5  GGT..A.G.-.....-...------A..........C.........GT...................  
cBG1 ---..A-........-......C..A..........T....G....CC.............G.....  
cBG2 .....-.G.....------.................T....G....CT...................  
cBG3 .....-.G.....T......................C....G.C..CCA...A..............  
 
Con  CCAGACCCTCTGGAGACGTCCCCAGAAACCAAGCTGCCCTGCTGACCACCTCTTCCTCTGCTTTGTT 
BG1  .T...A--...CA...T..T..A...G..............G.......T.....G..C...C....  
BG2  ........A...............C...T......................................  
BG3  .T...A--...CA......T..A...G..............G.......T.................  
BG4  ........A......T........C............T........G.................... 
BG5  ........A......T........C...........T....................A......... 
cBG1 ................................................G..A..T............  
cBG2 ..T........T...G.A..A.....................................CA.A.....  
cBG3 ......A...CT.....A..A....T........................C....T..C........  
 
Con  TTCCAG 
BG1  ...... 
BG2  ...T.. 
BG3  ...... 
BG4  ...... 
BG5  ...... 
cBG1 ...... 
cBG2 ...... 
cBG3 ...... 
 
 
Figure 2.7. Aligned contiguous sequences of turkey and chicken BG genes through the 

start of exon 4.  Sequences are as reported in Genbank accessions DQ993255, 

HQ008883, and AB268588.  Bold font denotes exons, periods indicate identical bases 

and dashes denote alignment gaps.
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Abstract 
 
Genetic variation in the major histocompatibility complex (MHC) is known to affect 

disease resistance in many species.  The antigen presenting class I and class II molecules 

located in this region of the genome are particularly known for their polymorphic nature, 

and investigation of the genetic diversity of these antigens has been performed on many 

species.  Thus far, only limited studies of MHC haplotype variation in the turkey have 

been attempted, with variation assessed serologically, genetically (by restriction fragment 

length polymorphism, RFLP) and to a limited extent, by direct nucleotide sequencing.  

This study was designed to investigate MHC diversity in a collection of wild turkeys 

(Meleagris gallopavo silvestris) collected during population expansion following 

reintroduction in southern Wisconsin, USA. Single nucleotide polymorphisms (SNPs) 

were identified by sequencing select MHC class I gene regions in individuals with 

distinct MHC class IIβ Southern blot phenotypes.  All individuals were subsequently 

genotyped by PCR/RFLP for haplotype analysis.  To further characterize genetic 

diversity of the sampled birds, a portion of the mitochondrial D-loop was also sequenced.  

Results show that diversity predictions based only on class IIβ Southern blot analysis 

underestimate the number of MHC haplotypes.  
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INTRODUCTION 
 
The major histocompatibility complex (MHC) plays a vital role in vertebrate immune 

response and disease resistance, mainly through facilitation of communication between 

immune cells, such as B cells, T cells and antigen presenting cells.  In mammals, the 

MHC is typically divided into three regions, class I, class II and class III, all of which 

contain genes related to immune response.  Class I and class II molecules are well known 

for their role in presenting processed peptides to T cells.  The extent of variation in MHC 

genes within and between individuals and populations is indicative of the spectrum of 

pathogens to which the immune system is able to effectively respond, making it a critical 

area of study relative to individual fitness and the adaptive genetic variation in a 

population (Alcaide et al., 2010; Jarvi et al., 2004; Spurgin and Richardson, 2010).   

Selection pressures affecting the evolution of MHC genes is a subject of much 

scrutiny, and studies purported several forces acting on MHC gene evolution, including 

balancing selection, pathogen-mediated selection and genetic drift in a variety of species 

(Alcaide et al., 2010; Bollmer et al., 2011; Jarvi et al., 2004; Miller and Lambert, 2004; 

Miller et al., 2010).  Evidence suggests that the MHC is under different selective forces 

compared to neutral markers such as microsatellites and the mitochondrial D-loop, which 

are primarily affected by genetic drift (Aguilar et al., 2004; Sommer S., 2005; Piertney 

and Oliver, 2006).  Population history may influence the dominant selective force on 

MHC alleles (Spurgin and Richardson, 2010).  Balancing selection appears to be the 

primary force in populations having experienced genetic bottlenecks and subsequent 

founder effects.  In these populations, MHC variation is high, in contrast to nuclear 
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markers and mitochondrial genomes that show reduced variation in response to the same 

conditions (Miller and Lambert, 2004).  Population bottlenecks alone (without 

subsequent founder effects) tend to be primarily influenced by genetic drift, resulting in 

reduced MHC gene variability (Miller and Lambert, 2004). 

Organization and copy number of MHC genes are variable between and within 

avian orders.  Studies examining MHC loci in songbirds (Order: Passeriformes) and 

seabirds (Order: Procellariiformes) have found decreased gene density in the MHC 

accompanied with increased copy number of MHC genes compared to ground-feeding 

gamebirds of the order galliformes (Aguilar et al., 2006; Bonneaud et al., 2004; 

Hosomichi et al., 2006; Shiina et al., 2007; Standh et al., 2011; Westerdahl et al., 2000; 

Westerdahl et al., 2004).  Social species show a trend towards higher diversity at the 

MHC (Aguilar et al., 2004), whereas more solitary species show less diversity regardless 

of population expansions after bottlenecks (Miller et al., 2010).  Low intraspecific MHC 

diversity may increase a population’s susceptibility to epidemics (Siddel et al., 2007).   

In some species, allelic diversity at the MHC is associated with mate selection, 

with an apparent high frequency of disassortative mating (von Schantz et al., 1996; 

Aspanius et al., 1997; Freemen et al., 2003).  For example, in the ring-necked pheasant, 

males with more diverse MHC alleles have more elaborate ornamentation, which is 

preferred by females (von Schantz et al., 1996).  This supports an indirect correlation of 

mating preferences and increased allele diversity of MHC genes.  In contrast, in the great 

snipe, where there is no difference of ornamentation between males and females, no 

correlation between MHC class IIβ allelic richness and female mate preference was 
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observed.  Instead, males with one particular MHC class IIβ allele profile had greater 

mating success than those with other class II profiles (Ekblom et al., 2004).  The 

correlation between parental mating preference and offspring disease resistance is 

unknown.   

Haplotyping individuals at the MHC, a region containing genes in high linkage 

disequilibrium, is a method for characterizing immunological diversity.  Certain 

haplotypes have a known association with disease resistance and antibody response in 

both wild and domestic birds (Alcaide et al., 2010; Bacon et al., 2001; Liu et al., 2002; 

Haeri et al., 2004).  Previous studies have used a combination of methods for 

characterizing MHC haplotypes, mainly focusing on comparing variation in classical 

class I and class II genes (Afanassieff et al., 2001; Jarvi et al., 1999; Goto et al., 2002).   

Traditional methods used to detect variations in avian MHC haplotypes, including 

serological and Southern blotting are confounded by the use of nonspecific antibodies 

and nonspecific probes directed towards class I, class II and B-G antigens.  Comparing 

haplotypes using techniques such as RSCA (reference strand conformation analysis), 

SSCP (single strand conformation polymorphism) and DGGE (denaturing gradient gel 

electrophoresis) are more cost effective but do not adequately address problems 

associated with multiple loci in gene families (Agudo et al., 2011; Goto et al., 2002; Jarvi 

et al., 2004; Sacco et al., 2001; Zhu et al., 1995; Zhu et al., 1996).  RSCA has recently 

gained popularity as a method for genotyping MHC loci because this method minimizes 

co-migration of same sized alleles.  The main limitation of RSCA is the inability to 
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assign sequence variants to a particular locus (Brower et al., 2010; Strand and Hoglund, 

2011).   

The most detailed approach used to assess MHC diversity is direct sequencing, 

which can identify all variations between individuals of a single locus (Ewald and Livant, 

2004; Hosomichi et al., 2008).  A limitation of this method is the time and cost of 

examining long stretches of DNA, particularly for large sample sizes, although several 

studies advocate for next-generation sequencing approaches (Babik et al., 2009; 

Zagalska-Neubauer et al., 2010).  This method reduces the time needed to genotype large 

samples but introduces other limitations such as sequencing errors, generation of PCR 

and sequence artifacts and chimeras.  Recently Chaves et al. (2011) demonstrated a 

locus-wide approach to measuring MHC diversity.  This approach avoids the inherent 

problems associated with surveying the polymorphic, multi-copy MHC genes by using a 

MHC-B locus-wide single nucleotide polymorphism (SNP) genotyping approach.   

 In certain regions of the United States, wild turkeys (Meleagris gallopavo) have 

passed through a significant bottleneck or even extermination.  In areas of regional 

extirpation, reintroduction efforts involving the translocation of turkeys from areas where 

they were more prevalent have allowed for recent population expansions.  Few studies 

have documented genetic diversity in wild turkeys. Mock et al. (2001) examined genetic 

diversity of two native subspecies (Gould’s and Merriam’s) using mitochondrial 

(mtDNA) sequences in combination with amplified fragment length polymorphisms 

(AFLPs) and microsatellite markers.  This study identified mitotype, AFLP pattern and 

microsatellite marker differences between the two subspecies as well as established 
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AFLP analysis as an equivalent alternative to microsatellite analysis for subspecies-level 

investigations.  The genetic distinctness of the turkey subspecies populating the United 

States was demonstrated using the same molecular techniques (Mock et al., 2002).  The 

present study is the first implementation of MHC SNP genotyping in a population of wild 

birds from a localized area to determine the level of MHC variation in contrast to 

estimates based on more traditional Southern blotting and compared to neutral markers.  

 It is hypothesized that SNP genotyping will give a more detailed picture of MHC 

diversity than Southern blots of the class II region.  Furthermore, substantial gene flow is 

expected between the groups of turkeys used in this study, given the limited geographic 

range of the sampled localities.  This is the first study measuring MHC genetic diversity 

in a population of turkeys with known geographical location.  Given the success of the 

reintroduction effort and the effect MHC diversity has on population fitness, it is 

hypothesized that the Wisconsin turkeys exhibit greater MHC diversity than that of 

neutral markers in the study groups.   

 
 
MATERIALS AND METHODS: 
 
Turkey Samples 

The Eastern subspecies (M. g. silvestris) has the largest geographical distribution 

occurring from the east coast of the US through the Great Plains.  The subspecies was 

extirpated from many parts of its historical range as the result of severe winters in 

combination with habitat loss during settlement and unregulated hunting.  Turkeys were 

absent from Wisconsin from 1881 until the 1950s, when 827 Pennsylvania turkeys were 
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released in Monroe and Juneau counties, located in the central part of the state (Wise S., 

1987).  These reintroduced turkeys consisted of wild gobblers mated with game-farm 

hens.  The reintroduction effort produced a stagnant population of turkeys in regards to 

both number and range until a severe winter in 1969 decreased the population to 75 birds.   

A different approach was implemented from 1976-1985 when 334 wild birds from 

Missouri were trapped and transplanted into 9 counties in the central and southeastern 

portions of the state.  The population expanded to a current level of more than 320,000 

individuals ranging throughout the state, with some ingression of individuals from the 

neighboring states of Minnesota and Iowa.  The genetic history of these birds makes them 

a valuable resource for population genetics analysis.  This study examines MHC 

haplotypes within and among 5 groups of wild turkeys collected from a limited area of 

Wisconsin in 1988-1990. 

The turkey samples examined in this study were obtained from the Wisconsin 

Department of Natural Resources and collected from a region of southern Wisconsin 

from 1988-1990 between December and February.  Blood samples were collected from 

birds live-trapped in five different locations in Wisconsin encompassing a 30-35 mile 

radius (Table 3.1; Figure 3.3).  Ten birds were sampled in Iowa County, 12 from 

Richland County, 11 from Crawford County and 33 birds from two locations in Grant 

County (Grant 1 = 16 and Grant 2 = 17).  The birds in Iowa County originated from a 

group of Missouri wild turkeys consisting of two groups of 5 toms/15 hens released at 

two sites.  The other sampled individuals originated from turkeys trapped in Iowa county 
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and later transplanted to sites in the other 3 counties.  Birds from different locations in 

Iowa County were included in each transplanted group of 5 toms/15 hens. 

 

Southern Blotting 

Genomic DNA (10ug) was extracted from blood samples of sampled wild turkeys, and 

MHC variation was initially examined by Southern blotting.  Genomic DNA was 

digested in overnight incubations with Pvu II, size fractioned by gel electrophoresis, 

transferred to nitrocellulose membranes and probed with a class IIβ or B-G (bg11) probe 

as described in Miller et al., 1994.  Briefly, membranes were hybridized overnight at 

65°C, subjected to stringency washes at 65°C, and exposed to autoradiograph film.  

Banding patterns were visually compared between individuals.  Samples with the same 

banding pattern were considered to have the same MHC types and were grouped together 

for analysis (Figure 3.1; Table 3.1).   

 

MHC Gene Sequencing 

Two individuals from the 10 most common class IIβ groups were chosen for sequencing 

and SNP discovery.  In total, four genes flanking the class IIβ region: TRIM41, BTN1, 

BTN2 and TAP1, were partially sequenced.  PCR was performed on genomic DNA with 

Promega Master Mix (Promega Corp) using oligonucleotide primers (Table 3.2) designed 

from known turkey gene sequences (Chaves et al., 2009).  The following reaction 

parameters were used: 94ºC for 5 min and 35 cycles of 94ºC for 30 sec, 58ºC for 30 sec 

and 72ºC for 1 min/kb with a final extension of 72ºC for 15 min.  PCR products were 
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visualized by electrophoresis on a 1% agarose gel.  Exo-sapit (USB Corp) was used for 

amplicon purification.  Briefly, 1µl of ExoSAP-IT (USB Corp) was added to 4µl PCR 

product and incubated at 37°C for 15 min and 80°C for 15 min.  Purified DNA was sent 

to the Biomedical Genomics Center, University of Minnesota for Sanger sequencing.  

Sequences were aligned and compared using Sequencher 4.9 software (Gene Codes 

Corp., Ann Arbor, MI) to identify SNPs.   

SNPs throughout coding and noncoding regions encompassing exons 4 through 7 

of TRIM41 (1118 bp), introns 2 through 4 of BTN1 (504 bp), an 807 bp region upstream 

of BTN2 exon 1 and in regions between exon 1 through intron 2 of TAP1 (401 bp) were 

identified (Table 3.2).  Sequence variants were called if there were more than two 

heterozygous birds at one position, thereby discounting single variant individuals.  SNPs 

occurring with the recognition sequence of restriction enzymes were identified with NEB 

cutter v2.0 (http://tools.neb.com/NEBcutter2/index. php).  

Exon 1 through the first 221bp of exon 2 of BG5 was amplified by PCR from 

genomic DNA for all 65 birds using the primer combinations 5’-GACCCCTTGTCGTGA 

GACTG -3’ and 5’-ACCACAGCTTCTCCATGGTT-3’.  Sequences were aligned and 

SNPs were identified throughout the region.  PCR products from ten birds with suspected 

mixed sequences were cloned into PGEM-TEZ vector following the manufacturer’s 

protocol to verify amplification of a single product.  Briefly, PCR products were purified 

and ligated overnight incubation at 4ºC.  Ligation reactions were transformed into DH5α 

competent cells.  Between three and five colonies per individual were picked, grown in 5 

mL LB media overnight and purified using the Qiaprep Spin Miniprep kit (Qiagen).  



 

61 

Purified plasmids were digested with EcoRI and clones positive for inserts were 

sequenced.  

 

SNP genotyping 

One SNP for each of the four genes flanking the class IIβ genes was chosen for 

genotyping on each of the 66 individuals by PCR/RFLP.  PCR was performed on all 

individuals using the same oligonucleotide primers used for SNP discovery (Table 3.2).  

Reactions were performed on genomic DNA with the following reaction parameters: 

94ºC for 5 min and 35 cycles of 94ºC for 30 sec, 58ºC for 30 sec and 72ºC for 1 min/kb 

with a final extension of 72ºC for 15 min.  PCR products were visualized on a 1% 

agarose gel.  The enzymes used for restriction digest are as follows: MspI for TRIM 41, 

MslI for BTN1, NcoI for BTN2 and FokI for TAP1.  PCR products were digested in a 25µl 

reaction at conditions specified by the enzyme manufacturer.  PCR/RFLP fragments were 

examined by gel electrophoresis on a 1% agarose gel, and individual genotypes were 

manually scored.  Fixation indexes (Fst values; Nei, 1986) and mean heterozygosities 

were calculated and departure from Hardy-Weinberg equilibrium within each group at 

each locus was tested using ARLEQUIN VS. 3.5.  Haplotypes were imputed using the 

software program, PHASE v2.1.1 (Stephens et al., 2001; Stephens and Donnelly, 2003).  

For each test, the dememorization number was set to 100000 and the number of iterations 

per batch to 1000000.  Allele frequencies for each SNP were calculated using an 

expectation maximization (EM) algorithm.   
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Mitochondrial Haplotyping 

To further characterize genetic diversity of the sampled birds, nucleotides 89 through 465 

(380bp) in the 5’ region of the mitochondrial D-loop, the most variable portion of the 

control region in vertebrates, was sequenced.  Primers LND185 (5’-ACGGCTTGAAAA 

GCCATTGTTG-3’) and HCR684 (5’-GGGGTTACCTCACAGGTGGC-3’) were used to 

amplify the region of interest based on turkey sequence data (Mock et al., 2001).  PCR 

was performed on genomic DNA of 65 birds with HotStart taq polymerase at the 

following parameters: 94ºC for 5 min and 35 cycles of 94ºC for 30 sec, 58ºC for 30 sec 

and 72ºC for 1 min/kb with a final extension of 72ºC for 15 min.  The PCR products were 

visualized by gel electrophoresis on a 2% agarose gel.  ExoSAP-IT was used for 

amplicon purification.  Briefly, 1µl of ExoSAP-IT was added to 4µl PCR product and 

incubated at 37°C for 15 min and 80°C for 15 min. 

Purified DNA was sent to the BMGC, University of Minnesota for Sanger 

sequencing.  Sequences were aligned in Sequencher 4.9 (Gene Codes Corp., Ann Arbor, 

MI) and SNPs were identified. PHASE v2.1.1 (Stephens et al., 2001; Stephens and 

Scheet, 2005) was used to determine mitotype frequencies for each group of birds.  

DNASP vs 5.10 was used to calculate haplotype diversity, nucleotide diversity and 

Tajima’s D (Librido and Rozas, 2009).  Chi-square analysis was used to test for 

independence between Southern MHC group and mitotype as well as between SNP 

haplotype and mitotype.  The p-value was computed by simulation with 10,000 

simulations run. 
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RESULTS 

Class IIβ variation (Southern Blotting) 

Examination of the 66 sampled birds using Southern blot analyses identified thirteen 

distinct class IIβ groups (Groups A-M, Figure 3.1A; Figure 3.3; Table 3.1) and 16 birds 

with unique Southern banding patterns (Group N).  Because inheritance of specific 

banding patterns is not known, individual banding patterns will from here on be referred 

to as Southern blot phenotypes.  Group C was the most common phenotype in the 

sampled birds, with 12 of the 65 (20%) birds showing this class IIβ phenotype.  Eleven of 

these 13 birds were sampled from the Grant 1 locality.  The second most frequent 

phenotype observed was that of Group E (11%).  This phenotype was found in birds 

located in the Iowa, Richland and Crawford localities but not at either of the Grant 

localities.  Phenotypes A and B were observed in 4 of the 5 groups, with Crawford being 

the only locality with no birds of these phenotypes.  The birds sampled at the Richland 

and Grant 2 localities had 3 additional phenotypes in common (H, K and L).  The greatest 

frequency of birds with unique phenotypes, 45% and 42% respectively, were from the 

Crawford and Richland localities.   

Eight different phenotypes were observed from the 10 birds sampled in Iowa County, 11 

from Richland, 8 from Crawford and 12 from Grant 2.  Grant 1 had the least number of 

class IIβ phenotypes with 6 detected in the 16 sampled birds.  Based on these results, two 

individuals each from the 10 most common class IIβ phenotypes were chosen for 

sequencing. 
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SNP Discovery and Genotyping 

MHC diversity as suggested by Southern blotting, was tested by examining sequence 

variation in four genes (TRIM41, BTN1, BTN2 and TAP1) flanking the class II region.  

Alignment of gene sequences identified 4 SNPs with alternate alleles present in at least 2 

individuals in TAP1, 14 in BTN1, 8 in BTN2 and 11 in TRIM41 (Table 3.2), indicating 

high polymorphism in this region.  The SNPs identified in TRIM41, BTN1 and BTN2 

were located in introns.  The 4 SNPs in TAP1 were located in exon 2.  The SNP density 

across the MHC amplicons ranged from 1 SNP per 100 base pairs (TAP1, BTN2, 

TRIM41) to 7 SNPs per 252 base pairs (BTN1).    

PCR/RFLP genotypes at SNPs for each of the four genes were obtained for 65 

individuals.  Data were not obtained for individual 1460 due to repeated PCR 

amplification failure at TRIM41 and BTN1.  SNP frequencies were compared for each 

population at each locus and showed locus-dependent differences between localities for 

the sampled individuals.  For example, at the Iowa, Richland and Grant 2 localities, 

adenine occurred most frequently at the TRIM41 SNP, compared to guanine for the 

Crawford and Grant 1 localities.  At the BTN1 SNP, thymine occurred most frequently in 

all localities except Grant 2 where adenine was more common.  At the BTN2 SNP, 

guanine occurred more frequently than cytosine in all localities, and at all localities 

except Crawford, guanine occurred more frequently than cytosine at the TAP1 SNP 

(Table 3.3).   

Genetic diversity of the sample birds was measured using a locus by locus exact 

test of Hardy-Weinberg equilibrium.  Heterozygosity of all sampled turkeys (Table 3.4) 
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was significantly lower than expected for a population in H-W equilibrium at TRIM41 (p 

< 0.01), and BTN2 (p < 0.05), indicating population subdivision between localities.  This 

possibility was further investigated by measuring deviations from H-W at each locus for 

each locality.  None of the SNP loci showed a deviation from H-W at the Iowa locality.  

There were significantly fewer heterozygotes observed at TAP1 in Crawford, at TRIM41 

in Richland (p = 0.03) and at BTN2 in Grant 2 (p = 0.01).  Heterozygosity at BTN1 and 

TAP1 was significantly higher than expected in the Grant 1 group (p = 0.008), suggesting 

selection for diversity acting on these two genes at this locality. 

Pairwise Fst values were estimated using allele frequency data to investigate 

MHC related genetic differentiation between localities (Table 3.5).  The largest Fst value, 

0.13, occurred between Grant 1 and Grant 2, indicating a moderate level of differentiation 

between these two localities.  The Richland and Grant 1 localities had a low but 

discernable level of differentiation (Fst = 0.078).  Fst values between other localities 

ranged between 0.0 and 0.05, suggesting low levels of differentiation.  Estimation of 

migrants per generation suggest high levels of gene flow between localities, with the 

lowest Nm value (Nm = 1.12) occurring between Grant 1 and Grant 2. 

         

SNP haplotypes 

PHASE analysis detected 16 SNP haplotypes in the 65 individuals sampled (Figure 3.4; 

Table 3.6).  Three haplotypes (1, 2 and 5) were shared among the five localities.  The 

locality showing the greatest SNP haplotype diversity was Iowa (16), followed by Grant 

1 (15 haplotypes), Grant 2 and Richland (9 each) and Crawford (6).  Haplotype 1 
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(GTGG) was the most common SNP haplotype in three out of the five populations (Iowa, 

Crawford and Grant 1).  This haplotype was most frequent in the Crawford population.  

Haplotype 2 (AAGG) was most dominant in the remaining two populations, Richland 

and Grant 2.  This is consistent, as their origins are from different populations of birds.  

Birds from Iowa County originated from Missouri wild-caught turkeys while those from 

Crawford, Richland and Grant counties were transplanted from localities in Wisconsin.  

A total of 26 distinct MHC genotypes (SNP haplotype combinations) were represented in 

the sample birds (Table 3.1).  A total of 14 birds were homozygotes: 1 from the Iowa 

locality, 4 from Richland, 2 each from Crawford and Grant 1 and 5 from Grant 2. 

 

B-G Variation 

Comparison of banding patterns on the B-G Southern blots identified unique banding 

patterns for all 66 individuals.  This is likely due to the combined presence of multiple B-

G loci and alleles in this gene family, all of which show high sequence homology.  One 

B-G gene in the extended region of the turkey MHC was chosen for partial sequencing 

based on its location and preliminary data comparing the sequence variability of the five 

known B-G genes in the turkey MHC (Chapter 3).  Of those five genes, BG5 was found 

to be most variable in a subset of individuals from this group of birds.  A portion of BG5 

was sequenced for all 65 birds.  Aligned sequences identified 28 nucleotide variants 

within the sequenced region.  Nineteen sequence differences occurred in exon 1, 

concentrated between base pairs 8 and 45.  Nine sequence differences were found in exon 

2 located between base pairs 490-580 of the amplified product.  
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Examination of aligned sequences suggested that the BG5 PCR amplicons of 

individuals contained more than one product.  To test this, PCR products of 3 individuals 

were cloned and multiple clones sequenced.  Aligned sequences revealed presence of 

multiple sequences in all three individuals (1459, 1461 and 1468).  When compared to 

the described turkey B-G genes (Chapter 3), eight of the ten clones showed highest 

sequence similarity to BG5.  One clone from 1461 had an equal number of sequence 

differences from BG5 and BG2, while one clone from 1468 was most similar to BG2.  

These results suggest the presence of additional, undescribed B-G genes in the turkey. 

 

Mitochondrial DNA analysis 

Mitochondrial sequence variation was used as an independent estimate of genetic 

structure in the sampled birds.  The D-loop is a neutral marker and the most variable part 

of the control region. As such, this region provides an informative measure of relatedness 

between sample groups.  D-loop sequences were obtained from 65 of the 66 birds; 

individual 1457 was not included in the analysis due to PCR failure.  Seven SNPs were 

identified in the 535 bp amplicon.  All SNPs were transitions between cytosine and 

thymine, and one transition was unique to a single mitotype in a bird at the Grant 1 

locality.  Two mitotypes were observed in only single birds, one of these from the 

Crawford locality and the other from Grant 1 (Table 3.7).   

As expected, all birds were homozygous at the variant positions.  Eighty percent 

of the turkeys sampled could be grouped into one of two mitotypes.  Mitotype 1 was the 

most common in two of the five localities, Crawford and Grant 2 (Table 3.7, Figure 3.5).  
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Mitotype 2 was the most common in the three remaining localities, Iowa, Richland and 

Grant 1.  Among the sampled turkeys, Grant 1 had five mitotype groups, while Richland 

and Grant 2 each had four, Iowa had three and Crawford had two.  Pairwise Fst values 

and migrants per generation (Nm) were used to investigate gene flow between the 

localities.  Negative pairwise Fst values calculated between localities were interpreted as 

zero.  Birds from the Crawford locality showed moderate levels of differentiation when 

compared to Iowa and Richland (Fst = 0.11 and 0.08 respectively) and higher levels of 

differentiation when compared to Grant 1 (Fst = 0.33).  Grant 1 and Grant 2 showed low 

levels of differentiation (Fst = 0.098).   

These results support the presence of family groups intermixed between localities.  

Conventionally, Nm levels much greater than 1 indicate gene flow levels high enough to 

counteract effects of genetic drift.  The lowest Nm value (Nm = 0.5) was observed 

between Grant 1 and Grant 2, indicating little gene flow between these two localities.  All 

other Nm values were greater than 1, suggesting high levels of female-mediated gene 

flow between localities and limited population substructure.  Nucleotide diversity was 

low at all localities (π = 0.0007-0.0036).  

 Mitotype diversity (h) ranged from h = 0.257 (Grant1) to h = 0.848 (Richland) 

with an average of h = 0.663 across all samples.  Tajima’s D estimates fell within neutral 

expectations for all localities (Table 3.8).  Chi-square tests for association between 

Southern phenotype and mitotype as well as SNP haplotype and mitotype found no 

significant association (p = 0.450 and p = 0.552, respectively).   
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Southern blotting method of MHC diversity compared to SNP analysis. 

Comparisons between Southern phenotype and SNP analysis show several PHASED 

genotypes encompassed within each group.  For example, there are 8 Southern blot 

phenotype groups that contain birds with different SNP genotypes (Table 3.1).  The 

greatest correlation between Southern phenotype and SNP genotypes is present in 

phenotype group B, where 3 out 4 birds shared one SNP genotype.  Phenotype group C is 

also interesting as it contains 5 birds sharing one SNP genotype (4/12), 3 sharing (4/13), 

2 sharing (2/12) and 3 birds not sharing a SNP genotype. 

   The number of haplotype combinations (phased genotypes) was similar to the 

number of class IIβ phenotypes shown in the Southern blots (15 vs 16, Table 3.8).  

However, there was one more genotype at the Iowa and Grant1 localities and one less 

genotype at the Crawford locality compared to Southern phenotypes.  Clearly, SNP 

haplotypes indicate greater MHC variability than that predicted by Southern blot in two 

localities; there are 8 additional SNP haplotypes in birds from the Iowa locality and 9 

additional SNP haplotypes those from Grant 2.  In contrast, the Richland and Crawford 

samples had 2 fewer SNP haplotypes than Southern haplotypes and 3 less were present in 

Grant 2.  Chi square analysis found no association between Southern haplotypes and SNP 

haplotype (p = 0.135). 

 

DISCUSSION 

Comparison of methods to detect MHC variability  
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Investigations of MHC diversity in domestic and wild birds have focused mainly on the 

class IIβ peptide-binding region (PBR) because of its association with adaptive immune 

response.  However, the genes in this family are difficult to study, due to their 

multiplicity and the polymorphic nature of the PBR.  Another complicating factor is the 

high rate of gene conversion and gene duplication in avian taxa, which result in high 

sequence similarity among loci of even intron sequences surrounding the PBR.  Sequence 

similarity complicates primer design for PCR and ultimately the designation of loci in 

many species.  

 Techniques such as RFLP, SSCP and DGGE can detect distinct class IIβ 

phenotype/haplotypes in closely related individuals, however, the variation detected 

within and between individuals is likely inaccurate for multiple reasons.  Optimization of 

RFLP, SSCP and DGGE experimental conditions for each class IIβ allele is typically not 

possible, and genotype variability often cannot be determined due to the amplification of 

multiple loci in PCR reactions.  This results in inflated estimates of heterozygosity.  In 

addition, sequence homology between class IIβ genes, can cause overlap of similar 

alleles, which would underestimate diversity (Freeman-Gallant et al., 2002; Goto et al., 

2002; Ekblom et al., 2004; Chaves et al., 2011).  For example Bonneaud et al (2004) used 

RFLP to compare class IIβ diversity in sparrows and found variation within individuals to 

be extensive in that none of the individuals examined shared the same genotype.   

One way to overcome the interpretation of methods such as SSCP or DGGE is by direct 

sequencing.  For example, direct sequencing of class IIβ genes (8-15 clones per PCR) in 

New Zealand Robins revealed up to 28 predicted amino acid differences between class 
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IIβ alleles.  This and other studies have shown that RFLP approaches, compared to direct 

PBR sequencing, underestimate class IIβ diversity likely due to non-polymorphic 

pseudogenes and the inability of RFLP to detect small sequence differences (Miller and 

Lambert, 2004).   

 Direct sequencing of class IIβ genes also has many drawbacks including: PCR 

artifacts, PCR recombination, heteroduplex formation and preferential or non-

amplification of some alleles.  Primer design is difficult due to the lack of extensive 

locus-specific sequences, and intron sequence may be highly similar between genes 

resulting in the amplification of multiple class IIβ genes in one PCR.  Equally 

problematic is the possible exclusion of alleles due to the failure of PCR primers to 

recognize divergent sequences.  Some of the problems associated with artifacts can be 

mitigated using next-generation sequencing approaches which effectively increase the 

ratio of signal to noise (Zagalska-Neubauer et al., 2010). 

In the present study, MHC diversity of 66 wild turkeys in southern Wisconsin was 

initially determined by Southern blotting of the class IIβ and B-G regions, followed by 

PCR/RFLP SNP analysis of four genes flanking the class IIβ region.  This 

implementation of PCR/RFLP focused on single-copy genes to investigate variation 

within and between populations by eliminating the many pitfalls (ie amplification of 

multiple alleles and pseudogenes) of previous studies that used class IIβ genes as a model 

for MHC diversity.  This approach is possible because of the tight linkage between the 

class IIβ and flanking genes (Chaves et al., 2010).  The use of single copy genes allows 



 

72 

for more accurate estimates of population structure, and gene flow, as allele frequencies 

can be used to estimate differences in heterozygosity and Fst/Nm.   

The results from this study demonstrate PCR/RFLP SNP genotyping as a more 

informative measure of MHC diversity than class IIβ phenotyping by Southern blot 

analysis.  The PCR/RFLP SNP method provided both genotype and haplotype 

information on MHC variability in these wild birds, which cannot be definitively 

determined from the class IIβ Southern blots.  Discrepancies in the number of haplotypes 

is to be expected because without inheritance data, clustering by Southern blot pattern 

does not distinguish between homozygous and the many possible heterozygous 

haplotypes.  This is further demonstrated in the 14 homozygous birds where eight 

different Southern haplotypes (ranging from 3 to 6 bands) were found, demonstrating that 

some SNP haplotypes are more variable than others in the class IIβ region. 

Interestingly, the number of PHASED genotypes (haplotype combinations) 

indicated by SNP genotyping was nearly identical to the number of phenotypes observed 

by class IIβ Southern blotting (Table 3.9).  The number of genotypes identified using 

PHASE showed more than twice the variability indicated by class IIβ Southern blot in the 

Iowa locality and 1.5x the variability in the Grant 1 locality.  The lack of significant 

association between Southern group, SNP haplotype and mitotype is consistent with the 

mode of inheritance of MHC genes and mitochondrial DNA, as they are inherited 

independently.  Twenty percent of the sampled birds had unique class IIβ Southern 

banding patterns so it is not surprising to find no association between this variable and 

SNP haplotypes.  
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Sequencing of BG5, the most variable BG locus based on previous studies 

(Chapter 3), clearly demonstrated the pitfalls of investigating gene families with high 

sequence homology.  Sequence data supports the presence of at least one additional BG 

gene in addition to the five described in the species.  The unique amplicons sequenced 

from three individuals were most similar to BG5, and may indicate a duplicated locus or 

copy number variation.  The total number of B-G genes has yet to be determined in the 

turkey (domestic or wild).  Thus it can not be determined if the unique alleles (or loci) 

observed in the present study are exclusive to wild birds.  Previous studies have found 

differences in MHC gene copy number within and between domestic and wild species 

(Delarbre et al., 1992, Cutler et al., 2007).  Sequence of the B-locus (Chapter 3) and 

preliminary RNA-seq data (KM Reed, unpublished) also suggest additional loci. 

 

Genetic Relatedness of Wild Turkeys Based on Mitochondrial DNA  

 Our data shows that wild turkeys located in southern Wisconsin have a genetically 

diverse MHC and originate from several maternal lineages.  The ancestral genetic 

background of the original birds transplanted to Wisconsin is unknown, but it seems 

certain from our data that these individuals were genetically diverse.  Genetic diversity in 

the transplanted birds would mitigate a founder effect.  The mitochondrial D-loop was 

previously shown to be most variable within the Eastern subspecies in comparison to the 

other subspecies inhabiting the U.S. (Mock et al., 2002), but the degree of relatedness 

among birds in Wisconsin was unknown.  Two common mitotypes were found in 80% of 

the sampled birds, with two additional mitotypes at low frequency (<10%) in multiple 
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localities and 3 mitotypes each found in single individuals.  Individuals in the Grant 1 and 

Crawford localities showed the least relatedness both to each other (Fst = 0.33, Nm = 1) 

and to the other three localities.  The Grant 1 locality is closer to the Iowa state border 

than any other sampled locality.  Interbreeding of wild birds in Wisconsin with wild birds 

from the state of Iowa could account for the increased genetic divergence of birds at this 

locality compared to those at the other localities.  The Crawford locality is located on the 

border of Minnesota and Wisconsin, where influx of wild turkeys from Minnesota could 

decrease the relatedness of birds in this locality compared to the other groups.  Birds 

located in the other three localities show no population differentiation as detected by Fst.  

Panmixis between these localities is not unexpected, since the sampled birds were located 

within a 35 mi radius, easily within the seasonal range of M. gallopavo.  In comparison, a 

study investigating relatedness between two other  subspecies of turkey (Merriam’s and 

Gould’s) in the southwestern U.S. found 9 mitotypes (5 unique) distributed across a 

250km area, with two mitotypes containing fixed differences between the subspecies 

(Mock et al., 2001).  A similar study of prairie chickens in central Wisconsin showed 7 

mitotypes (Fst = -0.033-0.09) in 80 birds from four locations sampled between 1998-

2000, a decrease from the 23 (Fst = -0.07-0.025) observed 50 years earlier (Johnson et al., 

2004).  Average mitotype and nucleotide diversity in the turkeys included in the present 

study (h = 0.663, π = 0.0031) was generally lower than that observed in the Eastern Wild 

turkeys (h = 0.895, π = .00451) sampled in the southern U.S. by Mock et al. (2002).  

However, one group (Richland) did show a similar level of diversity (h = 0.848, π = 

0.0061).  The comparatively decreased diversity observed in the present study could be 
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due to geographical proximity of sampled individuals, chance netting of related 

individuals, which tend to flock together in the winter, or the limited sample size, which 

is known to affect haplotype and nucleotide diversity values.  In comparison Mock et al. 

(2002) characterized 10-20 hunter harvested birds per group sampled across 5 different 

states over a 4 year time period. 

 

MHC-based genetic diversity  

Selection pressures affecting MHC variation in vertebrates have been widely debated.  

Balancing selection caused by mechanisms such as gene duplication, negative assortative 

mating and pathogen-mediated selection are thought to act in tandem with genetic drift to 

affect MHC allele diversity.  Balancing selection appears to have a prominent role in 

maintaining MHC diversity in populations on the long-term, even in otherwise 

monomorphic organisms (Aguilar et al., 2004).  The magnitude of effect caused by each 

of these forces on MHC alleles is thought to correlate with the population’s history.  

Genetic drift appears to have a pronounced effect in the short-term on MHC genes in 

isolated, small and recently bottlenecked populations, and alleles in these populations 

show a loss of adaptive genetic diversity (Alcaide et al., 2010; Eimes et al., 2011; Miller 

et al., 2010).  Class IIβ genes are a common target in assessing MHC variability because 

of their known foreign peptide binding and presentation functions, which are related to an 

organism’s ability to resist and clear pathogens.  Higher levels of variation in the class IIβ 

PBR are thought to correlate with increased chance of survival (Miller and Lambert 

2004; von Schantz 1996).  Studies focusing on the effects of pathogen-mediated selection 
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on MHC diversity have found a positive association between class I and class IIβ PBR 

variability and pathogen diversity (Alcaide et al., 2010).  Studies examining the effects of 

variation in other MHC genes on fitness are few (Jensen et al., 2008). 

The number of SNPs located across the sequenced amplicons indicate an 

increased level of MHC heterozygosity compared to the rest of the turkey genome.  The 

average SNP density across the turkey genome is reported at 1 SNP per 240 bp, which 

was determined using intron sequences in a commercial line (Reed et al., 2006).  Chaves 

et al. (2010) examined commercial lines and found an average SNP density in the B-locus 

of 1 SNP per 70 bp (1 SNP/438 bp specifically in protein coding regions).  The SNP 

frequencies within the MHC genes examined in the present study were also examined in 

a subset of commercial (Chaves et al., 2010) and Eastern wild (Chaves et al., 2011) 

turkeys.  In comparison to commercial birds, MHC diversity in the WI wild birds was 

approximately 2x greater.  This is not surprising, since commercial lines are under 

selection pressure for production traits, a phenomenon observed both in chickens and 

turkeys (Buchholz et al., 2004; Muir et al., 2008; Zhu et al., 1996) 

The 15 Eastern wild turkeys previously examined by Chaves et al. (2011) came 

from geographical areas having no recorded reintroductions and no known extirpations or 

severe population declines. Populations in these areas have been used as sources for other 

relocation efforts because of their persistence and suspected genetic diversity (Mock et 

al., 2002).  Those individuals exhibited between 1.2x to 3x greater SNP diversity (Chaves 

et al., 2011) than the wild birds sampled in this study.  The reduced diversity of the WI 

wild birds may be due to high individual relatedness, close geographical proximity of 
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sampled individuals or a result of the potential bottleneck induced by population 

expansion from a reduced number of individuals (founder effect).  This could be resolved  

by resampling birds in Wisconsin from a broader geographical area in the present day.  

    The class IIβ Southern phenotypes and SNP haplotypes suggest high levels of 

MHC diversity at the class IIβ and surrounding genes compared to the mtDNA D-loop in 

this sample of wild birds, supporting the hypothesis that high MHC diversity is 

maintained in these introduced populations.  At the SNP haplotype level, heterozygosity 

was high, with the least MHC diversity seen in the Richland sample.  Maintenance of 

heterozygosity is consistent with balancing selection.  Of particular interest at the locus 

level is the high heterozygosity values (86.7%) observed for of BTN1 and TAP1 in the 

Grant 1 birds, indicating a selection pressure towards diversity at these two loci.  

Southern phenotypes indicate Grant 1 as the least diverse group of individuals, in contrast 

to the SNP haplotype profile, which found Grant 1 to be the most diverse group.  MHC 

related gene flow between localities appears high based on Fst values with the highest Fst 

and lowest Nm occurring between Grant 1 and Grant 2 (Fst = 0.13, Nm = 3.23).  

Locus by locus Hardy-Weinberg tests revealed less than expected heterozygosity 

between all localities for BTN2 and TRIM41 and no difference in expected heterozygosity 

for TAP1 and BTN1.  All localities were located within a 35 mile radius in the winter 

months, when family groups tend to flock together, so lower heterozygosity than 

expected under H-W is not surprising.  The birds in the Grant 1 sample showed 

significantly greater heterozygosity than predicted by H-W equilibrium, which may be 

due to the influx of birds from the neighboring state (Iowa).  With this data, it would be 
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useful to compare the diversity of the turkeys used in this study to turkeys currently 

located in the same regions to determine recent effects of gene flow on heterozygosity.  

Turkeys from other regions of the state, surrounding states and Missouri would give a 

more complete picture of how MHC diversity has evolved since the reintroduction of this 

bird.  

 

CONCLUSION 

We are just beginning to measure the overall diversity in the turkey MHC.  Although the 

range of the wild turkey has been expanded through recent reintroductions, considerable 

MHC haplotype diversity appears to be segregating in these populations.  Balancing 

selection may be acting to maintain MHC heterozygosity after their considerable 

population expansion.  Although Southern blotting gives a generalized picture of MHC 

diversity, the method has limitations and provides a limited representation of total MHC 

diversity.  SNP genotyping is more informative with the ability to determine the extent of 

heterozygosity at the locus and haplotype levels.  These data provide information on 

selection pressures acting on a population, the number of segregating MHC 

chromosomes, and estimations of gene flow.
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Individual Location Sex 

Southern 
blot 

phenotype TRIM 41 BTN1 BTN2 TAP1 SNP genotype Mitotype 
1427 Iowa female C 1.2 1.2 1.2 1.1 (1,12) 1 
1428 Iowa female J 1.2 1.2 1.1 1.2 (4,12) 2 
429 Iowa female B 1.1 1.1 1.1 1.1 (12,12) 2 

1430 Iowa female A 2.2 1.2 1.2 1.1 (1,7) 5 
1431 Iowa female C 1.2 1.2 1.2 1.2 (2,12) 2 
1432 Iowa female E 2.2 1.2 2.2 1.1 (1,5) 2 
1433 Iowa female E 2.2 2.2 1.2 2.2 (6,8) 1 
1434 Iowa female I 2.2 2.2 1.2 1.2 (6,7) 2 
1435 Iowa  female F 1.2 1.1 1.1 1.1 (3,11) 1 
1436 Iowa female D 1.2 1.2 1.1 1.2 (4,12) 2 
1438 Richland female A 1.2 1.2 1.1 1.1 (3,12) 2 
1439 Richland female H 2.2 2.2 1.2 1.1 (5,7) 2 
1440 Richland female O 2.2 2.2 1.1 2.2 (8,8) 5 
1441 Richland female E 2.2 2.2 1.2 2.2 (6,8) 6 
1442 Richland female L 1.2 1.2 1.1 1.1 (3,12) 1 
1443 Richland female B 1.1 1.1 1.1 1.1 (11,11) 1 
1444 Richland female K 2.2 1.2 1.1 1.1 (3,7) 2 
1445 Richland female P 1.2 2.2 1.1 1.2 (8,12) 6 
1446 Richland  Q 2.2 1.1 1.1 1.1 (3,3) 5 
1447 Richland female E 2.2 1.2 1.2 1.1 (1,7) 6 
1448 Richland female R 1.1 2.2 1.1 1.1 (12,12) 2 
1449 Richland  S 2.2 1.1 1.2 1.1 (1,3) 5 
1450 Grant1 female C 1.2 1.2 1.2 1.2 (2,12) 4 
1451 Grant1 female C 1.2 1.2 1.1 2.2 (4,13) 2 
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1452 Grant1 female D 1.2 1.2 1.2 2.2 (2,13) 2 
1453 Grant1 female T 1.2 1.2 1.1 1.1 (3,12) 2 
1454 Grant1 female C 1.2 1.2 1.1 2.2 (4,13) 2 
1455 Grant1  C 1.2 1.2 1.1 1.2 (4,12) 7 
1456 Grant1 female C 1.2 1.2 1.1 2.2 (4,13) 2 
1457 Grant1 female C 1.2 1.2 1.1 1.2 (4,12) 1 
1458 Grant1 female C 1.2 1.2 1.1 1.2 (4,12) 2 
1459 Grant1 female B 1.1 2.2 1.1 1.1 (12,12) 2 
1460 Grant1 female C   1.2 1.1  2 
1461 Grant1 female C 1.2 1.2 2.2 1.2 (5,10) 2 
1462 Grant1  C 1.2 1.2 1.1 1.2 (4,12) 2 
1463 Grant1 female C 1.2 1.2 1.1 1.2 (4,12) 2 
1464 Grant1 female U 1.1 2.2 1.1 1.1 (12,12) 2 
1465 Crawford female A 1.2 1.2 1.1 2.2 (4,13) 1 
1466 Crawford female N 1.1 1.2 1.1 1.1 (11,12) 3 
1467 Crawford female E 2.2 1.1 2.2 1.2 (1,2) 1 
1468 Crawford female E 2.2 1.1 1.2 2.2 (2,4) 1 
1469 Crawford female M 1.2 1.2 1.2 1.2 (2,12) 2 
1470 Crawford female V 1.1 1.2 1.1 1.1 (11,12) 1 
1471 Crawford female E 2.2 1.1 1.2 2.2 (2,4) 1 
1472 Crawford female M 1.2 1.2 1.1 1.2 (4,12) 2 
1473 Crawford female W 1.1 2.2 1.1 1.1 (12,12) 1 
1474 Crawford male N 1.1 1.2 1.1 1.1 (11,12) 1 
1475 Crawford  C 2.2 1.2 1.1 1.2 (3,8) 2 
1476 Grant2 female B 1.1 2.2 1.1 1.1 (12,12) 1 
1477 Grant2 male I 1.1 1.1 2.2 1.2 (9,10) 2 
1478 Grant2 male G 1.2 2.2 1.1 1.1 (3,12) 2 
1479 Grant2 male G 1.1 1.2 1.1 1.1 (11,12) 2 
1480 Grant2 male H 2.2 1.1 2.2 1.1 (1,1) 1 
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1481 Grant2 female G 1.2 1.1 1.1 1.1 (3,11) 1 
1482 Grant2 female H 2.2 1.1 2.2 2.2 (4,4) 1 
1483 Grant2 female J 2.2 2.2 1.2 1.1 (1,7) 1 
1484 Grant2 male A 1.2 1.1 1.1 1.1 (3,11) 1 
1485 Grant2  K 2.2 1.2 1.1 1.1 (3,7) 2 
1486 Grant2 female X 2.2 2.2 1.1 1.1 (7,7) 2 
1487 Grant2 female F 1.1 1.2 1.1 1.1 (11,12) 1 
1488 Grant2 female L 2.2 1.1 1.1 1.1 (3,3) 5 
1489 Grant2 female Y 2.2 1.2 1.1 1.1 (3,7) 5 
1490 Grant2 female Z 1.2 1.2 1.1 1.1 (3,12) 5 
1491 Grant2 female H 2.2 1.1 1.1 1.1 (3,3) 1 
1492 Grant2 female G 1.2 1.2 1.1 1.1 (3,12) 2 
1493 Grant2 female AA 1.2 2.2 1.1 1.2 (8,12) 6 

 

Table 3.1.  Genetic variation in wild turkeys from southern Wisconsin.  For each individual, the collection location, sex, class 

IIβ Southern phenotype, locus genotypes, SNP genotype (haplotype combination) and mtDNA haplotype (D-loop mitotype) 

are given. 
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A                                                                          B 

 

 

 

          Figure 3.1A-B.  Example Southern blot of wild turkey genomic DNA digested with Pvu II and hybridized with a (A)  

          class IIβ (Genbank M29763) or (B) B-G (bg11) probe. 
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Figure 3.2.  The turkey MHC-B locus.  The genes examined by Southern blotting and SNP genotyping are colored. The known 

class IIβ and B-G genes represented by the Southern blot are dark blue and purple, respectively.  Position of amplicons 

resequenced for haplotype analysis are dentified by arrows.  Primer sequences are given in Table 3.2.  
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Table 3.2.  Summary of SNPs identified in MHC-B genes.  For each gene, the primers used in PCR, product size, genotyping 

enzyme (PCR/RFLP) and conditions are given.  Position of SNPs within the MHC-B (Genbank DQ993255) are listed with the 

corresponding IUPAC nucleotide ambiguity code and SNPs used for genotyping are underlined. 

 
 
 

Gene Primers (5’-3') 
Product 
size (bp) Enzyme 

Digest 
time Position /Ambiguity code 

TAP1 GCCAGATACCACAGCAGGAG 401 FokI 1 hr 

21
19

7 

21
19

8 

21
20

41
 

21
21

97
 

          
 GGCCGTGCCCTACTACAC    Y Y Y S           

BTN1 AGAGCGTCACACCAAAATAGG   504 MslI   2 hr 13
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34
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 GGGAAGTCTTGGTTGTGTTTC    R W R Indel Y R S R W M W W R W 

BTN2 CCCATTGACATGAAGTGACC 800 NcoI 2 hr 14
00
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Figure 3.3.  Class IIβ haplotype distributions determined by Southern blot. Group N are birds with unique Southern banding 

patterns. 
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Location TRIM 41 BTN1 BTN2 TAP1 

 A G T A G C G C 
Iowa  0.65 0.35 0.60 0.40 0.65 0.35 0.70 0.30 
Richland 0.71 0.29 0.58 0.42 0.83 0.17 0.79 0.21 
Crawford 0.45 0.55 0.55 0.45 0.77 0.23 0.64 0.36 
Grant 1 0.43 0.57 0.57 0.43 0.87 0.13 0.43 0.57 
Grant 2 0.65 0.35 0.35 0.65 0.85 0.15 0.88 0.12 
All Turkeys 0.58 0.42 0.50 0.50 0.82 0.18 0.69 0.31 

 
 

Table 3.3. Allele frequencies by sample at SNPs in four genes flanking the class IIβ 

genes of the turkey.  Frequencies for locus were calculated using the EM algorithm. 
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    TRIM41 BTN1 BTN2 TAP1 

Location # 
Obs. 
Het. 

Exp. 
Het. P-value 

Obs. 
Het. 

Exp. 
Het. P-value 

Obs. 
Het. 

Exp. 
Het. P-value 

Obs. 
Het. 

Exp. 
Het. P-value 

Iowa  10 0.4000 0.4421 1.0000 0.6000 0.5053 1.0000 0.5000 0.4789 1.0000 0.5000 0.4789 1.0000 
Richland 12 0.0833 0.3442 0.0310 0.3333 0.5073 0.2901 0.3333 0.2899 1.0000 0.2500 0.4312 0.1938 
Crawford 11 0.3636 0.4848 0.5372 0.5454 0.5195 1.0000 0.2727 0.3680 0.4385 0.1818 0.5195 0.0610 
Grant 1 16 0.4667 0.5081 1.0000 0.8667 0.5080 0.0001 0.1333 0.2391 0.2031 0.8667 0.5081 0.0001 
Grant 2 17 0.1176 0.2139 0.1803 0.4706 0.4706 1.0000 0.0588 0.2585 0.0145 0.3529 0.4706 0.3366 
Total 65 0.2769 0.4293 0.0077 0.5692 0.5039 0.3281 0.2308 0.3131 0.0453 0.4462 0.4919 0.6093 

 
 

Table 3.4. Heterozygosity of the sampled birds measured at each locus.  Observed heterozygosity was compared to 

expected heterozygosity using a Hardy-Weinberg Exact Test.  P-values (α = 0.05) are shown for each locus. 

 
 
 
 
 
 
 
 
 
 
 
 



 

88 

 
 Iowa Richland Crawford Grant1 Grant2 
Iowa  0.000 0.000 0.047 0.043 
Richland 0.024  0.019 0.078 0.000 
Crawford 0.000 0.085  0.000 0.130 
Grant 1 0.000 0.150 0.330  0.030 
Grant 2 0.000 0.000 0.098 0.000  

 

Table 3.5.  SNP haplotype (above diagonal) and mitotype (below diagonal) Fst values 

observed for southern WI wild turkeys. 
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Haplotype 
Haplotype 
sequence 

Total 
Freq (%) Iowa Richland Crawford Grant 1 Grant 2 

1 GTGG 19.5 14.5 14.0 35.0 26.0 11.0 
2 AAGG 17.0 11.0 23.0 0.0 7.0 31.0 
3 GAGG 11.0 10.0 13.0 15.0 3.0 17.0 
4 ATGG 10.5 10.0 17.0 5.0 3.0 19.0 
5 AAGC 8.0 3.0 0.0 20.0 20.0 6.0 
6 ATGC 7.5 11.0 14.5 0.0 6.0 0.0 
7 AACG 6.0 9.0 6.0 5.0 1.5 8.0 
8 GTGC 5.0 3.0 2.0 0.0 16.0 0.0 
9 ATCG 4.0 12.0 6.5 0.0 0.5 1.0 

10 AACC 3.0 1.0 0.0 20.0 4.0 0.0 
11 GAGC 3.0 3.0 0.0 0.0 6.0 0.0 
12 ATCC 2.5 8.0 4.0 0.0 1.0 0.0 
13 GACC 1.0 0.5 0.0 0.0 1.0 3.0 
14 GACG 1.0 2.0 0.0 0.0 0.0 3.0 
15 GTCG 0.5 1.5 0.0 0.0 2.0 0.0 
16 GTCC 0.5 0.5 0.0 0.0 3.0 0.0 

% Het  80.7 90.0 66.7 90.0 92.3 72.7 
 

Table 3.6. SNP haplotypes determined by PHASE analysis of genotyped SNPs in genes flanking the class IIβ genes of the 

turkey MHC-B.  For each haplotype, the SNP combination (sequence) and frequencies by population are given. 
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Figure 3.4.  Distribution of phased MHC-SNP haplotypes in wild turkeys from southern Wisconsin.
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Group Mitotype 

Total 
Freq 
(%) Iowa Richland Crawford Grant 1 Grant 2 

1 TCCCTC 32.0 3 (30) 2 (17) 7 (60) 2 (13) 7 (41) 
2 TCCCCC 46.0 6 (60) 4 (33) 3 (30) 13 (73) 6 (35) 
3 TCCTTT 1.5 0 0 1 (10) 0 0 
4 TCCTCC 1.5 0 0 0 1 (7) 0 
5 TCCTCT 11.0 1 (10) 3 (25) 0 0 3 (18) 
6 TTTCTC 6.0 0 2 (25) 0 0 1 (16) 
7 CCCCCC 1.5 0 0 0 1 (7) 0 

 

Table 3.7. Mitochondrial DNA haplotypes (mitotypes) observed in wild turkeys from southern Wisconsin.  For each mitotype, 

the overall frequency and the number and frequency of each type observed (in brackets) in the five sampled localities are 

given. 
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Figure 3.5.  Mitotype distribution in wild turkey populations sampled in southern Wisconsin.
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Location 
No. of 

mitotypes h (Haplotype diversity) 
π (Nucleotide 

diversity) 
Tajima's 

D 
Iowa 3 0.600 0.0023 -0.6575 

Richland 4 0.848 0.0061 0.6651 
Crawford 3 0.436 0.0011 0.6714 

Grant1 4 0.257 0.0007 -1.4905 
Grant2 4 0.713 0.0036 -0.2108 

All Turkeys 7 0.663 0.0031 -0.5360 
 
 
                  Table 3.8.  Summary of mtDNA diversity measures among sampled localities of wild turkeys. 
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 Location 

Class IIβ 
Southern 

phenotypes 
SNP 

haplotypes 
Phased 

Genotypes Mitotypes 
Iowa 8 16 9 3 
Richland 11 9 11 4 
Crawford 8 6 7 3 
Grant 1 6 15 7 4 
Grant 2 12 9 12 4 
All birds 27 16 28 7 

 

Table 3.9.  Summary of MHC variation in WI wild turkeys as estimated by Southern blot, SNP haplotyping (determined by 

PHASE) and PHASE genotypes as compared to variation observed in the mitochondrial D-loop (mitotypes). 

. 
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Chapter 4 

Expression of MHC B-G Genes in Response to Aflatoxin Challenge in the Turkey. 
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Abstract 

Aflatoxin B1 (AFB1) is a ubiquitous contaminant of animal feed, causing severe liver 

damage in a variety of organisms.  Turkeys show extreme sensitivity to aflatoxin 

exposure, with low doses producing visible symptoms of aflatoxicity including severe 

decreases in growth rate, immunosuppression and liver necrosis.  Multi-gene families are 

characteristic of the major histocompatibility complex (MHC), some of which exhibit 

high degrees of polymorphism, critical to development of an immune response.  One 

example is the B-G gene family.  The turkey B-G genes contain highly polymorphic 

extracellular domain sequences surrounded by tightly conserved regions and variable 

length cytoplasmic tails.  This study was designed to generate an expression profile of the 

turkey B-G genes and to measure BG expression in birds exposed to aflatoxin in the 

context of Lactobacillus probiotic.  B-G expression in liver tissue of aflatoxin challenged 

birds was measured using quantitative real-time PCR.  A low level of expression was 

observed for three of the four B-G genes investigated.  BG4 expression levels fluctuated 

within and between groups and a higher level of expression was measured in birds 

challenged with aflatoxin after treatment with the probiotic Lactobacillus.  This study 

provides insights into the potential differences in B-G gene functions relative to aflatoxin 

exposure in the context of Lactobacillus and the groundwork for future studies 

quantifying expression levels of this gene family.  

 

 

 



 

97 

INTRODUCTION 

Aflatoxin B1 (AFB1) is a potent carcinogen commonly present in maize and other corn-

based animal feeds.  The potent effects of this mycotoxin on young poults were first 

identified in turkeys as a result of the Turkey X outbreak of 1960, which involved the 

deaths of more than 100,000 birds (Blount 1961; Spensley 1963).  AFB1 is produced by 

fungi in the Aspergillus group and is transmitted to animals and humans through 

ingestion of contaminated food.  In poultry, aflatoxin induces many deleterious effects, 

including reduced body weight gain, decreased organ weights, immunosuppression and 

irreversible liver damage. 

Turkeys are known as the most susceptible animal to AFB1 with extreme 

sensitivity to aflatoxicosis due to a combination of efficient microsomal activation of 

AFB1 to the toxic intermediate, exo-AFB1-8,9-epoxide(AFBO), via cytochrome P450 

enzymes and inefficient detoxification of the intermediate mediated by glutathione-S-

transferase (GST) enzymes (Diaz et al., 2010;  Klein et al., 2000; Rawal and Coulombe, 

2011).  Even at levels far below the US FDA action level of 110 ppb, AFB1 causes poor 

performance, along with decreased growth rate, body weight, weight gain, egg 

production, reproductive performance, feed efficiency (Arafa et al., 1981; Pandey and 

Chauhan, 2007) and overall productivity in commercial birds (Weibking et al., 2004).  

Wild turkey poults show more resistance to aflatoxicity than their domestic counterparts 

and exhibit less weight loss and mortality than domestic poults in response to aflatoxin 

challenge (Quist et al., 2000). 
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Several studies have shown that certain species of viable or heat-killed bacteria, 

including Lactobacillus and Propionibacterium, are capable of binding to, absorbing and 

detoxifying AFB1 in many organisms including chickens, rats, mice, humans and turkeys 

(Da-Silva and Oluwafemi, 2009; El-Nazami et al., 2000; Lahtinen et al., 2004; Lee et al., 

2003).  Lactobacillus sp. are of particular interest because of their widespread use in 

animal feed in addition to their anti-carcinogenic and anti-genotoxic effects in humans 

and animals (Commane et al., 2005).  Studies show several species of Lactobacillus 

improve daily feed intake of aflatoxin challenged animals, returning measurements to 

normal levels (Hathout et al., 2011).  

Host gene expression of aflatoxin-challenged animals is limited, and there are no 

published data regarding aflatoxin-induced changes in expression of genes in the major 

histocompatibility complex (MHC), despite the well-known role of these in disease 

resistance and antibody production.  Embryonic exposure to AFB1 results in a 

compromised immune response in hatched chicks through suppression of humoral and 

cellular immunity (Quershi et al., 2000).  Immunosuppression appears to be at least partly 

due to upregulation of cytokines, including IL-6 (Yarru et al., 2009).  Microarray gene 

expression profiling of broiler chickens exposed to dietary aflatoxin found down 

regulation of many hepatic genes related to immune function, consistent with the 

immunosuppressive effects of aflatoxicity (Yarru et al., 2009).   

B-G genes are part of a polymorphic multi-gene family in the major 

histocompatibility complex (MHC) of avian genomes.  There are six B-G genes 

described in the turkey MHC and additional genes are suspected.  These are organized in 
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two clusters separated by ~125kb (Chapter 3; Chaves et al., 2009), which are tightly 

linked to the class I and class II loci.  Expression data on these genes is limited, and their 

function has yet to be fully elucidated, although several possible functions have been 

hypothesized (Kaufman et al., 1991; Goto et al., 2009).  Early studies describe B-G 

molecules as erythrocyte antigens (Koch et al., 1983; Longenecker and Mosmann, 1980).  

Later studies expanded on this data, presenting convincing evidence for cell surface 

expression on erythocytes as well as in caecal, small intestine and liver tissues 

(Salomonsen et al., 1987; Miller  et al., 1990; Salomonsen et al., 1991).  B-G 

polypeptides isolated from liver and caecal extracts show size heterogeneity, unlike those 

isolated from erythocytes (Miller et al., 1990).  B-G proteins have highly conserved 

immunoglobulin (Ig) variable (V)-like and transmembrane domains with extensive 

divergence in their intracellular regions.  Structurally, BGs share some characteristics 

with the chicken leukocyte receptor complex family (CHIR) (Laun et al, 2006).  

Recently, a BG1 allele in the chicken was shown to confer significant resistance to gallid 

herpesvirus-2-induced lymphomas (Marek’s disease) further supporting a hypothesized 

immune function of BGs (Goto et al., 2009).  Preliminary RNA-seq data suggest that B-G 

loci in the turkey may be responding to AFB1 exposure (KM Reed, unpublished 

observations).  This study was designed to generate an expression profile of the turkey B-

G genes and to measure BG expression in birds exposed to aflatoxin in the context of 

Lactobacillus probiotic.       

 

MATERIALS AND METHODS 
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Initial Survey of B-G gene expression 

Expression of B-G genes was initially examined by testing for PCR amplification with 

locus-specific primers from cDNA templates prepared from total RNA of non-challenged 

birds (Table 4.1).  Briefly, RNA was extracted from heart, bursa, spleen and liver tissues 

of the RBC2 turkey line (tissues provided by Dr. Sandra Velleman, The Ohio State 

University) using Trizol (Invitrogen).  cDNA was synthesized using the Multi-temp 

Affinity Script cDNA Synthesis kit (Agilent).  Locus-specific primers were designed to 

amplify segments of BG1-5 between exons 1 and 3.  PCR was performed using HotStar 

Taq (Qiagen, Inc) at the following parameters: 94°C for 10 minutes followed by 35 

cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec and a final extension of 72°C 

for 10 min.  Expression of each locus was determined by visualization on a 2% agarose 

gel followed by sequencing of the PCR products.  For sequencing, PCR samples of 

expressed loci were purified by adding 1µl of ExoSAP-IT (USB Corp) to 4µl PCR 

product and incubated at 37°C for 15 min and 80°C for 15 min.  Treated DNA was sent 

to the Biomedical Genomics Center, University of Minnesota for Sanger sequencing.  

Sequences were aligned and compared using Sequencher 4.9 software (Gene Codes 

Corp.).  

 

Aflatoxin/Lactobacillus challenge 

Bacterial strains.  A freeze-dried mixture of probiotics, “LGG” (Valio Ltd., Helsinki, 

Finland), consisting of Lactobacillus rhamnosus GG (2.3 x 1010 cfu/ g), Lactobacillus 



 

101 

rhamnosus LC-705 (3.0 x 1010 cfu/ g), prepared by directly suspending lyophilized 

bacteria in PBS (phosphate buffered saline, Gratz et al., 2006).   

 

Animals and treatment. Liver tissue from 32 day old Nicholas strain turkeys was 

obtained as previously described (Rawal 2010).  Briefly, the experimental design was as 

follows: after acclimatization for 10 days, birds were randomly placed in one of the four 

groups, AFB1 (PA), LGG (LB), LGG + AFB1 (LA) and PBS (control).  For the first 10 

days, the LB and LA groups received pretreatment with 0.5 ml of LGG (final 

concentrations of 5 X 1010 CFU/0.5 ml PBS) and the control and PA groups received 

pretreatment with PBS (0.5 ml), once daily, by oral gavage, after which AFB1 treatment 

(for groups: PA and LA) was started at 1 ppm in the diet. Aflatoxin B1 and LGG or PBS 

treatment continued for the next 11 days. Thereafter, animals were euthanized and livers 

were rapidly removed, frozen on dry ice and stored at − 80 °C. 

 

Quantitative Analysis of BG Expression 

RNA isolation and cDNA synthesis.  Livers from three individuals were chosen from 

each treatment group, PA and LA, and each control group, PBS and LB, for sequencing 

and expression analysis.  Total RNA was isolated from liver tissue using Trizol 

(Invitrogen), extracted using phenol/chloroform following the manufacturer’s protocol 

and including denaturation and DNase treatment (Ambion Turbo DNA-freeTM kit RNA, 

Applied Biosciences) and stored at -80°C.  Quality of the extracted RNA was determined 
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by visualization on a 1% formaldehyde agarose gel to verify integrity of the 18S and 28S 

bands, and by measuring the A260/280 ratio with an NanoDrop-1000 spectrophotometer.  

Reverse transcription was performed on 1 µg of total RNA per sample using the 

USB First-Strand cDNA Synthesis kit for Real-Time PCR (Affymetrix/USB).  The 

manufacturer’s protocol was followed using a mix of random and poly-A tail specific 

primers and including the denaturation step for secondary RNA structure to produce 

template for quantitative real-time PCR.  Samples of RNA were prepared concurrently to 

control for variation in PCR and reverse transcription efficiencies.  Briefly, 1 µl of 

random and 1 µl polyA-tail specific primers were combined with 1 µg of RNA.  The 

RNA/primer mix was heated at 75ºC for 5 minutes to minimize secondary structure.  The 

PCR reaction was performed in 25µl reaction volumes as follows: 44ºC for 60 minutes 

and 92ºC for 10 minutes.  The cDNA products were stored at -20ºC and a 1:10 dilution of 

each sample was used for the qRT-PCR assay.   

 

Normalization.  β-actin, GAPDH and RNA polymerase 2D (RNA2D) were chosen as 

potential reference genes based on previous studies reporting gene expression changes in 

vitro and in liver tissues of other organisms in response to aflatoxin challenge 

(Ratajewski et al., 2011).  Each primer set was initially tested on each individual, and 

delta Ct values were examined with NormFinder (Andersen et al., 2004) to determine the 

best reference genes for this system.  The gene with the lowest stability values was 

selected for normalization. 
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Real-time quantitative PCR (qRT-PCR) assay.  BG1, BG2, BG4 and BG5 were chosen 

as test genes for the assay based on the initial gene expression survey of liver tissue.  

Primer3 v .0.4.0 software (Rozen and Skaletsky, 2000) was used to generate primers 

using genomic sequence of a commercial bird from a Nicholas line (Chapter 3).  Where 

possible, primers were designed at exon-exon junctions to help identify potential DNA 

contamination.  Each B-G primer pair was initially tested for specificity on one individual 

per test group with PCR using HotStar Taq (Qiagen, Inc) at the following reaction 

parameters: 94°C for 10 minutes followed by 35 cycles of 95°C for 30 sec, 60°C for 30 

sec, 72°C for 30 sec and a final extension of 72°C for 10 min.  PCR products were 

bidirectionally sequenced and aligned to published locus specific sequence. 

 

Quantitative Real-Time PCR.  The expression assay included standard curves for each 

gene, two biological replicates and 3 individuals per treatment group and no template and 

genomic controls.  A master mix (16µl) consisting of 4µl template, 10µl SYBR green 

super-mix (Bio-Rad Laboratories) and 2µl H20 was pipetted onto a 96-well plate, and 4ul 

(500 µM) of the appropriate primer was added to each well.  Forward and reverse primers 

of each gene were initially mixed and diluted to 0.5µM.  The SYBR green with 

dissociation curve assay was run on an Agilent MX3000p (Stratagene) with cycling 

conditions as follows: 1 cycle at 95°C for 3 min, followed by 40 cycles of 95°C for 20 

sec, 60°C for 30 sec, 72°C for 30 sec.  A dissociation curve was run to ensure specificity 

of the amplicons using 1 cycle of 95°C for 30 sec, 60°C for 30 sec and 95°C for 30 sec.  

ROX was chosen as the reference dye and both no template and genomic DNA controls 
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were used for each primer set to detect potential contamination.  Threshold cycles (Ct) 

were obtained in duplicate for each individual. Quantitative real-time PCR was 

performed using PerfeCta SYBR Green Fastmix Low ROX (Quanta Biosciences).   

 

Standard curve.  A standard curve was generated for each gene by running multiple 

20µl reactions of cloned plasmid DNA containing gene-specific cDNA fragments with 

varying amounts of known starting template (0.005 pg- 10 ng dependent on the target).  

For each amplicon, clones were constructed by amplifying fragments from each gene via 

PCR and purified with Qiaquick PCR purification kit according to manufacturer’s 

protocol (Qiagen).  These products were ligated into pGEM-T easy T/A cloning vector 

according to manufacturer’s protocol (Promega).  Ligations were transformed into DH5α 

subcloning efficiency cells according to manufacturer’s protocol, plated onto selective 

media (100 μg/ml ampicillin plus Xgal), and grown overnight at 37°C.  Single colonies 

were isolated in 2 ml Luria Bertani (LB) broth supplemented with 100 μg/ml ampicillin 

then grown overnight in a 37° C shaking incubator.  Plasmid DNA was purified with a 

Qiaprep miniprep purification kit according to manufacturer’s protocol (Qiagen).  

Isolated plasmid DNA was digested with EcoRI to verify cloned insert size and gene 

identity was verified by DNA sequencing.  Efficiency of primers was assessed via fit to 

standard curve (Table 4.1).  

 

Data analysis.  MxPRO QPCR software (Agilent) was used for data analysis.  Initial 

template quantity for each sample was interpolated based on standard curve values for 
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BG4.  Relative expression differences were calculated using the Relative Quantitation 

module.  Automated gene expression analysis was calculated by comparing baseline-

corrected normalized fluorescence on a log base 2 scale and normalizing to reference 

genes.  Differences in reaction efficiencies were compensated for using standard curve 

values for each gene.  Upper and lower error estimates were based on replicate 

variability. 

 

Results 

B-G Expression Profile 

B-G transcript screening in a variety of tissues revealed a diverse expression profile, with 

four locus-specific transcripts (BG1, 2, 4 and 5) identified in the liver, three (BG1, 2 and 

5) identified in spleen, heart, bursa and skeletal muscle (pectoral major) and two (BG3 

and 4) in intestinal epithelium (Table 4.2). Analysis of whole blood showed exclusive 

BG2 expression.  This confirms BG4 and BG5 as expressed genes and shows the first 

documented expression of BG3 in any tissue (Figure 4.1).   

 

Quantitative Analysis of BG Expression 

Genes with the lowest stability value are considered to have the least change in 

expression between samples.  Of the candidate normalization genes, RNA2D had the 

lowest stability value (0.035) (Table 4.3).  In addition, one of the B-G genes (BG5) was 

invariant across samples (stability value = 0.016).  Standard curves were run on all 

potential reference and test genes to check for reaction efficiency and specificity of 
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primers.  The BG5 and RNA2D standard curves showed highest reaction efficiencies 

(93.8% and 93.2%). Standard curves for BG1, BG2 and BG4 had lower efficiencies 

(89%, 73.1% and 66.6%, respectively).  Correlation coefficients were high for all 

standard curves (>0.991, except BG5 = 0.94).   

Preliminary tests of primers on the liver samples showed little change in Ct values 

for BG1 and the stability value, as evaluated by NormFinder, was low (0.044) (Table 

4.3).  In addition, the dissociation curve for this gene showed two prominent peaks in the 

test samples.  This suggests amplification of a second transcript, perhaps corresponding 

to an as of yet undescribed B-G family member.  As a result, BG1 was excluded from 

further analysis.  For BG2, sample dissociation peaks showed a prominent shoulder. Only 

two samples had Ct values less than 35 with the remaining samples having late cycle Ct 

values (35.56-38.62), likely a result of extremely low gene expression.  The Ct value of 

only one sample was encompassed by the BG2 standard curve with the lowest calculated 

template quantity of 2.72 x 103 transcripts (1 x 10-5ng).  No amplification was observed at 

lower plasmid concentrations.  Dissociation curves for BG4 and BG5 each had one 

prominent peak, indicating amplification of a single product. Ct values for BG5 ranged 

from 23.02- 25.92, while values for BG4 ranged from 28.12 to 36.43, the most variable 

gene across the experimental samples.  The BG4 standard curve showed Ct values down 

to 3.47 x 101 transcripts (1.28 x 10-7 ng), which encompassed all sample Ct values. 
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Hepatic B-G expression changes between  treatment groups 

The numbers of mRNA transcripts were calculated using gene-specific standard curves.  

When examined across all samples, RNA2D and BG5 showed low individual expression 

change (Figure 4.2).  Then number of transcripts of the normalizing gene RNA2D ranged 

from 2.84x102 transcripts per ng RNA (T/ng) (PBS2) to 2.24x103 (LA9) and averaged 

7.62x102 across all samples. In comparison, transcript number for BG5 averaged 3.50x102 

T/ng with the narrowest range across individuals (1.13x102 to 7.76x102 T/ng RNA, in 

samples PBS9 and PA3, respectively).   

 Of the two B-G genes examined, BG4 showed both the greatest within group and 

among group variation.  Transcript numbers ranged from 7.60x101 (PBS9) to 3.00x104 

(PA8) with an overall average of 9.04x103 T/ng.  Dramatic differences in the overall 

expression of BG5 and BG4 were observed across samples (Figure 4.3).  Transcript fold 

changes between BG5 and BG4 ranged from 0 (PBS10 and LB9) to 2.25 (Log10) (PA8).  

This difference in expression was significant across the 12 individuals [two-tailed t-test 

assuming unequal variances (t(12) = 3.02, p = 0.01, α = 0.05)]. 

Comparison of BG4 expression among groups was confounded by the elevated 

expression observed for one sample in each of the PBS, PA and LB groups and this is 

reflected in the group summary statistics (Table 4.4a, Figure 4.2).  Average transcript 

number ranged from 1.39 x104 T/ng (LB group) to 9.47 x104 for the LA group. Most 

notable in comparing groups was the consistent upregulation of BG4 in the LA group 

(Table 4.1A-B; Figure 4.2; Figure 4.4).  Individual expression values were higher in this 

group than for all other individuals except PA8, which had the highest level of expression 
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(Figure 4.2).  This corresponds to a 6.5 to 7.5 X fold increase in BG4 when compared to 

the individual with the lowest BG4 expression (PBS9) (Figure 4.4). Similar to the within 

individual comparisons, a t-test comparing BG4 and BG5 levels within each group 

revealed a significant difference only in the LA group (t(4) = -7.74, p = 0.0015, α = 0.05).    

Since BG5 was identified by NormFinder as the gene with the lowest stability 

value (Table 4.2), average fold change in BG4 expression was also normalized to both 

RNA2D and BG5 for comparative purposes among groups (Figure 4.4a-b).  Average BG4 

fold changes in expression are slightly higher when normalized to RNA2D than BG5.  

The standard error bars show the large variation in BG4 expression within the PBS, PA 

and LA groups and the low variation within the LA group.  The LA group shows higher 

average BG4 expression compared to the other three test groups. Differences in treatment 

group means are not significantly different from the control group means (two-tailed T 

test assuming unequal variances, p > 0.05), likely due to the high standard deviations in 

the PBS, PA, and LB groups (Table 4.4a; Figure 4.2).  Therefore, this study provides no 

evidence of either Lactobacillus supplementation or aflatoxin exposure significnatly 

affecting the expression of BG4 or BG5 in the liver.  However, the consistent 

upregulation of BG4 in the LA group suggests a co-stimulatory effect of both treatments 

(Lactobacillus and aflatoxin). 

 

DISCUSSION 

BG expression profiles 
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Tissue-based expression profiles can provide important clues to gene function.  Early 

studies in the chicken indicated close linkage of the B-G genes to class I and class II 

genes (Simonsen, 1980) and the close physical proximity of these loci, separation of only 

40 kb, was later established by Kaufman (1999).  The function of the class I and class II 

genes in antigen presentation has been extensively studied and definitively correlated 

with resistance to a wide variety of pathogens (reviewed in Lamont 1998).  Evidence 

suggests the B-G genes are more polymorphic than members of the class I and class II 

families, but the functional significance of this property is unknown (Kaufman et al., 

1990; Li et al., 1999; Miller et al., 1988; Nishibori et al., 2000; Ruby et al., 2005).   This 

study reports the first evidence for expression of multiple B-G genes in a panel of tissues 

and the first description of BG3 expression in any tissue.   

Although B-G molecules are described as cell surface receptor molecules (Goto et 

al., 2009), the function of B-G genes has not yet been elucidated.  Several functions have 

been postulated including interaction between cells, the extracellular matrix or 

cytoskeleton, and B cell selection and interaction with class I molecules, but these 

hypotheses have never been directly tested (Kaufman et al., 1991).  The expression of 

multiple B-G genes in the examined tissues is suggestive of gene-specific signaling 

functions.  However, it is likely that B-G genes have multiple functions, some of which 

may be tissue specific and may not be related to the immune function.  The latter seems 

most likely of BG5, the most ubiquitously expressed B-G gene.   

Evidence provided by previous studies consistently hypothesize cell signaling and 

regulatory functions for B-G molecules.  Receptors with IgV domains have been shown 
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to have a variety of functions including, glycoprotein binding and viral receptors 

(Munguia and Federspiel, 2008; Capello et al., 2008).  B-G genes share Ig domain 

similarities with the mammalian butyrophilin immunoglobulin superfamily (BTN) and 

myelin oligodendrocyte glycoprotein (MOG) which contains a single IgV-like domain 

(Pham-Dinh et al., 1995).  Members of the butyrophilin family generally have both an 

IgV domain and an IgC domain, whereas B-G genes, like NK receptors, have only one 

IgV.  MOG is located within the mammalian MHC, has a single IgV domain, is able to 

elicit a strong immune response and is expressed only in the CNS.  Its function is 

unknown, but it has been implicated as an autoantigen (Bernard et al., 1997).  B-G genes 

share these characteristics with MOG, but their role as autoantigens has not been 

investigated.   

B-G genes are structurally most similar to NK receptors.  Like the NK family, B-

G genes have high sequence homology in the extracellular domain, and the IgV-like and 

the transmembrane domains, but there is a lack of homology between genes in the exons 

encoding the cytoplasmic tail.  Both gene families are also highly polymorphic in length.  

Non-synonymous mutations between B-G genes supports functional differences between 

genes in this family.  Within gene comparisons among individuals show pockets of 

nucleotide variation in the signal peptide region and intermittently throughout the IgV 

domain, some of which are non-synonymous mutations (Chapter 3). 

Evidence supporting tissue specific functions of B-G genes is the exclusive 

expression of BG2 in whole blood and of BG3 in intestinal epithelium, the only tissue in 

which BG3 transcription has been observed.  Typical of genes with specialized functions, 
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conserved sequences in the signal peptide of BG2 have been identified among wild, 

heritage and commercial birds (Chapter 3).  Comparisons of BG1 and BG3 sequences 

among individuals show greater similarity to each other than to other genes in the family 

(Chapter 3).  Interestingly, there is no evidence of co-expression of these two genes in 

any of the examined tissues, inviting the possibility that these genes have similar but, 

tissue-dependent functions.   

B-G genes have variable cytoplasmic tail lengths and some may have motifs in 

the cytoplasmic domain that affect cellular regulation.  For example, a BG1 variant in the 

chicken contains an immunoreceptor tyrosine-based inhibitory motifs (ITIM) located in 

the tail (Goto et al., 2009).  ITIMs bind to phosphatases and control the intensity of the 

signal received by the cell.  ITIMs have not been identified in turkey B-G genes. 

Turkey B-G transcripts have different lengths, due to variation in the cytoplasmic 

tail region (Chapter 3).  There is evidence in chicken for variation between individuals in 

the length of B-G cytoplasmic tails (Kaufman et al., 1990).  Length of the cytoplasmic 

tails in human killer cell immunoglobulin-like receptors (KIR) and chicken 

immunoglobulin-like receptor (CHIR) genes, families of NK receptor molecules, is 

correlated with the presence or absence of motifs.  Molecules with longer tails contain 

ITIMs in their cytoplasmic domains and associate with their ligand, MHC class I 

molecules.  The receptor molecules with shorter tails interact with adaptor molecules 

containing immunoreceptor tyrosine activation motifs (ITAM) and are responsible for 

cellular activation (Barrow and Trowsdale, 2008; Viertlboeck et al., 2004, 2007).  Given 

the importance of tail length in receptor function, the varying intergenic and intragenic 
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tail lengths in poultry and the presence of ITIMs in some B-G variants in the chicken, it 

would be pertinent to characterize the further cytoplasmic domains of B-G genes, which 

may play a role in individual expression differences. 

 

B-G expression in response to Lactobacillus and aflatoxin treatment 

Transcripts of four B-G genes were found present in turkey liver tissue, making it a 

complex target for analysis of B-G expression.  In general, low level of overall B-G 

expression was observed in this tissue.  Although levels of BG1 could not be definitively 

determined due to the likely amplification of multiple gene products, stability values for 

BG1 were consistent with limited gene expression.  BG2, although expressed, showed 

consistently high Ct values (35-39) for all samples, also indicating minimal expression.  

Lliekwise, low and invariant expression of BG5 was observed in all individuals across 

treatment groups (Table 4.1A).  Given the invariant expression of this gene, it would be 

an ideal control gene in future studies of liver tissue.  In contrast, BG4 showed wide, 

intergroup variation in transcript number for three of the four treatment groups, 

supporting gene-specific function in this tissue.  The difference in expression pattern 

suggests a variant function of BG4 in the liver compared to the other B-G genes.   

Individual variance of BG4 expression may be related to outside stimulus or 

perhaps reflect sequence variation between individuals.  Epigenetic alterations, regulatory 

DNA sequence elements in the promoter regions or motifs located within gene variants 

may cause differences in expression among individuals.  Subclinical infections and other 

environmental stimuli may also alter the expression of immune-related genes.  One study 
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investigating the effects of aflatoxin on wild turkey poults reported deaths of birds due to 

effects not related to aflatoxicosis (Quist et al., 2000).  These deaths were attributed to 

capture stress, ingestion of foreign bodies, synovitis, Staphylococcus infection and 

unknown cause (Quist et al., 2000).  Clearly, young poults are susceptible to a variety of 

conditions that could alter B-G expression and which may not have been detected during 

the duration of the present study. 

Variance in B-G liver expression is particularly obvious when expression levels 

of BG4 and BG5 are compared.  No statistically significant differences in B-G expression 

were observed in response to aflatoxin challenge or Lactobacillus supplementation in the 

exposure groups compared to controls.  It is therefore, unlikely that these genes are 

directly involved in aflatoxicity.  However, birds supplemented with Lactobacillus and 

subsequently challenged with aflatoxin (LA group) showed consistent up-regulation of 

BG4, possibly due to an effect in the liver caused by the co-presence of aflatoxin and 

Lactobacillus.  The mechanism for AFB1 binding by probiotic bacteria in the gut is not 

known, but AFB1 likely binds to cell wall components of the bacteria, with published 

evidence implicating peptidoglycans and teichoic acids as binding sites (Hernandez-

Mendoza et al., 2008; Latingen et al., 2004).   

Acute aflatoxicosis causes stressful effects such as acute hepatic injury, biliary 

obstruction, degeneration, necrosis and hypofunction with more severe cases causing 

liver cancer.  Ancillary results from this study (Rawal, 2010), show significant 

differences in biliary hyperplasia and hepatic necrosis between the control (PBS and LB) 

and the treatment groups (PA and LA).  Liver and body weight was significantly 
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decreased within the PA group but was rescued to levels of the control group in the LA 

group.  Cytokine levels showed high variation within group.  IL-8 and IL-1β were 

upregulated while IL-8 and IL-6 were downregulated in the PA group compared to the 

LA group, but differences were not significant.  Oxidative damage of lipids and DNA is 

caused by the reactive intermediate AFB1-8,9-epoxide with lipid peroxidation 

specifically known to cause liver membrane damage (Abdel-Waheb et al., 2003).  

Hepatocarcinogenicity in humans is at least in part mediated by an AFB1 induced base 

substitution within the p53 gene (Hsu et al., 1991).      

The results of this study clearly demonstrate a BG4 response to the Lactobacillus 

+ aflatoxin treatment.  Comparison with the other treatment groups suggests this response 

is unique to LA group, however additional studies with an increased number of 

individuals are needed to confirm these findings.  Given the co-presence of B-G3-5 in the 

small intestine and its known role as the site of Lactobacillus binding to AFB1, future 

aflatoxin challenge studies using larger sample size will help elucidate the signaling 

function of this molecule and may provide insights to the function of BG3



 

115 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

                 

Table 4.1.  Primers used for qRT PCR, amplicon size and reaction efficiency for each gene 
 

 

Gene Primer Sequence Amplicon Size (RNA) PCR Efficiency
BG1 F-ACTGCTCAGGGATGGTCTCC 162bp 75.4%

R-ATGACAAATGACCCAAGCAG

BG2 F-GGAACTCAGACATCAGATGGG 320bp 73.1%
R-GCAAATGACCCAAGCAGAAT

BG4 F-GGATCAGCCCAGCTCACAG 400bp 74.7%
R-TAACCCAACCAGAAGTGTGAC

BG5 F-GACCCTCCTGGCTCATCTCA 260bp 94.1%
R-CCTGAGCAGTTCTGTCCTCT

β-actin F-CAGACATCAGGGTGTGATGG 391bp 87.2%
R-GCCTTCATAGATGGGCACAG

GAPDH F-CATCTGAAGGGTGGTGCTAAG 396bp 105.9%
R-AACAGAGACATTGGGGGTTG

RNA2D F-AGAATGAGAGCGCGGAAG 394bp 86.9%
R-GCTCCCTTTATCCACTGCTC
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Tissue  BG1 BG2 BG3 BG4 BG5 
Spleen + +   + 
Liver + +  + + 
Heart + +   + 
Bursa + +   + 

Intestinal Epi.   + + + 
Muscle + +   + 

Whole Blood  +    
 

Table 4.2. Expression of B-G genes as determined by PCR amplification from cDNA 

templates prepared from total RNA of non-challenged birds. 

 

 
 
 
 
 
 
 



 

117 

 

Rank Gene  Stability value Standard error 

1 BG5 0.016 0.014 

2 RNA2D 0.035 0.012 

3 B-actin 0.041 0.013 

4 BG1 0.044 0.013 

5 GAPDH 0.063 0.016 

6 BG2 0.082 0.019 

7 BG4 0.121 0.026 

 

Table 4.3. Stability values and standard error of each potential reference and test gene as 

determined by NormFinder (Andersen et al., 2004). Ct values were log transformed and 

genes with the lowest stability value were considered to have the least change in 

expression between samples.  
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A. 

 BG4 BG5 RNA2D 
Group T/ng  SD T/ng  SD T/ng  SD 
PBS 4.11E+03 6.90E+03 1.99E+02 9.85E+01 3.25E+02 4.32E+01 
PA 1.03E+04 1.70E+04 5.21E+02 2.30E+02 9.15E+02 4.39E+02 
LB 2.79E+03 4.31E+03 2.67E+02 1.25E+02 6.73E+02 8.58E+01 
LA 1.89E+04 9.22E+03 4.15E+02 2.11E+02 1.14E+03 9.75E+02 

 

B. 

Group BG4 BG5 T p value 
PBS 2.96 +/- 0.13 3.44 +/- 0.68 -0.69 0.56 
PA 3.39 +/- 0.11 3.97 +/- 0.61 -0/94 0.45 
LB 3.10 +/- 0.11 3.65 +/- 0.47 -1.14 0.37 
LA 3.27 +/- 0.15 4.93 +/- 0.15 -7.75 0.0007 
All groups 3.18 +/- 0.07 4.00 +/- 0.28 -2.82 0.015 
 

Table 4.4 A-B. Summary of B-G expression analysis by group.  A.  For each group the average transcript numbers per ng RNA 

(T/ng) and standard deviations as determined for each gene (BG4, BG5 and RNA2D) are given.  B. Average log fold changes in 

transcript number were calculated for BG4 and BG5 and subjected to a T-test to determine significant differences between these 

two genes within each group.  For each gene, the mean, T value and p-values are given
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Figure 4.1.  BG1-5 PCR products amplified with locus-specific primers from RNA isolated from ileum (left) and liver (right) 

tissue.  For each tissue the B-G PCR products and no template negative controls are included for comparison.  Product sizes are 

as indicated by the 100 bp ladder.  

1 2 3 4 5 1 2 3 4 5 No template 
controls 

No template 
controls 



 

120 

 

 

Figure 4.2. Gene RNA transcript numbers determined by qRT-PCR using gene-specific 

standard curves. RNA2D, BG5 and BG4 levels represented by orange, red and dark blue, 

respectively.  
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Figure 4.3. Log fold change in BG5 and BG4 gene RNA transcript number observed in 

liver tissue across treatment groups normalized to RNA2D. 
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A. 

 

B. 

 

Figure 4.4 A-B. Average expression levels of BG4 in liver tissue across treatment groups 

normalized to RNA2D (A) and BG5 (B).
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Chapter 5 
 

SUMMARY AND FUTURE WORK 
 

 
This study was designed to further characterize the B-G genes in the MHC B-

locus of the turkey (Meleagris gallopavo).  Direct 454 sequencing of a clone from the 

CHORI-260 BAC library was used to extend the turkey MHC B-locus sequence, 

identifying two additional B-G genes in the species.  These B-G genes show similar exon 

patterns as those of the chicken and the three previously described B-G genes of the 

turkey, and through mRNA sequencing are shown to be functional.  The two new B-G 

genes in the extended B-locus were compared to the previously identified B-G genes, 

which show cytoplasmic domains of variable lengths between genes.  Variation between 

cytoplasmic domains has been linked to differences in function between other receptor 

families, such as those in the CHIR and KIR families (Chapter 3), which like the B-G 

family, also contain Ig-V like domains.  The turkey BAC ends within 3’ sequence of an 

additional B-G gene, which has not yet been fully sequenced. Future studies aim to 

complete the sequence of the turkey MHC B-locus in order to identify all B-G genes.  

Given the high sequence homology between genes, this will reduce the chance of 

amplifying multiple loci in diversity studies. 

Examination of interspecies phylogenetic relationships and intraspecies variation 

in the signal pepide region (exon 1) of B-G genes provides new insights into the pattern of 

evolution and importance of these unique members of the avian MHC.  The similarity in 

the position of these genes among avian species supports an initial duplication of these 

loci in a common ancestor.  Comparisons of the turkey B-G genes support a birth-death 
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model of evolution acting in tandem with recombination processes such as gene 

conversion, unequal crossover and exon shuffling.  Locus-specific segregation suggests 

divergence in function of these molecules.  Analysis of variation within the signal peptide 

sequence confirmed multiple alleles at each B-G gene and found two clusters of 

polymorphism among the turkey B-G genes.   

Variation between the B-G genes was compared between populations of 

individuals and between groups (wild, heritage and domestic) of birds to aid in elucidation 

of possible immune related differences.  Identifying individual and group splice variants 

and differences in regulatory motifs in the cytoplasmic tail using RNA is crucial to 

completely characterizing diversity of the B-G genes, given their potential signaling 

function.  The polymorphic nature of these genes, particularly evident in the signal peptide 

and cytoplasmic tail, may have effects on the protein structure and function of these genes.  

Other future studies aim to investigate variation in the IgV region and splice variants in 

the cytoplasmic tail lengths both between individuals and among groups of turkeys.  

Variation in the IgV region may affect ligand binding properties and differences in 

cytoplasmic tail length may, as in the chicken, include in the presence of ITIMs on certain 

molecules.  It will be necessary to examine several cell types to characterize the cellular 

distribution of these proteins and determine locus-specific differences in expression.  

Likewise, protein studies are needed to elucidate the behavior of the signal peptide and 

functional properties of other regions of the B-G proteins, including the IgV region and 

the cytoplasmic tail.  The ligands of these receptors remain to be discovered, but there is 

evidence of B-G proteins interacting with other MHC molecules, and other Ig-like 
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receptors have proven essential for Ig binding and crosstalk between the innate and 

adaptive immune system.   

Variability of BG5 was investigated using a population of wild turkeys based on 

previous data indicating it as the most variable of the described turkey B-G genes (Chapter 

3).  Southern blots of the B-G region indicate levels of diversity exceeding those of the 

Class IIβ genes, but whether this is due to individual variations in gene sequences or 

differences in copy number cannot be determined by the banding patterns.  BG5 

investigations demonstrated the pitfalls of investigating gene families with high sequence 

homology.  The unique amplicons sequenced in select individuals were most similar to 

BG5, and may indicate a duplicated locus or copy number variation present in this wild 

population.  The total number of B-G genes has yet to be determined in the turkey and 

copy number variations between domestic and wild individuals are likely.  Thus it cannot 

be established if the unique alleles (or loci) observed are exclusive to wild birds.  

Regardless, RFLP-SNP haplotyping proved a more informative measure of MHC 

variation than the Southern Blot method.  Furthermore, MHC variation in the Eastern wild 

turkeys sampled in Wisconsin was intermediary between that of commercial birds and 

wild turkeys from other areas of the United States.  This corroborates evidence supporting 

a loss of MHC diversity in commercial birds and may indicate a loss of MHC diversity at 

certain loci resulting from the reintroduction effort in Wisconsin.  Measuring MHC 

diversity using individuals located across a wider geographical range in Wisconsin and 

comparing this to individuals in Missouri, the parent population, would more accurately 

test whether MHC variation was in fact lost as a result of the reintroduction bottleneck.   
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This study provides the first evidence for expression of multiple B-G genes in a 

panel of tissues and the first description of BG3 expression in any tissue.  Multiple B-G 

genes are co-expressed in a variety of tissues with evidence of exclusive BG2 expression 

in whole blood and intestinal epithelium the only tissue in which BG3 expression was 

observed.  Given the presence of multiple B-G genes in the turkey and the variability in B-

G tissue expression, gene-specific immune function in particular tissues is likely.  This 

knowledge can be used to generate further hypotheses regarding the function of these 

molecules.  Turkey B-G expression in immune related cells, such as thrombocytes, mast 

cells. macrophages, lymphocytes and leukocytes has yet to be characterized, but is likely 

to provide important insights into the function of this gene family.  It would be interesting 

to test differences in expression in various immune tissues (i.e. spleen, bursa), resulting 

from viral and bacterial infections, such as avian influenza, salmonella, Newcastle disease 

and avian pneumovirus to aid in delineation of B-G gene function related to immunity.  

Expression changes in response to vaccination to viral diseases would also provide 

information about the function of these genes. 

B-G expression in liver tissue of domestic turkeys in response to aflatoxin 

challenge and Lactobacillus treatment show generally low levels of expression with the 

exception of BG4.  In contrast to the consistent, low expression levels observed in the 

other liver B-G genes, BG4 showed wide, intergroup variation in three of the four 

treatment groups.  The difference in expression pattern suggests a variant function of 

BG4 compared to the other B-G genes in the liver, but more individuals are needed to 

make definitive conclusions.    
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In birds supplemented with Lactobacillus and challenged with aflatoxin (LA 

group), consistent up-regulation of BG4 occurred, possibly resulting from the neutralizing 

effect of Lactobacillus on aflatoxin.  This effect is particularly obvious when expression 

levels of BG4 and BG5 are compared.  The results of this study demonstrate a BG4 

response to the Lactobacillus + aflatoxin treatment.  This is interesting, given the 

presence of at least three other B-G genes in that tissue, which show high sequence 

homology.  It cannot be ruled out that the function of BG4 is unrelated to immune 

response.   

Future aflatoxin challenge studies measuring B-G expression changes in 

additional tissues such as the small intestine, where BG4 is known to be expressed, and 

using more animals will help elucidate the signaling function of this molecule and may 

provide insights to the function of BG3.  Epigenetic alterations, regulatory DNA 

sequence elements in the promoter regions or motifs located within gene variants may 

cause differences in expression among individuals and provide future targets of study.  

Sequence homology between the 5’ UTR and upstream regions of the B-G genes is low 

and promoters for these genes have not yet been described in any species.  Given the 

close proximity of the B-G genes in the B-locus as well as the extended region, it is 

possible for one promoter to control each gene complex.  In silico analysis using software 

designed to identify promoter regions has not defined any potential promoter sites within 

upstream regions of the predicted translational start sites of the 5 described turkey B-G 

genes.  Using 5’ RACE, the transcriptional start sites of each gene can be identified, 

which may aid in defining promoters and other regulatory regions influencing B-G gene 
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expression.  Identification of possible sequence variations in these regions through 

cloning and subsequent transfection into turkey cell lines may further clarify functional 

differences between genes. 

Clearly, classification of B-G genes as immunoglobulin-like superfamily 

members and evidence of cell surface expression indicate a receptor or adhesion function.  

Their location in the MHC further suggests an immune function.  The effect of the highly 

polymorphic family of B-G receptor molecules on the innate and adaptive immune 

responses await further investigation, but their multiplicity and linkage with the class I 

and class II molecules makes them an interesting and unique area of study.  Further 

investigations characterizing an immune expression profile in specific cell types and 

protein studies will help further characterize the structure and function of this intriguing 

family.  
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