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Abstract 

 

 

Major histocompatibility complex (MHC) gene products can influence sexual selection 

through their impact on the vertebrate immune system. Individuals with greater MHC diversity 

are generally believed to have more effective immune systems, thereby allowing these 

individuals to allocate more resources towards growth and reproduction. However, maximum 

MHC diversity may be too costly for the individual, suggesting that maximum diversity is not 

always optimal. This research examined how MHC diversity, measured as pairwise allelic 

distances between two unlinked MHC type II loci (exon 2 for the classical antigen-binding 

protein MHC-DRB, exon 2 for the accessory protein MHC-DOB) influenced morphology 

(Chapter 2), annual reproductive success (Chapter 3), and pre- and post-copulatory selection 

(Chapter 4) in an enclosed white-tailed deer (Odocoileus virginianus) population in Alabama. To 

generate these allelic distances, we first sequenced the second exons of MHC-DRB and MHC-

DOB on the MiSeq platform (Chapter 1). Since studies conducted with domestic ruminants 

found a unique MHC II gene structure in which MHC-DRB and MHC-DOB were separated by a 

recombination hotspot due to an ancestral chromosomal inversion, we also assessed the degree of 

linkage between these loci in white-tailed deer.  
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Chapter 1: Characterization of two MHC II genes (MHC-DOB, MHC-DRB) in white-tailed 

deer (Odocoileus virginianus) 

 

ABSTRACT 

The major histocompatibility complex (MHC) is responsible for detecting and addressing 

foreign pathogens inside the body. While the general structure of MHC genes is relatively well 

conserved among mammalian species, it is notably different among ruminants due to a 

chromosomal inversion that splits MHC type II genes into two subregions (IIa, IIb). 

Recombination rates are reportedly high between these subregions, and a lack of linkage has 

been documented in domestic ruminants. However, no study has yet examined the degree of 

linkage between these subregions in a wild ruminant. The white-tailed deer (Odocoileus 

virginianus), a popular ruminant of the Cervidae family, is habitually plagued by pathogens in its 

natural environment (e.g. Haemonchus contortus, Elaeophora). Due to the association between 

MHC haplotypes and disease susceptibility, a deeper understanding of MHC polymorphism and 

linkage between MHC genes can further aid in this species’ successful management. We 

sequenced MHC-DRB exon 2 (IIa) and MHC-DOB exon 2 (IIb) on the MiSeq platform from an 

enclosed white-tailed deer population located in Alabama. We identified 12 new MHC-DRB 

alleles, thereby generating a total of 30 MHC-DRB exon 2 alleles documented for white-tailed 

deer. Significantly less polymorphism was found for MHC-DOB (11 alleles), as was expected of 

a non-classical MHC gene. While MHC-DRB was under positive, diversifying selection, MHC-

DOB was under purifying selection for white-tailed deer. MHC-DRB and MHC-DOB loci were 

found to be unlinked, which suggests that white-tailed deer may have the same chromosomal 

inversion within their MHC type II gene region as found in domestic ruminants. 

 

KEYWORDS 

Major histocompatibility complex, linkage disequilibrium, Odocoileus virginianus, 

ruminant, chromosomal inversion, MiSeq 
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INTRODUCTION 

The major histocompatibility complex (MHC) is a well-studied group of genes whose 

protein products are responsible for recognizing and addressing foreign pathogens present in the 

body (Hedrick 1994; Schook and Lamont 1996; Kamiya et al. 2014). While type I MHC genes 

are present on all nucleated cells, type II MHC genes occur only on immune cells, such as 

dendritic cells and macrophages (Janeway et al. 2001). These class II MHC molecules consist of 

two membrane-spanning chains (α and β), both of which are produced by MHC genes 

(Wieczorek et al. 2017). Immune cells, also known as antigen presenting cells (APC), engulf 

exogenous particles. Once broken down, the peptide fragments are bound to MHC gene products 

(MHC-DR and MHC-DQ), which present them at the surface of the APC. To achieve this, non-

classical MHC genes, such as MHC-DM and MHC-DO, produce accessory proteins used to 

effectively load antigens onto classical, peptide-binding MHC gene products, which then travel 

to the APC’s surface to present the antigen to the immune system (Janeway et al. 2001; 

Poluektov et al. 2013; Mellins and Stern 2014). If an antigen is recognized as foreign, helper T-

cells will bind to the presented antigen and release lymphokines, which attract other cells to the 

area. These helper T-cells will also bind to B-cell lymphocytes, which will ultimately stimulate 

the production of antibodies for this particular antigen (Janeway et al. 2001). The MHC is 

therefore a crucial component of a vertebrate’s immune system. 

The peptide binding region (PBR) determines which of the exogenous peptide fragments 

the MHC proteins can bind. These regions are often found to be under positive diversifying 

selection (Seddon and Ellegren 2002; Bernatchez and Landry 2003), increasing the probability 

the gene products from different alleles of an MHC gene can bind different antigens. Through 

this differential antigen presentation, some allele combinations (haplotypes) can confer greater 

susceptibility or resistance to certain pathogens. While this is strongly documented among 

humans (Sasazuki et al. 1983; Cucca et al. 1993; Allen et al. 1996; Casp et al. 2003) and 

domesticated animals (Park et al. 2004; Larruskain et al. 2010; Singh et al. 2012), it is an 

emerging field among wildlife species.  

While the synteny of MHC genes is relatively well conserved among mammalian species 

(Wan et al. 2009), it is notably different among ruminants (Bos taurus, Andersson et al. 1988; 

Ovis aries, Gao et al. 2010). More specifically, while the MHC II genes of most placental 

mammals are organized as centromere – (~20 Mb of non-MHC DNA) – MHC-DM/DO – MHC-
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DQ/DR – MHC III/I genes (Wan et al. 2009; Genome Reference Consortium 2019), the ruminant 

MHC II genes are organized as centromere – MHC-DM/DO – (~20 Mb of non-MHC DNA) – 

MHC-DQ/DR – MHC III/I genes (Childers et al. 2005; Rozen et al. 2017). The unique 

organization of MHC II genes found among ruminants is thought to be due to a chromosomal 

inversion in an ancestral mammal (Band et al. 1998) that has split MHC II genes into two 

subregions: IIa (MHC-DR/DQ) and IIb (MHC-DM/DO/DY, TAP, among others). A similar MHC 

II gene configuration was found in the finless Yangtze porpoise (Neophocaena asiaeorientalis 

asiaeorientalis; Ruan et al. 2016) but not in swine (Sus scrofa; Renard et al. 2006), which 

suggests the inversion occurred after the phylogenetic split between ruminants and Suidae but 

before ruminants split from Cetacea. The ruminant MHC II subregions are separated by at least 

15 cM (centimorgans; Andersson et al. 1988; Van Eijk et al. 1995), which is markedly greater 

than what is found in humans (~3 cM; Termijtelen et al. 1983) and mice (~1.5 cM; Mus 

musculus; Steinmetz et al. 1986). Significant recombination rates have been observed in the 

interval between MHC-DR and MHC-DY genes in Bos taurus (Park et al. 1995, 1999), further 

suggesting a recombination hotspot between the two subregions in ruminants. 

Studies on deer species have found the MHC-DR and MHC-DQ genotypes to be 

important for disease resistance. Li et al. (2014) found that one MHC-DR/DQ haplotype was 

associated with resistance to purulent disease, a multifactorial disease (Liu 2004), among forest 

musk deer (Moschus berezovskii), whereas two other haplotypes increased susceptibility to the 

disease. Different MHC-DR haplotypes in Iberian red deer (Cervus elaphus hispanicus) 

influenced susceptibility to a variety of different pathogens (Fernandez-de-Mera et al. 2009). For 

example, while one haplotype was associated with a decreased occurrence of tuberculosis but 

increased Elaphostrongylus cervi scores, deer with a different haplotype experienced the 

opposite trend. Similarly, when using phylogenetic groupings of MHC-DRB exon 2 alleles as 

haplotypes, Ditchkoff et al. (2005) found that white-tailed deer (Odocoileus virginianus) with 

different haplotypes experienced different levels of abomasal nematodes (including Haemonchus 

contortus) and ectoparasitism by ticks.  

White-tailed deer are a well-studied wild ruminant due to their popularity as a game 

species (Hewitt 2011). While proper management has significantly improved their numbers, they 

are continually threatened by pathogens such as Haemonchus contortus (Prestwood and Kellogg 

1971; Prestwood et al. 1973), Elaeophora (Couvillion et al. 1986), and the epizootic 
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hemorrhagic disease virus and bluetongue virus (Fletch and Karstad 1971). These diseases can 

have significant impacts on deer populations and a deeper understanding of factors that influence 

susceptibility to these diseases is crucial. While the DRB region has been previously 

characterized in white-tailed deer (Van Den Bussche et al. 1999, 2002), other MHC genes and 

the possibility of the inverted MHC genetic configuration found among other ruminants has not. 

To date there are 18 documented MHC-DRB exon 2 alleles in white-tailed deer (Van Den 

Bussche et al. 1999, 2002). Newer sequencing technologies (Next Generation Sequencing), 

however, may reveal greater polymorphism due to their greatly increased mutation detection rate 

(sensitivity; Jordanova et al. 1997; Chiang et al. 2015; Chennagiri et al. 2016).  

To fully capture the association between MHC haplotypes and disease susceptibility, we 

must first have a better understanding of the polymorphism that exists at these genes. We 

therefore aim to further quantify MHC-DRB exon 2 polymorphism in white-tailed deer and 

characterize an additional MHC gene (MHC-DOB exon 2). Since these genes are predicted to lie 

on different MHC II subregions separated by the inversion seen in other ruminants, we also 

examined the degree of linkage between MHC-DRB and MHC-DOB in white-tailed deer. Since 

the immunological functions of MHC-DRB and MHC-DOB are vastly different, with MHC-DRB 

being the classical antigen-presenting protein and MHC-DOB being an accessory loading 

protein, selection may have influenced these genes differently. We therefore also assessed how 

these two genes have evolved to better understand selection pressures on MHC polymorphism of 

white-tailed deer. 

 

METHODS 

Study Area 

This study took place at the Auburn Captive Facility (ACF) located north of Camp Hill, 

Alabama. The facility was part of the Piedmont Agricultural Experiment Station, which is owned 

by Auburn University. Deer sampled during the study were enclosed in a 174-hectare facility 

surrounded by a 2.6-meter fence, which was constructed in October 2007. The deer present 

within the ACF during the study included the original deer that inhabited this area during the 

fence formation in 2007 and their subsequent offspring. The population size of the adult, 

founding population was 71, while the effective population size was 64.8, calculated as Ne = 

4NmNf / (Nm+Nf), where Nm is the number of breeding males and Nf is the number of breeding 
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females in the population (Wright 1938). Subsequent to fencing the area, deer were neither 

introduced nor hunted within the ACF. Population size, which varied annually between 100-120 

deer, was mainly regulated by natural and capture-related mortalities (Newbolt et al. 2017). Deer 

had access to supplemental feed in the form of food plots, corn feeders, and ad libitum protein 

feeders. A creek and its tributaries were present on the property, which provided a reliable water 

source year-round. 

 

Animal handling 

White-tailed deer aged 6 months and older were captured over 10 trapping seasons 

(October – July each year) from 2007-2017 via chemical immobilization. We administered a 

tranquilizer mixture into the deer’s hindquarter muscle with the use of cartridge fired dart guns 

(Pneu-Dart model 193) and 0.22 caliber blanks. After adding 4 cc of xylazine (100 mg/ml; Lloyd 

Laboratories, Shenandoah, IA) to a 5 mL vial of Telazol® (100 mg/ml; Fort Dodge Animal 

Health, Fort Dodge, IA; Miller et al. 2003), we loaded 2 cc of this tranquilizer mixture into a 

telemetry dart (2.0 cc, type C, Pneu-Dart Inc., Williamsport, PA), which contained a radio 

transmitter (Advanced Telemetry Systems, Inc., Isanti, MN) that allowed us to locate the sedated 

deer via radio telemetry (Kilpatrick et al. 1996). Tolazine (100 mg/ml; Lloyd Laboratories) was 

injected in the shoulder and hindquarter muscle to reverse the sedation once data collection was 

complete (Miller et al. 2004). These methods were approved by the Auburn University 

Institutional Animal Care and Use Committee (2008-1417, 2008-1421, 2010-1785, 2011-1971, 

2013-2372, 2014-2521, 2016-2964, and 2016-2985) and in compliance with the American 

Society of Mammalogists’ guidelines (Sikes and Gannon 2011).   

Deer received a unique 3-digit identification number at initial capture, which was 

displayed on ear tags and also freeze branded on the front shoulder and hind quarter of some 

individuals. Sex and age (tooth wear and replacement aging technique; Severinghaus 1949) were 

recorded and a 1-cm2 notch of tissue was removed from their ear for genetic analysis. This tissue 

sample was then stored in a -80ºC freezer until DNA analysis could be performed in the 

laboratory. 

 

Sequencing 
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A modified version of the “DNA extraction 2XCTAB Protocol for Initial DNA Isolation 

of Symbiodinium” (Santos Lab 2016) was used to extract DNA from tissue samples collected 

2007-2013. DNeasy blood and tissue kits (Qiagen, Inc.) were used to extract DNA from tissue 

samples collected 2014-2017 and from previous samples with low DNA yield. DNA for 381 

individuals were shipped to RTL Genomics (Research and Testing Laboratory, Lubbock TX, 

United States) for amplicon sequencing of 307 bp of the second exon of MHC-DRB (primers 

LA31 and LA32; Sigurdardottir et al. 1991; Mikko and Andersson, 1995) that targeted the 

peptide binding domain, and 398 bp of the second exon of MHC-DOB (Forward: 5' - 

AAAGCCCTCCTCTCCAATCC - 3'; Reverse: 5' - CCACCAAGGAGACCCCAAC - 3').  

At RTL Genomics, samples were amplified via a two-step process. First, the forward 

primer was constructed by combining the Illumina i5 sequencing primer (5’ - 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG - 3’) with the specific forward primer 

for each MHC-DRB and MHC-DOB, and the reverse primer was created using the Illumina i7 

sequencing primer (5’ - GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG - 3’) and the 

specific reverse primer for each MHC-DRB and MHC-DOB. Amplifications were performed in 

25 μL reactions using Qiagen HotStar Taq master mix (Qiagen Inc, Valencia, CA), 1 μL of each 

5 μM primer, and 1 μL of template on ABI Veriti thermocyclers (Applied Biosystems, Carlsbad, 

CA). Thermal profiles used for MHC-DRB and MHC-DOB were identical: 1) 95°C for 5 

minutes; 2) 33 cycles of 95°C for 1 minute; 3) 50°C for 30 seconds; 4) 72°C for 1 minute; 5) 

final extension of 72°C for 10 minutes; 6) 4°C hold. Products from this first state of 

amplification were then added to a second PCR based on qualitatively determined 

concentrations. A second PCR was performed to index the sequence by individual. Primers for 

the second PCR used primers that were based on the Illumina Nextera PCR primers (Forward: 5’ 

- AATGATACGGCGACCACCGAGATCTACAC[i5index]TCGTCGGCAGCGTC - 3’; 

Reverse: 5’ - CAAGCAGAAGACGGCATACGAGAT[i7index]GTCTCGTGGGCTCGG - 3’) 

using the following thermal profile: 1) 95°C for 5 minutes; 2) 10 cycles of 94°C for 30 seconds; 

3) 54°C for 40 seconds; 4) 72°C for 1 minute; 5) final extension of 72°C for 10 minutes; 6) 4°C 

hold. All amplification products were visualized with eGels (Life Technologies, Grand Island, 

NY). The DNA extraction from one individual failed to amplify and was therefore removed from 

the dataset prior to sequencing. PCR products indexed by individual were pooled in equimolar. 

Each pool was size-selected in two rounds using SPRIselect Reagent (BeckmanCoulter, 



 7 

Indianapolis, IN) in a 0.75 ratio for both rounds. These size-selected pools were then quantified 

using the Qubit 4 Fluorometer (Life Technologies). Successfully amplified size-selected pools 

were loaded on an Illumina MiSeq (Illumina, Inc., San Diego, CA) 2x300 flow cell at 10 pM. 

The amplicons were then sequenced for 300 bp length paired-end reads on the Illumina MiSeq 

platform for a targeted minimum of 10k reads per individual. Reads were demultiplexed based 

on the index and sorted to individual files. 

To ensure the quality of the sequencing data, raw reads were trimmed using 

Trimmomatic (v0.35; LEADING 20, TRAILING 20, SLIDINGWINDOW: 6:20, MINLEN: 20; 

Bolger et al. 2014). The quality of these trimmed reads was verified using FastQC (v0.11.8). 

Trimmed, paired-end reads were then merged using PEAR (Zhang et al. 2014). These merged 

reads were further filtered by removing reads with corrupt primers, merged reads shorter than 

290 base pairs, and reads whose sequence only occurred once within an individual. Once primers 

were removed from these filtered merged reads, the amplicon size for MHC-DRB and MHC-

DOB were 250 bp and 360 bp, respectively. While the MHC-DRB amplicon only captured exon 

2, the MHC-DOB amplicon captured exon 2 (270 bp) plus noncoding regions around it. Given 

this extra data for MHC-DOB, we analyzed both the full MHC-DOB sequences and MHC-DOB 

exon 2 for further analyses.  

 

Defining new alleles 

Alleles were defined based on nucleotide sequence variation and amino acid sequence 

variation. All new MHC-DRB and MHC-DOB alleles followed the nomenclature proposed by 

Klein et al. (1990) and Van Den Bussche et al. (1999, 2002). To define alleles and genotypes 

within an individual, the merged paired-end sequences were organized from the most frequent to 

least frequent sequence. Individuals were characterized as homozygotes when the frequency of 

the second most common sequence was less than 10% relative to the first sequence (90:10). 

Individuals were classified as heterozygotes if the ratio of the first to second most frequent 

sequence was 50:50 to 65:35. For MHC-DRB, 60 individuals out of the 380 individuals sampled 

(15.8%) did not classify as a homozygote or heterozygote using these guidelines, thereby we 

used pedigree and Sanger sequencing data to confirm their genotypes. We removed any 

individuals who did not have this data for confirmation (n = 5), which reduced the sample size 
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for MHC-DRB to 375 individuals. For MHC-DOB, all 380 individuals sampled were clear 

homozygotes or heterozygotes (full sequence and exon 2). 

New MHC-DRB alleles whose frequencies were less than 0.67% [5/ (2*375)] in the 

population were not considered true alleles (NRC 1996) if we could not further validate them 

using pedigree and Sanger analysis. While 5 MHC-DRB alleles were at less than 0.67% in our 

population, we were able to validate 3 of these 5 alleles (DRB*28, DRB*29, DRB*30). The 

other two alleles only occurred once in the population, and these individuals were removed from 

our DRB dataset for further analysis (Table 1.S1), reducing our sample size further to 373 

individuals for MHC-DRB. The minimum allele frequency threshold for MHC-DOB was 0.66% 

[5/ (2*380)]. While all MHC-DOB exon 2 allele frequencies were greater than this minimum, 

one allele from our full MHC-DOB sequence data was not. However, we were able to validate 

this allele using Sanger and pedigree data so it was not removed from the dataset. 

The pedigree for our population was created by Newbolt et al. (2017). Sanger sequencing 

(Sanger and Coulson, 1975) was performed for MHC-DRB exon 2 via high throughput 

sequencing (htSEQ) for individuals born prior to 2008 to augment our MiSeq sequencing data 

for MHC-DRB. 

 

Test for linkage between MHC-DRB and MHC-DOB 

As MHC-DRB and MHC-DOB lie on different MHC II subregions separated by the 

inversion seen in other ruminants, we examined the degree of linkage between MHC-DRB and 

MHC-DOB among unrelated individuals in our white-tailed deer population using GenePop 

(Option 2, sub-option 1). We first assessed linkage disequilibrium (LD) using individuals that are 

least likely related to one another (individuals born before the fence was constructed in 2007 and 

were not offspring from this early group of deer according to pedigree data; n = 69).  We then 

included individuals without assigned parents in our pedigree data (these individuals could be 

related to others in the population, but we are not 95% confident that they are; n = 122) to further 

assess the possibility of LD between MHC-DRB exon 2 and MHC-DOB exon 2. This method in 

GenePop tests the null hypothesis that the loci are independent of one another, or in other words, 

not linked (Weir 1996). We used the default settings where dememorization = 1000, batches = 

100, and iterations per batch = 1000. 
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Genetic relationships among alleles 

We estimated phylogenetic distances as the number of nucleotide/amino acid differences 

among alleles and created gene trees for each gene to understand the relationships between 

MHC-DRB and MHC-DOB. Nucleotide and protein alignments of MHC-DRB and MHC-DOB 

were created via Geneious (v11.1.5). These alignments were then used to construct phylogenetic 

trees for the nucleotide and amino acid sequences of both MHC-DRB and MHC-DOB using IQ-

TREE (v1.6.9; Nguyen et al. 2015). IQ-TREE employed maximum likelihood (ML) for tree 

inference and automatically determined the best-fit model (-m TEST) via ModelFinder 

(Kalyaanamoorthy et al. 2017) using a standard bootstrap of 1000 replicates (-b 1000). 

ModelFinder identifies the best-fitting model of sequence evolution that ultimately produced our 

data. Phylogenetic support for tree splits was determined via bootstrap values, where a split with 

≥95% support is considered statistically significant (Felsenstein 1985). Outgroups included in the 

MHC-DRB trees were moose (Alces alces; Mikko and Andersson, 1995), roe deer (Capreolus 

capreolus; Mikko et al. 1997a; Quemere et al. 2015), and reindeer (Rangifer tarandus; Mikko et 

al. 1999) as these are the closest related species to white-tailed deer with MHC-DRB data (Pitra 

et al. 2004; Gilbert et al. 2006). More distantly related species could result in a long branch, 

which may dominate the likelihood and therefore interfere with the tree inference. However, due 

to a lack of MHC-DOB data among artiodactyls, outgroups for the MHC-DOB trees were more 

distantly related species including cow (Bos taurus; Zimin et al. 2009), sheep (Ovis aries; Wright 

et al. 1996), and red deer (Cervus elaphus; Bana et al. 2016). The nucleotide tree for MHC-DOB 

used the full nucleotide sequences (360 bp), while the amino acid tree used translated MHC-

DOB exon 2 sequences. The final ML trees were rooted using FigTree (v1.4.4). The MHC-DRB 

trees were rooted with the moose outgroup while the MHC-DOB trees were rooted with the cow 

outgroup. A heatmap was added to the trees via FigTree annotation that corresponded to the 

Odvi-DRB and Odvi-DOB allele frequencies present in our population.   

 

Population Genetic Measures and Test for Selection 

Allele and genotype frequencies were generated for each gene via GenePop (v4.2; Option 

5, sub-option1; Raymond and Rousset, 1995; Rousset 2008) to examine the distribution of MHC-

DRB and MHC-DOB alleles in our white-tailed deer population. To assess if these allele 

frequencies were changing over time, Hardy Weinberg Exact Tests were performed on 
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nucleotide data from the adult founding [2003-2007; n = 69 (MHC-DRB), 71 (MHC-DOB full 

sequence), 71 (MHC-DOB exon 2)] and adult 2016 datasets [n = 118 (MHC-DRB), 119 (MHC-

DOB full sequence), 119 (MHC-DOB exon 2)] with GenePop (Option 1) using the probability-

test (sub-option 3; Haldane 1954; Guo and Thompson, 1992). We also checked for deviations 

from Hardy Weinberg Equilibrium using score tests (Rousset and Raymond, 1995) to evaluate 

the presence of heterozygote excess (sub-option 2) or deficiency (sub-option 1) in our founding 

and 2016 populations. Score tests are more powerful tests than the probability test (Rousset and 

Raymond 1995), which will further aid in the detection of deviations from HWE. All tests 

employed default settings (dememorization number = 1000, number of batches = 100, number of 

iterations per batch = 1000). 

Nucleotide (π) and haplotype (Hd) diversity (Nei 1987) were calculated for both MHC-

DRB exon 2 and MHC-DOB (full sequence and exon 2) using DnaSP v5.10.00 (Rozas et al. 

2003) to assess the genetic diversity present within our population. We also performed several 

neutrality tests (Tajima’s D, Fu’s Fs, Fu and Li’s F*, Fu and Li’s D*) in DnaSP to examine 

possible evidence of selection or drift at these loci in our white-tailed deer population. These 

tests were done using the founding, unrelated population [2003-2007; n = 69 (MHC-DRB), 71 

(MHC-DOB full sequence), 71 (MHC-DOB exon 2)] and the adults present in the population in 

2016 [n = 118 (MHC-DRB), 119 (MHC-DOB full sequence), 119 (MHC-DOB exon 2)]. Pairwise 

sequence divergence for nucleotide and amino acid sequences were calculated using MEGA X 

(v10.0.5; Kumar et al. 2018), using maximum composite likelihood for nucleotide distances and 

a Poisson correction for amino acid distances.  

Lastly, to test for evidence of positive selection, SNAP (Synonymous Non-synonymous 

Analysis Program; v2.1.1; Korber 2000) was used to calculate synonymous and non-

synonymous substitution rates and the ratio dN/dS for MHC-DRB exon 2 and MHC-DOB exon 

2. 

 

RESULTS 

Sequencing 

Before filtering, the average number of reads for individuals was 30,549 for MHC-DRB 

(ranged from 5,318 to 84,226 reads with a median of 24,309) and 22,341 for MHC-DOB (ranged 

from 7,029 to 49,892 reads with a median of 21,913. The number of reads recovered per 
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individual after filtering for quality ranged from 4,162 to 66,582 reads for MHC-DRB (average = 

24,795.5; median = 19,214) and from 2,779 to 36,407 reads for MHC-DOB (average = 15,815; 

median = 15,522). While unfiltered read lengths ranged from 289 to 488 bp for MHC-DRB 

(average = 306, median = 307) and from 50 to 535 bp for MHC-DOB (average = 397, median = 

398), filtered read lengths were 296 to 365 bp long for MHC-DRB (average = 306, median = 

307) and 329 to 406 bp long for MHC-DOB (average = 397, median = 398). All raw sequence 

data is available on the NCBI Sequence Read Archive (SRA accession # PRJNA533917). 

 

No Linkage Disequilibrium between MHC-DRB and MHC-DOB 

We found no significant linkage disequilibrium between MHC-DRB exon 2 and MHC-

DOB exon 2 when using only the individuals in the starting population (n = 69; p = 0.95) and 

when including individuals without pedigree data to this initial population (n = 122; p = 0.37). 

Since these loci are not linked, we present the results for each gene separately. 

 

MHC-DRB 

Defined 19 new alleles 

A total of 19 MHC-DRB exon 2 alleles were found in our white-tailed deer population (n 

= 373), 12 of which were new alleles (Odvi-DRB*19 – Odvi-DRB*30; Table 1.S2). The 

previously identified alleles found in the population were Odvi-DRB*01, Odvi-DRB*05, Odvi-

DRB*06, Odvi-DRB*10, Odvi-DRB*12, Odvi-DRB*14, and Odvi-DRB*16 (Van Den Bussche 

et al. 1999, 2002). The 19 MHC-DRB exon 2 alleles found in our population translated to 18 

unique amino acid alleles (82-83 codons), as Odvi-DRB*06 and Odvi-DRB*19 differed by one 

synonymous substitution (Table 1.S3). Together with the other 12 previously identified MHC-

DRB exon 2 alleles (Van Den Bussche et al. 1999, 2002) not recovered in our population, a total 

of 30 MHC-DRB exon 2 alleles have been characterized for white-tailed deer. The new MHC-

DRB exon 2 alleles have been deposited in Genbank under accession numbers MK952679- 

MK952690.  

 

Genetic relationship among alleles 

The length of MHC-DRB exon 2 alleles was 250 bp for all alleles except for Odvi-

DRB*27, which had a 3-bp frameshift deletion. Pairwise nucleotide distances among alleles 
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ranged from 0.40% to 21.20% (mean = 10.99%), and pairwise amino acid distances ranged from 

0% to 39.35% (mean = 23.00%). The average number of nucleotide differences (k) was 24.97, 

and there were 85 polymorphic sites in the MHC-DRB exon 2 sequences.  

In assessing the phylogenetic relationships using ModelFinder, the best-fit model 

according to BIC for the nucleotide MHC-DRB tree was F81+F+I+G4 (Figure 1.1). There were 

six near-zero internal branches (<0.0040): two in the moose outgroup, two in the roe deer 

outgroup, one in the reindeer outgroup, and one in the internal branch that separates the reindeer 

clade from the white-tailed deer sequences. The white-tailed deer/roe deer/reindeer MHC-DRB 

exon 2 nucleotide sequences separated fairly strongly from the moose outgroup (81% bootstrap 

support) but not from each other, suggesting the presence of a polytomy. While the roe deer and 

reindeer sequenced clustered into clear groups, the white-tailed deer sequences did not. 

However, there were some well-supported clades among these white-tailed deer sequences (up to 

100% bootstrap support). When using translated MHC-DRB exon 2 sequences, the best-fit model 

according to BIC values was PMB+I+G4 (Figure 1.2). This tree had seven near-zero internal 

branches (<0.012) in terms of bootstrap support: four in the moose outgroup and three in the roe 

deer outgroup. As with the nucleotide tree, the white-tailed deer/roe deer/reindeer sequences 

separated strongly from the moose outgroup (85% bootstrap support). The roe deer sequences 

were further separated with 72% bootstrap support, while the white-tailed deer and reindeer 

sequences remained together, though there were some well-supported clades within these 

remaining sequences (up to 100% bootstrap support). 

 

Population genetic measures and test for selection 

When assessing the allele frequencies of the complete dataset (2003-2017), the most 

common MHC-DRB exon 2 allele was Odvi-DRB*10 (22.4%), followed by Odvi-DRB*20 

(14.6%) and Odvi-DRB*14 (12.5%; Figure 1.1; Table 1.S2). The most common genotypes were 

Odvi-DRB*20/Odvi-DRB*10 (7.0%), Odvi-DRB*10/Odvi-DRB*10 (4.8%), and Odvi-

DRB*14/Odvi-DRB*10 (4.6%; Table 1.S4). Allele frequencies changed slightly from the 

founding population (2003-2007) to the more recent population (2016). Frequencies for Odvi-

DRB*01 (10.9-6.8%) and Odvi-DRB*14 (16.7-10.2%) decreased over time, whereas Odvi-

DRB*10 (18.1-22.5%) and Odvi-DRB*19 (5.8-11.9%) became more frequent in the population. 

Odvi-DRB*05, a rare allele in our population, was lost from the population over time. While 
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MHC-DRB exon 2 was under Hardy Weinberg equilibrium using the probability-test for both the 

founding and 2016 populations (probability test; p = 0.88 and p = 0.91, respectively). When we 

specifically tested for heterozygosity excess or deficiency, the 2016 population had a 

heterozygote excess (score test; p = 0.05; Table 1.1). 

Both nucleotide (π) and haplotype diversity generally stayed the same over time (0.09 to 

0.10 and 0.90 to 0.88, respectively; Table 1.1). All neutrality test values were positive, and there 

was an increasing trend from the founding population to the more recent 2016 population (Table 

1.1), suggesting that selection on MHC-DRB is becoming less neutral in our population. Both Fu 

and Li’s D* and F* test statistics were significant (p < 0.02) for the founding (2.39 and 2.09, 

respectively) and 2016 (2.56 and 2.45, respectively) populations. These positive results suggest 

MHC-DRB had an excess of intermediate frequency alleles in our population, which is an 

indication of balancing selection and/or reduced population size. MHC-DRB showed evidence of 

positive selection based on the dN/dS ratio of 2.06 (Figure 1.3). 

 

MHC-DOB 

Defined 11 alleles 

Eleven unique alleles were identified for the full MHC-DOB nucleotide sequences (Odvi-

DOB*01 – Odvi-DOB*11) and 7 alleles for MHC-DOB exon 2 in our white-tailed deer 

population (Table 1.S5). Odvi-DOB*01, Odvi-DOB*02, and Odvi-DOB*11 contained the same 

exon 2 sequence (Odvi-DOB*010211_exon2). Odvi-DOB*03 and Odvi-DOB*10 also contained 

the same exon 2 (Odvi-DOB*0310_exon2), as well as Odvi-DOB*06 and Odvi-DOB*07 (Odvi-

DOB*0607_exon2). Odvi-DOB*04, Odvi-DOB*05, Odvi-DOB*08, and Odvi-DOB*09 had 

unique exon 2 sequences (Odvi-DOB*04_exon2, Odvi-DOB*05_exon2, Odvi-DOB*08_exon2, 

Odvi-DOB*09_exon2, respectively).  The 7 MHC-DOB exon 2 alleles translated into 3 unique 

amino acid alleles (89 codons). The MHC-DOB alleles have been deposited in Genbank for the 

full DOB sequences (accession numbers MK952691- MK952701). 

 

Genetic relationships among alleles 

In assessing the phylogenetic relationships using ModelFinder, the best-fit model 

according to BIC for the nucleotide MHC-DOB tree was K2P+I (Figure 1.4). There were seven 

near-zero internal branches (<0.0028%) in terms of bootstrap support, all of which occurred in 
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the white-tailed deer clades.  The red deer and white-tailed deer sequences separated strongly 

from the cow and sheep sequences (97% bootstrap support). Odvi-DOB*08/Odvi-DOB*09 and 

Odvi-DOB*06/Odvi-DOB*07 separated from the other white-tailed deer sequences with 67% 

and 62% bootstrap support, respectively. The translated MHC-DOB tree had Blosum62 as the 

best-fit model (Figure 1.5). There were five near-zero internal branches (<0.0112%), which all 

occurred in the white-tailed deer clades. Apart from the fairly strong separation between 

cow/sheep sequences and the white-tailed deer/red deer sequences (66% bootstrap support), the 

amino acid sequences for MHC-DOB exon 2 did not retain the same organization as in the MHC-

DOB nucleotide tree. The tree clearly demonstrates the three unique MHC-DOB exon 2 

translations. 

All full MHC-DOB sequence alleles were 360 bp in length except for Odvi-DOB*01 

(359 bp) and Odvi-DOB*02 (361 bp) due to an indel in the intronic region. The pairwise 

nucleotide distances ranged from 0% to 1.41% (mean = 0.58%). Odvi-DOB*01, Odvi-DOB*02, 

and Odvi-DOB*11 differed by one indel located in a highly repetitive region of the intron. The 

greatest amount of dissimilarity was found between Odvi-DOB*07 and Odvi-DOB*09 (4 

synonymous substitutions, one nonsynonymous substitution; Table 1.S6). The average number 

of nucleotide differences (k) was 2.07, and the full MHC-DOB sequences had seven polymorphic 

sites. The full nucleotide MHC-DOB sequences were in Hardy Weinberg Equilibrium for both 

the founding and 2016 populations (probability test; p = 0.27 and p = 0.55, respectively), and 

there was no indication of a heterozygote deficit or excess in either populations (Table 1.2). 

However, there was a heterozygote deficit in the 2016 population (score test; 0.03)  

All alleles for the MHC-DOB exon 2 region contained within our full MHC-DOB 

sequences had a length of 270 bp. The mean pairwise nucleotide distance for MHC-DOB exon 2 

was 0.78% (0.37-1.50%), while the mean pairwise amino acid distance was 0.86% (0-2.27%). As 

was seen in the full MHC-DOB sequences, the greatest amount of dissimilarity was found 

between Odvi-DOB*0607_exon2 and Odvi-DOB*09_exon2 (3 synonymous substitutions, one 

nonsynonymous substitution; Table 1.S7). Odvi-DOB*04_exon2 and Odvi-DOB*09_exon2 also 

differed more than other MHC-DOB exon 2 alleles (2 synonymous substitutions, 2 

nonsynonymous substitutions). The MHC-DOB exon2 sequences contained five polymorphic 

sites and 2.10 nucleotide differences on average. As with the full MHC-DOB sequences, the 

MHC-DOB exon 2 alleles were also in Hardy Weinberg Equilibrium for the founding and 2016 
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populations (probability test; p = 0.57 and p = 0.33, respectively), though there was statistical 

significance for a heterozygote deficiency in the 2016 population (score test; p = 0.01; Table 

1.2). 

 

Population genetic measures and test for selection 

Odvi-DOB*08 and Odvi-DOB*08_exon2 were the most common alleles for the full 

MHC-DOB sequences (28.1%) and MHC-DOB exon 2 (27.8%; Figure 4; Table 1.S5). The most 

common genotypes all contained Odvi-DOB*08 and Odvi-DOB*08_exon2 (Table 1.S8, 1.S9). 

Allele frequencies increased over time for Odvi-DOB*06 (3.5 to 7.1%), Odvi-DOB*09_exon2 

(4.2 to 9.7%), and Odvi-DOB*11/Odvi-DOB*010211_exon2 (9.2 to 12.6% and 11.3 to 14.3%, 

respectively), whereas Odvi-DOB*03 (12.7 to 10.5%), Odvi-DOB*05_exon2 (10.6 to 7.1%), 

and Odvi-DOB*08/Odvi-DOB*08_exon2 (both from 33.1 to 25.2%) became less frequent in the 

population. 

While nucleotide diversity did not change over time, haplotype diversity increased 

slightly (Table 1.2). Neutrality test results indicated an increasing trend from the founding 

population to the more recent population for both full MHC-DOB sequences and MHC-DOB 

exon 2 (Table 1.2), with Tajima’s D and Fu and Li’s F* approaching statistical significance (0.10 

> p > 0.05) for the 2016 population. Tajima’s D increased from 0.87 to 1.31 for the full MHC-

DOB sequences and from 1.38 to 1.77 for MHC-DOB exon 2. Fu’s Fs for MHC-DOB was 

notably smaller compared to MHC-DRB. The dN/dS ratio for MHC-DOB exon 2 was 0.22, 

indicating no evidence of positive selection (Figure 6). 

 

DISCUSSION 

In this study we aimed to characterize MHC-DRB exon 2 and MHC-DOB exon 2 in our 

white-tailed deer population and to examine the extent of linkage between these two loci. No 

significant linkage was found between the second exons of MHC-DRB and MHC-DOB in our 

white-tailed deer population. While further examination is needed, this finding suggests that 

white-tailed deer may have the same chromosomal inversion and recombination hotspot within 

their MHC type II gene region as found in other ruminants (Park et al. 1995, 1999; Andersson et 

al. 1988; Amills et al. 1998; Childers et al. 2005; Gao et al. 2010). This MHC II inversion has 

been documented among cetaceans (Ruan et al. 2016; Sa et al. 2019; Zhang et al. 2019) but not 
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in swine (Renard et al. 2006), suggesting that this breakpoint may have occurred after the 

divergence of Cetartiodactyla and Suidae but before the divergence between Cetacea and 

ruminants (~58 million years ago; Zhou et al. 2011). A lack of linkage disequilibrium between 

these two loci allows them to evolve independently from one another. Because they are unlinked, 

we can contrast their patterns as independent loci. 

Our white-tailed deer population had 19 MHC-DRB exon 2 alleles, which is comparable 

to what Van Den Bussche et al. (1999) found in a free-ranging white-tailed deer population in 

Oklahoma (15 MHC-DRB exon 2 alleles, n = 150). Even though white-tailed deer experienced 

severe, historical population bottlenecks (Ellsworth et al. 1994; Leberg et al. 1994), they have 

managed to retain more MHC-DRB polymorphism than other species that survived similar 

population reductions, such as moose (Mikko et al. 1995), bison (Bison bison; Mikko et al. 

1997b), fallow deer (Dama dama) and roe deer (Mikko et al. 1999). The polymorphism found 

among our founding adult population was less (17 MHC-DRB exon 2 alleles; n = 69) than what 

was reported in unrelated individuals of red deer (34 MHC-DRB exon 2 alleles, n = 50; 

Swarbrick et al. 1995), Kankrej cattle (Bos indicus; 24 MHC-DRB exon 2 alleles, n = 50; Behl et 

al. 2007), and the Indian water buffalo (Bubalus bubalis; 22 MHC-DRB exon 2 alleles, n = 25; 

De et al. 2002). However, white-tailed deer have greater polymorphism than both Kankrej cattle 

and Indian water buffalo if all 30 MHC-DRB exon 2 alleles found across studies in this species 

are used for comparison. Red deer also have two MHC-DRB loci whereas white-tailed deer are 

believed to have only one MHC-DRB locus (Van Den Bussche et al. 1999).  

While white-tailed deer already were known to have a reasonably high MHC-DRB 

polymorphism (18 alleles; Van Den Bussche et al. 1999, 2002), we identified 12 new MHC-DRB 

exon 2 alleles in our Alabama population. The original 18 MHC-DRB exon 2 alleles were 

identified using 7 populations from Oklahoma, Iowa, Tennessee, and New York. Alabama deer 

have an interesting ancestry due to restocking efforts between the 1940’s and 1960’s. Six white-

tailed deer subspecies were used for reintroduction (Allen 1965; McDonald and Miller 1993), 

thereby creating an admixed white-tailed deer population in Alabama. Our study population was 

located in Tallapoosa county, which received deer from Georgia, Arkansas, and other counties in 

Alabama (Clarke, Marengo, Sumter; McDonald and Miller 2004). Additionally, reintroductions 

using Clarke county deer occurred after Michigan deer were introduced to Clarke county. 

Admixture may therefore be contributing to the large number of new MHC-DRB exon 2 alleles 
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identified in this study. Another potential explanation for identifying additional alleles may be 

our use of newer sequencing technology since the white-tailed deer MHC-DRB was last 

characterized via SSCP by Van Den Bussche et al. (1999, 2002). MiSeq has greater sensitivity 

relative to SSCP (Jordanova et al. 1997; Chiang et al. 2015; Chennagiri et al. 2016), which may 

have enabled us to detect more nucleotide polymorphisms in the MHC-DRB exon 2 sequences. 

While the outgroup sequences in our MHC-DRB trees clustered together as monophyletic 

groupings, as is expected for species with reduced MHC allelic diversity due to severe 

population bottlenecks (Mikko et al. 1995, 1999), white-tailed deer MHC-DRB alleles 

represented paraphyletic groups. This suggests that MHC-DRB polymorphism is most likely 

greater in white-tailed deer than moose, roe deer and reindeer. Additionally, the lack of 

separation into geographically structured phylogenetic clades suggests that there is no, or very 

little, relationship between genetic and geographic distance for white-tailed deer, similar to 

findings reported by Van Den Bussche et al. (2002) and Leberg et al. (1994). Reintroductions 

may have weakened these geographic associations between MHC-DRB exon 2 alleles. When 

comparing our MHC-DRB nucleotide tree to the neighbor-joining tree constructed by Van Den 

Bussche et al. (1999, 2002), we find little similarity. This is most likely due to differences in tree 

construction, outgroups, and increased number of Odvi-DRB alleles included in the analyses. 

However, no quantification of support was provided for their trees, making a direct comparison 

more challenging as the level of confidence in their tree splits is unknown.  

The MHC-DOB tree used sequences from less closely related species (cow, sheep, red 

deer) due to a current lack of MHC-DOB sequence data for Cervidae, which may have 

influenced tree inference. The extremely low MHC-DOB polymorphism found within our white-

tailed deer population relative to MHC-DRB polymorphism may contribute to the lack of 

separation seen between the white-tailed deer MHC-DOB exon 2 alleles. Lastly, Ceel-DOB did 

not strongly separate from Odvi-DOB, which is similar to what Van Den Bussche et al. (1999, 

2002) found for MHC-DRB.  

MHC genes are known to evolve rapidly over time (Flajnik and Kasahara 2001; Shiina et 

al. 2006; Eizaguirre et al. 2012). When classifying individuals as homozygotes or heterozygotes 

for MHC-DRB, we found that the frequency of the second most common sequence was less than 

35% but greater than 10% relative to the first allele (63:35 – 90:10) for 13.95% of our 

population. A large proportion of these individuals had either Odvi-DRB*14 or Odvi-DRB*20 as 
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their second allele (25.0% and 38.3%, respectively), which was further validated using pedigree 

and Sanger data. This could be due to allelic dropout because of a mutation in the priming region 

of these alleles, thereby reducing their amplification efficiency relative to the first allele. Allelic 

dropout is fairly common in studies that use PCR and has previously been documented in MHC 

genes (Sommer et al. 2013). Positive diversifying selection could also be contributing to MHC-

DRB alleles having substitutions in the primer regions. 

Varying levels of MHC-DRB diversity have been found among ungulates. For example, 

the genetic distance between MHC-DRB alleles can range from large (cattle, bison, red deer) to 

negligible (moose; Mikko et al. 1999). Within our white-tailed deer dataset, haplotype diversity 

(Hd) was similar between the second exons of MHC-DRB and MHC-DOB, while nucleotide 

diversity (π) was greater for MHC-DRB exon 2 than for MHC-DOB exon 2. Nucleotide diversity 

equal to 0.1 or greater is considered high (Rozas 2009), suggesting that the white-tailed deer 

MHC-DRB exon 2 alleles differed considerably from one another. 

MHC-DRB exon 2, which encodes the antigen-binding site of DR molecules (Gaur and 

Nepom, 1996), shows strong evidence of positive, diversifying selection (e.g. dN/dS ratio) in 

white tailed deer. Similar results were reported by De et al. (2011) for white-tailed deer. 

Diversifying selection occurs when the amino acid diversity in a gene increases within a species 

over time (Yang et al. 2000; Cicconardi et al. 2017). As MHC-DRB produces peptide-binding 

proteins, increasing this gene’s diversity may enable it to present a greater array of pathogenic 

antigens to the immune system (Borghans and De Boer 2000; Janeway et al. 2001; Sommer 

2005; Acevedo-Whitehouse et al. 2018). Additionally, the neutrality tests indicate that there is an 

excess of intermediate frequency MHC-DRB exon 2 alleles in our population, suggesting that the 

MHC-DRB alleles are being maintained in the population via balancing selection. This balancing 

selection may be becoming more pronounced in our population over time as there was an 

increasing trend in all neutrality test values from the 2007 starting population until the 2016 adult 

population as well as an excess of heterozygotes in the 2016 population. This retention of MHC-

DRB alleles may be driven by a heterozygote advantage that exists in our population, especially 

since MHC genes are codominant. Another explanation for the increasing Tajima’s D and Fu and 

Li’s F* and D* values found for MHC-DRB may be that while balancing selection acted on the 

population initially (before population enclosure), a reduced population size is now adding to the 

generation of intermediate frequency MHC-DRB exon 2 alleles in our population. While 
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demographic processes such as population size decline affect the whole genome, selection 

typically only affects the target loci and closely linked regions. Therefore, to fully assess the 

underlying reasons for the excess intermediate frequency MHC-DRB exon 2 alleles, future work 

would have to take a broader genome approach for our population. 

In contrast, MHC-DOB exon 2 appears to have been under purifying selection 

(0>dN/dS>1; Biswas and Akey 2006) thereby eliminating harmful nonsynonymous substitutions 

from MHC-DOB in white-tailed deer. While haplotype diversity at the nucleotide level was high, 

most amino acid sequences for MHC-DOB exon 2 had little to no differences among them (mean 

pairwise difference was < 1%), and we only found 3 unique amino acid sequences. The intensity 

of purifying selection depends on how tolerant a genomic region is towards mutations, or how 

functionally constrained it is. DNA regions in which a mutation is likely to affect their gene 

product’s function tend to be more functionally constrained and have lower substitution rates. 

MHC-DOB exon 2, which encodes the extracellular domain of the MHC-DOB protein 

(Andersson et al. 1991; NCBI 2019), may therefore be highly constrained. Neutrality tests for 

MHC-DOB were not significant, suggesting that MHC-DOB seems to be evolving neutrally 

within our white-tailed deer population. There was, however, an increasing trend in neutrality 

test values over time, with values for Tajima’s D and Fu and Li’s F* approaching statistical 

significance (0.10 > p > 0.05). This may indicate that MHC-DOB exon 2 is moving towards 

balancing selection in our population. The significant heterozygote deficiency seen in the 2016 

population suggests the possibility of either selection away from heterozygote individuals or the 

potential effect of inbreeding due to small population size at that locus. 

Overall this study identified 12 new MHC-DRB exon 2 alleles and characterized a new, 

non-classical, MHC II gene (MHC-DOB) for white-tailed deer. We also found a lack of 

significant linkage between these two loci which suggests there may be a chromosomal inversion 

in the MHC II region of white-tailed deer. However, more research is required to confirm this. If 

a chromosomal inversion is indeed found, recombination rates between the two MHC II 

subregions should be examined, as rates have been found to differ between individuals (Park et 

al. 1995). Lastly, more MHC polymorphism may be found when using next generation 

sequencing for white-tailed deer populations from other parts of the Americas. Improving our 

understanding of MHC II gene structure and polymorphism in white-tailed deer will enable to us 
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to further examine how these unique, highly polymorphic genes influence morphology, 

reproductive success, and overall population dynamics in white-tailed deer. 



 21 

LITERATURE CITED 

Acevedo-Whitehouse, K., Gulland, F.M.D., Bowen, L. 2018. MHC class II DRB diversity 

predicts antigen recognition and is associated with disease severity in California sea lions 

naturally infected with Leptospira interrogans. Infect Genet Evol 57:158-165. 

Allen, M., Kalantari, M., Ylitalo, N., Pettersson, B., Hagmar, B., Scheibenpflug, L., Johansson, 

B., Petterson, U., Gyllensten, U. 1996. HLA DQ-DR haplotype and susceptibility to 

cervical carcinoma: indications of increased risk for development of cervical carcinoma in 

individuals infected with HPV 18. Tissue Antigens 48:32-37. 

Allen, R.H. 1965. History and results of deer restocking in Alabama. Alabama Department of 

Conservation, Montgomery AL, Bulletin No. 6, 50 pp. 

Amills, M., Ramiya, V., Norimine, J., Lewin, H.A. 1998. The major histocompatibility complex 

of ruminants. Rev sci tech Off int Epiz 17:108-120. 

Andersson, L., Gustafsson, K., Jonsson, A.K., Rask, L. 1991. Concerted evolution in a segment 

of the first domain exon of polymorphic MHC class II β loci. Immunogenetics 33:235-242. 

Andersson, L., Lunden, A., Sigurdardottir, S., Davies, C.J., Rask, L. 1988. Linkage relationships 

in the bovine MHC region. High recombination frequency between class II subregions. 

Immunogenetics 27:273-280. 

Bana, N.A., Nagy, T., Nyiri, A., Nagy, J., Frank, K., Horn, P., Steger, V., Orosz, L., Barta, E. 

2016. Genome sequencing and assembly of Hungarian red deer, Cervus elaphus 

hippelaphus. Department of Genomics, NARIC-ABC, Szent-Gyorgyi Albert, Godollo H-

2100, Hungary. 

Band, M., Larson, J.H., Womack, J.E., Lewin, H.A. 1998. A radiation hybrid map of BTA23: 

identification of a chromosomal rearrangement leading to separation of the cattle MHC 

class II subregions. Genomics 53:269-275. 

Behl, J.D., Verma, N.K., Behl, R., Mukesh, M., Ahlawat, S.P.S. 2007. Characterization of 

genetic polymorphism of the bovine lymphocyte antigen DRB3.2 locus in Kankrej cattle 

(Bos indicus). J Dairy Sci 90:2997-3001. 

Bernatchez, L., Landry, C. 2003. MHC studies in nonmodel vertebrates: what have we learned 

about natural selection in 15 years? J Evol Biol 16:363-377. 

Biswas, S., Akey, J.M. 2006. Genomic insights into positive selection. Trends Genet 22:437-446. 



 22 

Bolger, A.M., Lohse, M., Usadel, B. 2014. Trimmomatic: a flexible trimmer for Illumina 

sequence data. Bioinformatics 30:2114-2120. 

Borghans, J.A.M., De Boer, R.J. 2000. Diversity in the immune system. In: Segel LA, Cohen IR 

(eds) Design principles for immune system & other distributed autonomous systems. 

Oxford University Press, UK, pp 161-183. 

Casp, C.B., She, J.X., McCormack, W.T. 2003. Genes of the LMP/TAP cluster are associated 

with the human autoimmune disease vitiligo. Genes Immun 4:492-499. 

Chennagiri, N., White, E.J., Frieden, A., Lopez, E., Lieber, D.S., Nikiforov, A., Ross, T., 

Batorsky, R., Hansen, S., Lip, V., Luquette, L.J., Maucheli, E., Margulies, D., Milos, P.M., 

Napolitano, N., Nizzari, M.M., Yu, T., Thompson, J.F. 2016. Orthogonal NGS for high 

throughput clinical diagnostics. Sci Rep 6:24650. 

Chiang, J.P.W., Lamey, T., McLaren, T., Thompson, J.A., Montgomery, H., De Roach, J. 2015. 

Progress and prospects of next-generation sequencing testing for inherited retinal 

dystrophy. Expert Rev Mol Diagn 15:1269-1275. 

Childers, C.P., Newkirk, H.L., Honeycutt, D.A., Ramlachan, N., Muzney, D.M., Sodergren, E., 

Gibbs, R.A., Weinstock, G.M., Womack, J.E., Skow, L.C. 2005. Comparative analysis of 

the bovine MHC class IIb sequence identifies inversion breakpoints and three unexpected 

genes. Anim Genet 37:121-129. 

Cicconardi, F., Marcatili, P., Arthofer, W., Schlick-Steiner, B.C., Steiner, F.M. 2017. Positive 

diversifying selection is a pervasive adaptive force throughout the Drosophila radiation. 

Mol Phylogenet Evol 112:230-243. 

Couvillion, C.E., Nettles, V.F., Rawlings, C.A., Joyner, R.L. 1986. Elaeophorosis in white-tailed 

deer: pathology of the natural disease and its relation to oral food impactions. J Wildl Dis 

22:214-223. 

Cucca, F., Muntoni, F., Lampis, R., Frau, F., Argiolas, L., Silvetti, M., Angius, E., Cao, A., De 

Virgiliis, S., Congia, M. 1993. Combinations of specific DRB1, DQA1, DQB1 haplotypes 

are associated with insulin-dependent diabetes mellitus in Sardinia. Hum Immunol 37:85-

94.  

De, S., Singh, R.K., Butchaiah, G. 2002. MHC-DRB exon 2 allele polymorphism in Indian river 

buffalo (Bubalus bubalis). Anim Genet 33:215-219. 



 23 

De, S., Singh, R.K., Brahma, B. 2011. Allelic diversity of major histocompatibility complex 

class II DRB gene in Indian cattle and buffalo. Mol Biol Int 120176. doi: 

10.4061/2011/120176. 

Ditchkoff, S.S., Hoofer, S.R., Lochmiller, R.L., Masters, R.E., Van Den Bussche, R.A. 2005. 

MHC-DRB evolution provides insight into parasite resistance in white-tailed deer. 

Southwest Nat 50:57-64. 

Eizaguirre, C., Lenz, T.L., Kalbe, M., Milinski, M. 2012. Rapid and adaptive evolution of MHC 

genes under parasite selection in experimental vertebrate populations. Nat Commun 3:621. 

Ellsworth, D.L., Honeycutt, R.L., Silvy, N.J., Bickham, J.W., Klimstra, W.D. 1994. White-tailed 

deer restoration to the southeastern United States: evaluating mitochondrial DNA and 

allozyme variation. J Wildl Manag 58:686-697. 

Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. 

Evolution 39:783-791. 

Fernandez-de-Mera, I.G., Vicente, J., Naranjo, V., Fierro, Y., Garde, J.J., de la Fuente, J., 

Gortazar, C. 2009. Impact of major histocompatibility complex class II polymorphisms on 

Iberian red deer parasitism and life history traits. Infect Genet Evol 9:1232-1239. 

Flajnik, M.F., Kasahara, M. 2001. Comparative genomics of the MHC: glimpses into the 

evolution of the adaptive immune system. Immunity 15:351-362. 

Fletch, A.L., Karstad, L.H. 1971. Studies on the pathogenesis of experimental epizootic 

hemorrhagic disease of white-tailed deer. Can J Com Med 35:224-229. 

Gao, J., Liu, K., Liu, H., Blair, H.T., Li, G., Chen, C., Tan, P., Ma, R.Z. 2010. A complete DNA 

sequence map of the ovine major histocompatibility complex. BMC Genomics 11:466. 

Genome Reference Consortium. 2019. Genome Reference Consortium Human Build 38 patch 

release 13 (GRCh38.p13), 02/28/2019. BioProject: PRJNA31257. 

Gilbert, C., Ropiquet, A., Hassanin, A. 2006. Mitochondrial and nuclear phylogenies of Cervidae 

(Mammalia, Ruminantia): Systematics, morphology, and biogeography. Mol Phylogenet 

Evol 40:101-117. 

Gaur, L.K., Nepom, G.T. 1996. Ancestral major histocompatibility complex DRB genes beget 

conserved patterns of localized polymorphisms. Proc Natl Acad Sci USA 93:5380-5383. 

Hedrick, P.W. 1994. Evolutionary genetics of the major histocompatibility complex. Am Nat 

143:945-964. 



 24 

Hewitt, D.G. 2011. Biology and management of white-tailed deer. CRC Press, Boca Raton, FL. 

Janeway Jr, C.A., Travers, P., Walport, M. 2001. Immunobiology: the immune system in health 

and disease, 5th edn. Garland Science, New York, NY. 

Jordanova, A., Kalaydjieva, L., Savov, A., Claustres, M., Schwarz, M., Estivill, X., Angelicheva, 

D., Haworth, A., Casals, T., Kremensky, I. 1997. SSCP analysis: a blind sensitivity trial. 

Hum Mutat 10:65-70. 

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., Jermijn, L.S. 2017. 

ModelFinder: Fast model selection for accurate phylogenetic estimates. Nature Methods 

14:587-589. 

Kamiya, T., O'Dwyer, K., Westerdahl, H., Senior, A., Nakagawa, S. 2014. A quantitative review 

of MHC‐based mating preference: the role of diversity and dissimilarity. Mol Ecol 

23:5151-5163. 

Kilpatrick, H.J., DeNicola, A.J., Ellingwood, M.R. 1996. Comparison of standard and 

transmitter-equipped darts for capturing white-tailed deer. Wildl Soc Bull 24:306-310. 

Klein, J., Bontrop, R.E., Dawkins, R.L., Erlich, H.A., Hyllensten, U.B., Heise, E.R., Jones, P.P., 

Parham, P., Wakeland, E.K., Watkins, D.I. 1990. Nomenclature for the major 

histocompatibility complexes of different species: a proposal. Immunogenetics 31:217-

219. 

Korber, B. 2000. HIV Signature and Sequence Variation Analysis. In: Rodrigo AG, Learn GH 

(eds) Computational Analysis of HIV Molecular Sequences. Kluwer Academic Publishers, 

Dordrecht, Netherlands: Kluwer, pp 55-72. 

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K. 2018. MEGA X: Molecular evolutionary 

genetics analysis across computing platforms. Mol Biol Evol 35:1547-1549. 

Larruskain, A., Minguijon, E., Garcia-Etxebarria, K., Moreno, B., Arostegui, I., Juste, R.A., 

Jugo, B.M. 2010. MHC class II DRB1 gene polymorphism in the pathogenesis of Maedi-

Visna and pulmonary adenocarcinoma viral diseases in sheep. Immunogenetics 62:75-83. 

Leberg, P.L., Stangel, P.W., Hillestad, H.O., Marchinton, R., Smith, M.H. 1994. Genetic 

structure of reintroduced wild turkey and white-tailed deer populations. J Wildl Manag 

58:698-711. 



 25 

Li, L., Wang, B.B., Ge, Y.F., Wan, Q.H. 2014. Major histocompatibility complex class II 

polymorphisms in forest musk deer (Moschus berezovskii) and their probable associations 

with purulent disease. Int J Immunogenet 41:401-412. 

Liu, H.Y. 2004. The diagnosis and treatment of the purulent disease of musk deer. J Southwest 

Uni Sci Tech 19:99-101. 

McDonald, J.S., Miller, K.V. 1993. A history of white-tailed deer restocking in the United States 

1878 to 1992. Research Publication 93-1. The Quality Deer Management Association, 

Watkinsville, GA. 109 pp. 

McDonald, J.S., Miller, K.V. 2004. A history of white-tailed deer restocking in the United States 

1878 to 2004. Quality Deer Management Association, Bogart, GA. 

Mellins, E.D., Stern, L.J. 2014. HLA-DM and HLA-DO, key regulators of MHC-II processing 

and presentation. Curr Opin Immunol 26:115-122. 

Mikko, S., Andersson, L. 1995. Low major histocompatibility complex class II diversity in 

European and North American moose. Proc Natl Acad Sci USA 92:4259-4263. 

Mikko, S., Lewin, H.A., Andersson, L. 1997a. A phylogenetic analysis of cattle DRB3 alleles 

with a deletion of codon 65. Immunogenetics 47:23-29. 

Mikko, S., Spencer, M., Morris, B., Stabile, S., Basu, T., Stormont, C., Andersson, L. 1997b. A 

comparative analysis of Mhc DRB3 polymorphism in the American bison (Bison bison). J 

Hered 88:499-503. 

Mikko, S., Roed, K., Schmutz, S., Andersson, L. 1999. Monomorphism and polymorphism at the 

Mhc DRB loci in domestic and wild ruminants. Immunol Rev 167:169-178. 

Miller, B.F., Muller, L.I., Storms, T.N., Ramsay, E.C., Osborn, D.A., Warren, R.J., Miller, K.V., 

Adams, K.A. 2003. A comparison of carfentanil/xylazine and Telazol/xylazine for 

immobilization of white-tailed deer. J Wildl Dis 39:851-858 

Miller, B.F., Muller, L.I., Doherty, T., Osborn, D.A., Miller, K.V., Warren, R.J. 2004. 

Effectiveness of antagonists for tiletamine-zolazepam/xylazine immobilization in female 

white-tailed deer. J Wildl Dis 40:533–537.  

NCBI: National Center for Biotechnology Information. 2019. HLA-DOB major 

histocompatibility complex, class II, DO beta [Homo sapiens (human)]. Gene ID: 3112. 

Available at: https://www.ncbi.nlm.nih.gov/gene/3112#gene-expression. Accessed 18 

March 2019. 

https://www.ncbi.nlm.nih.gov/gene/3112#gene-expression


 26 

Nei, M. 1987. Molecular evolutionary genetics. Columbia University Press, New York, New 

York, USA. 

Newbolt, C.H., Acker, P.K., Neuman, T.J., Hoffman, S.I., Ditchkoff, S.S., Steury, T.D. 2017. 

Factors influencing reproductive success in male white-tailed deer. J Wildl Manag 81:206-

217. 

Nguyen, L.T., Schmidt, H.A., von Haeseler, A., Minh, B.Q. 2015. IQ-TREE: A fast and effective 

stochastic algorithm for estimating maximum likelihood phylogenies. Mol Biol Evol 

32:268-274. 

NRC: National Research Council. 1996. The evaluation of forensic DNA evidence. National 

Academy Press, Washington D.C. 

Park, C., Russ, I., Da, Y., Lewin, H.A. 1995. Genetic mapping of F13A to BTA23 by sperm 

typing: difference in recombination rate between bulls in the DYA-PRL interval. Genomics 

27:113-118. 

Park, C., Frank, M.T., Lewin, H.A. 1999. Fine-mapping of a region of variation in recombination 

rate on BTA23 to the D23S22-D23S23 interval using sperm typing and meiotic breakpoint 

analysis. Genomics 59:143-149. 

Park, Y.H., Joo, Y.S., Park, J.Y., Moon, J.S., Kim, S.H., Kwon, N.H., Ahn, J.S., Davis, W.C., 

Davies, C.J. 2004. Characterization of lymphocyte subpopulations and major 

histocompatibility complex haplotypes of mastitis-resistant and susceptible cows. J Vet Sci 

5:29-39. 

Pitra, C., Fickel, J., Meijaard, E., Groves, C. 2004. Evolution and phylogeny of old world deer. 

Mol Phylogenetics Evol 33:880-895. 

Poluektov, Y.O., Kim, A., Sadegh-Nasseri, S. 2013. HLA-DO and its role in MHC class II 

antigen presentation. Front Immunol 4:00260. 

Prestwood, A.K., Hayes, F.A., Eve, J.H., Smith, J.F. 1973. Abomasal helminths of white-tailed 

deer in southeastern United States, Texas, and the Virgin Islands. J Am Vet Med A 163: 

556-561. 

Prestwood, A.K., Kellogg, F.E. 1971. Naturally occurring Haemonchosis in a white-tailed deer. J 

Wildl Dis 7:133-134. 

Quemere, E., Galan, M., Cosson, J.F., Klein, F., Aulagnier, S., Gilot-Fromont, E., Merlet, J., 

Bonhomme, M., Hewison, A.J.M., Charbonnel, N. 2015. Immunogenetic heterogeneity in a 



 27 

widespread ungulate: the European roe deer (Capreolus capreolus). Mol Ecol 24:3873-

3887. 

Raymond, M., Rousset, F. 1995. GENEPOP (version 1.2): population genetics software for exact 

tests and ecumenicism. J Hered 86:248-249. 

Renard, C., Hart, E., Sehra, H., Beasley, H., Coggill, P., Howe, K., Harrow, J., Gilbert, J., Sims, 

S., Rogers, J., Ando, A., Shigenari, A., Shiina, T., Inoko, H., Chardon, P., Beck, S. 2006. 

The genomic sequence and analysis of the swine major histocompatibility complex. 

Genomics 88:96-110. 

Rousset, F. 2008. Genepop'007: a complete reimplementation of the Genepop software for 

Windows and Linux. Mol Ecol Resources 8:103-106. 

Rousset, F., Raymond, M. 1995. Testing heterozygote excess and deficiency. Genetics 140:1413-

1419. 

Rozas, J., Sanchez-DelBarrio, J.C., Messeguer, X., Rozas, R. 2003. DnaSP, DNA polymorphism 

analyses by the coalescent and other methods. Bioinformatics 19:2496-2497. 

Rozas, J. 2009. DNA sequence polymorphism analysis using DnaSP. Methods Mol Biol 

537:337-350. 

Rozen, B.D., Bickhart, D.M., Koren, S., Schnabel, R.D., Hall, R., Zimin, A., Dreischer, C., 

Schultheiss, S., Schroeder, S.G., Elsik, C.G., Couldrey, C., Liu, G.E., Phillippy, A.M., Van 

Tassell, C.P., Smith, T.P.L., Medrano, J.F. 2017. ARS-UCD1.2, Direct Submission, 

06/29/2017. Animal Genomics and Improvement Laboratory, USDA ARS, Baltimore MD. 

Ruan, R., Ruan, J., Wan, X.L., Zheng, Y., Chen, M.M., Zheng, J.S., Wang, D. 2016. 

Organization and characteristics of the major histocompatibility complex class II region in 

the Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis). Sci Rep 

6:22471. DOI: 10.1038/srep22471. 

Sa, A.L.A., Breaux, B., Burlamaqui, T.C.T., Deiss, T.C., Sena, L., Criscitiello, M.F., Schneider, 

M.P.C. 2019. The marine mammal class II major histocompatibility complex organization. 

Front Immunol 10:696. doi: 10.3389/fimmu.2019.00696 

Sanger, F., Coulson, A.R. 1975. A rapid method for determining sequences in DNA by primed 

synthesis with DNA polymerase. J Mol Biol 94:441-448. 

Santos Lab. 2016. 2XCTAB Protocol for Initial DNA isolation of Symbiodinium. Laboratory 

Protocols. Available at 



 28 

http://www.auburn.edu/~santosr/protocols/DNAextraction2XCTAB.pdf. Accessed 8 July 

2016. 

Sasazuki, T., Nrshimura, Y., Muto, M., Ohta, N. 1983. HLA-linked genes controlling immune 

response and disease susceptibility. Immunol Rev 70:51-75.  

Schook, L.B., Lamont, S.J. 1996. The major histocompatibility complex region of domestic 

animal species. CRC press, Boca Raton FL. 

Seddon, J.M., Ellegren, H. 2002. MHC class II genes in European wolves: a comparison with 

dogs. Immunogenetics 54:490-500. 

Severinghaus, C.W. 1949. Tooth development and wear as criteria of age in white-tailed deer. J 

Wildl Manag 13:195-216. 

Shiina, T., Ota, M., Shimizu, S., Katsuyama, Y., Hashimoto, N., Takasu, M., Anzai, T., Kulski, 

J.K., Kikkawa, E., Naruse, T., Kimura, N., Yanagiya, K., Watanabe, A., Hosomichi, K., 

Kohara, S., Iwamoto, C., Umehara, Y., Meyer, A., Wanner, V., Sano, K., Macquin, C., 

Ikeo, K., Tokunaga, K., Gojobori, T., Inoko, H., Bahram, S. 2006. Rapid evolution of 

major histocompatibility complex class I genes in primates generates new disease alleles 

in humans via hitchhiking diversity. Genetics 173:1555-1570. 

Sigurdardottir, S., Borsch, C., Gustaffson, K., Andersson, L. 1991. Cloning and sequence 

analysis of 14 DRB alleles of the bovine major histocompatibility complex by using the 

polymerase chain reaction. Anim Genet 22:199–209. 

Sikes, R.S., Gannon, W.L. 2011. Guidelines of the American Society of Mammalogists for the 

use of wild mammals in research. J Mammal 92:235–253. 

Singh, P.K., Singh, S.V., Singh, M.K., Saxena, V.K., Horin, P., Singh, A.V., Sohal, J.S. 2012. 

Effect of genetic variation in the MHC Class II DRB region on resistance and 

susceptibility to Johne’s disease in endangered Indian Jamunapari goats. Int J 

Immunogenet 39:314-320. 

Sommer, S. 2005. The importance of immune gene variability (MHC) in evolutionary ecology 

and conservation. Front Zool 2:16. 

Sommer, S., Courtiol, A., Mazzoni, C. 2013. MHC genotyping of non-model organisms using 

next-generation sequencing: a new methodology to deal with artefacts and allelic dropout. 

BMC Genomics 14:542. 

http://www.auburn.edu/~santosr/protocols/DNAextraction2XCTAB.pdf


 29 

Steinmetz, M., Stephan, D., Fischer-Lindahl, K. 1986. Gene organization and recombination 

hotspots in the murine major histocompatibility complex. Cell 44:895-904. 

Swarbrick, P.A., Schwaiger, F.W., Epplen, J.T., Buchan, G.S., Griffin, J.F.T., Crawford, A.M. 

1995. Cloning and sequencing of expressed DRB genes of the red deer (Cervus elaphus) 

Mhc. Immunogenetics 42:1-9. 

Termijtelen, A., Meera Khan, P., Shaw, S., van Rood, J.J. 1983. Mapping SB in relation to HLA 

and GLO1 using cells from first-cousin marriage offspring. Immunogenetics 18:503-512. 

Van Den Bussche, R.A., Hoofer, S.R., Lochmiller, R.L. 1999. Characterization of Mhc-DRB 

allelic diversity in white-tailed deer (Odocoileus virginianus) provides insight into Mhc-

DRB allelic evolution within Cervidae. Immunogenetics 49:429-437. 

Van Den Bussche, R.A., Ross, T.G., Hoofer, S.R. 2002. Genetic variation at a major 

histocompatibility locus within and among populations of white-tailed deer (Odocoileus 

virginianus). J Mammal 83:31-39. 

Van Eijk, M.J.T., Beever, J.E., Da, Y., Stewart, J.A., Nicholaides, G.E., Green, C.A., Lewin, 

H.A. 1995. Genetic mapping of BoLa-A, CYP21, DRB3, DYA and PRL on BTA23. 

Mamm Genome 6:151-152. 

Wan, Q.H., Zeng, C.J., Ni, X.W., Pan, H.J., Fang, S.G. 2009. Giant panda genomic data provide 

insight into the birth-and-death process of mammalian major histocompatibility complex 

class II genes. PLoS One 4:e4147. 

Weir, B.S. 1996. Genetic Data Analysis II. Sinauer, Sunderland, Massachusetts, pp 126-128. 

Wieczorek, M., Abualrous, E.T., Sticht, J., Alvaro-Benito, M., Stolzenberg, S., Noe, F., Freund, 

C. 2017. Major histocompatibility complex (MHC) class I and MHC class II proteins: 

conformational plasticity in antigen presentation. Front Immunol 8:292. 

Wright, S. 1938. Size of population and breeding structure in relation to evolution. Science 

87:430-431. 

Wright, H., Redmond, J., Ballingall, K.T. 1996. The sheep orthologue of the HLA-DOB gene. 

Immunogenetics 43:76-79. 

Yang, Z., Nielsen, R., Goldman, N., Pedersen, A.M.K. 2000. Codon-substitution models for 

heterogeneous selection pressure at amino acid sites. Genetics 155:431-449. 

Zhang, J., Kobert, K., Flouri, T., Stamatakis, A. 2014. PEAR: a fast and accurate Illumina 

Paired-End reAd mergeR. Bioinformatics 30:614-620. 



 30 

Zhang, Z., Sun, X., Chen, M., Li, L., Ren, W., Xu, S., Yang, G. 2019. Genomic organization and 

phylogeny of MHC class II loci in cetaceans. J Hered: esz005. 

https://doi.org/10.1093/jhered/esz005. 

Zhou, X., Xu, S., Yang, Y., Zhou, K., Yang, G. 2011. Phylogenomic analyses and improved 

resolution of Cetartiodactyla. Mol Phylogenet Evol 61:255-264. 

Zimin, A.V., Delcher, A.L., Florea, L., Kelley, D.R., Schatz, M.C., Puiu, D., Hanrahan, F., 

Pertea, G., Van Tassell, C.P., Sonstegard, T.S., Marcais, G., Roberts, M., Subramanian, P., 

Yorke, J.A., Salzberg, S.L. 2009. A whole-genome assembly of the domestic cow, Bos 

taurus. Genome Biol 10:R42. 

 

 

 

TABLES 

 

 

Table 1.1. Genetic diversity within our white-tailed deer population (nucleotide diversity and 

haplotype diversity) and neutrality tests for MHC-DRB exon 2 for the adult founding population 

[2003-2007; n = 69 (MHC-DRB), 71 (MHC-DOB full sequence), 71 (MHC-DOB exon 2)] and 

the final adult population [2016; n = 118 (MHC-DRB), 119 (MHC-DOB full sequence), 119 

(MHC-DOB exon 2)]. P-values for the Hardy Weinberg Equilibrium (HWE) tests are also 

included, which shows a statistical significance for heterozygote excess in MHC-DRB exon 2 in 

the 2016 population.  * p < 0.05. 
 

  MHC-

DRB 

founding 

population 

MHC-

DRB  

2016 

population 

Diversity Nucleotide diversity (π) 0.09 0.10 

 Haplotype diversity 0.90 0.88 

Neutrality Tajima’s D 0.92 1.47 

 Fu and Li’s F* 2.09* 2.45* 

 Fu and Li’s D* 2.39* 2.56* 

 Fu’s Fs 21.98 35.02 

HWE Probability test 0.88 0.91 

 Heterozygote excess 0.70 0.05* 

 Heterozygote deficit 0.30 0.95 
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Table 1.2. Genetic diversity within our white-tailed deer population (nucleotide diversity and 

haplotype diversity) and neutrality tests for MHC-DOB for the adult founding population [2003-

2007; n = 71 (MHC-DOB full sequence, 360 bp), 71 (MHC-DOB exon 2, 270 bp)] and the final 

adult population [2016; n = 119 (MHC-DOB full sequence, 360 bp), 119 (MHC-DOB exon 2, 

270 bp)]. P-values for the Hardy Weinberg Equilibrium (HWE) tests are also included, which 

shows a statistical significance for heterozygote deficit in MHC-DOB (full sequence and exon 2) 

in the 2016 population. * p < 0.05;  ^ 0.10 > p > 0.05. 

 
  Full MHC-DOB 

Sequence 

MHC-DOB exon 2 

  Founding 

population 

2016 

population 

Founding 

population 

2016 

population 

Diversity Nucleotide diversity (π) 0.005 0.005 0.006 0.006 

 Haplotype diversity 0.83 0.86 0.80 0.83 

Neutrality Tajima’s D 0.87 1.31 1.38 1.77^ 

 Fu and Li’s F* 1.26 1.42 1.34 1.48^ 

 Fu and Li’s D* 1.17 1.13 1.01 0.97 

 Fu’s Fs -0.22 0.64 0.60 1.33 

HWE Probability Test 0.27 0.55 0.57 0.33 

 Heterozygote Excess 0.77 0.97 0.44 0.99 

 Heterozygote Deficit 0.24 0.03* 0.57 0.01* 

 

 

 

 

 

 

Table 1.S1. MHC-DRB exon 2 alleles whose frequencies did not meet the minimum allele 

frequency (0.67%). No pedigree or Sanger data was available to validate these sequences, and 

they only occurred once in our white-tailed deer population 

 
>Odvi-DRB*31 [organism=Odocoileus virginianus] 

GGAGTATCATAAGGCCGAGTGTCATTTCTCCAACGGGACGCAGCGGGTGCGGTTCCTGGACA

GATACATCTATAACCAGGAAGAGTACGTGCGCTTCGACAGCGACGTGGGCGAGTACCGGGC

GGTGACAGAGCTGGGGCGGCCGGACGCCGAGGACTGGAACAGCCGGAAGGAGCTCCTGGA

GCAGAGGCGGGCCGAGGTGGACACGTACTGCAGACACAACTACGGGGTTATTGAGAGTTTC

ACTGTG 

>Odvi-DRB*32 [organism=Odocoileus virginianus] 

GGAGCATCATAAGGCCGAGTGTCATTTCTCCAACGGGACGCAGGGGGTGCAGTTCCTGCAG

AGATACGTCTATAACCAGGAAGAGTACGTGCGCTTCGACAGCAACGTGGGCGAGTACCGAG

CGGTGACCGAGCTGGGGCGGACGGACGCCAAGTACTATAACAGCCAGAAGGAGTTACTGGA

GCAGAAGCGGGCCTCGGTGGACACGTACTGCAGACACAACTACGGGGTCGGTGAGAGTTTC

ACTGTG 
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Table 1.S2. MHC-DRB exon 2 alleles found in our white-tailed deer population and their 

frequencies. (^ indicates that these alleles translated into the same amino acid sequence) 

 
 Frequency (%) 

Allele Nucleotide Amino Acid 

Odvi-DRB*01 7.37 7.37 

Odvi-DRB*05 0.80 0.80 

Odvi-DRB*06 0.94 11.66^ 

Odvi-DRB*10 22.39 22.39 

Odvi-DRB*12 2.95 2.95 

Odvi-DRB*14 12.47 12.47 

Odvi-DRB*16 7.64 7.64 

Odvi-DRB*19 10.72 11.66^ 

Odvi-DRB*20 14.61 14.61 

Odvi-DRB*21 2.55 2.55 

Odvi-DRB*22 2.55 2.55 

Odvi-DRB*23 3.35 3.35 

Odvi-DRB*24 2.28 2.28 

Odvi-DRB*25 6.03 6.03 

Odvi-DRB*26 1.07 1.07 

Odvi-DRB*27 0.80 0.80 

Odvi-DRB*28 0.40 0.40 

Odvi-DRB*29 0.54 0.54 

Odvi-DRB*30 0.54 0.54 
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Table 1.S3. Number of nucleotide (below diagonal) and amino acid (above diagonal) differences between MHC-DRB exon 2 alleles. 
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D
R

B
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0

 

DRB*01 - 20 12 8 11 21 21 9 3 11 20 12 12 13 15 16 9 12 21 12 14 15 10 11 13 8 23 9 8 17 

DRB*02 31 - 24 21 18 23 5 18 17 18 21 21 25 26 23 18 20 23 23 25 23 20 19 23 24 21 7 21 22 25 

DRB*03 19 33 - 15 18 25 24 17 10 16 22 22 7 13 11 25 10 21 25 14 14 22 12 17 15 12 26 14 13 8 

DRB*04 16 35 23 - 18 23 19 13 10 14 18 16 13 13 10 20 10 15 23 12 17 15 6 8 14 8 21 7 8 17 

DRB*05 17 26 23 28 - 20 19 10 8 4 18 12 20 24 22 21 17 13 20 23 15 11 16 21 16 18 21 19 19 22 

DRB*06 33 39 42 40 30 - 24 20 20 20 26 22 25 27 26 27 22 21 0 27 23 21 23 25 21 22 25 23 23 27 

DRB*07 32 8 34 30 26 39 - 18 18 16 19 22 24 25 22 19 19 24 24 24 23 20 17 21 24 20 2 19 20 24 

DRB*08 14 25 22 22 11 30 26 - 9 10 17 10 16 20 19 17 13 14 20 19 15 12 13 17 14 15 20 15 13 20 

DRB*09 4 27 15 20 13 34 28 12 - 8 22 14 12 16 14 17 9 15 20 15 17 15 8 13 16 10 20 11 11 15 

DRB*10 21 31 22 22 8 34 24 15 17 - 17 14 17 21 19 23 14 15 20 20 13 13 12 17 15 15 18 15 15 19 

DRB*11 28 33 31 29 24 38 31 25 31 27 - 19 20 20 17 23 23 21 26 19 15 17 20 22 15 22 21 21 21 22 

DRB*12 18 31 31 25 15 32 33 15 22 21 28 - 18 17 22 17 14 11 22 16 11 11 19 14 14 12 24 12 15 22 

DRB*13 18 35 9 24 24 42 35 21 16 25 30 26 - 8 10 22 7 17 25 9 11 20 12 12 14 9 26 9 13 5 

DRB*14 17 37 19 22 31 45 38 28 21 32 28 24 14 - 12 24 11 15 27 1 11 20 15 5 12 10 27 9 11 12 

DRB*15 21 33 14 15 27 45 34 24 19 26 26 29 15 18 - 23 15 21 26 11 16 21 10 16 15 16 24 15 17 12 

DRB*16 25 25 36 32 31 41 28 26 26 37 33 29 33 35 34 - 19 21 27 23 24 20 21 21 24 19 21 19 19 26 

DRB*17 17 30 13 18 23 40 27 20 15 19 34 23 10 18 21 32 - 12 22 12 12 16 9 7 16 2 21 4 8 12 

DRB*18 18 34 29 24 16 33 36 19 22 22 29 13 24 21 27 33 21 - 21 15 10 12 18 13 8 11 26 11 14 21 

DRB*19 34 40 43 41 31 1 40 31 35 35 39 33 43 46 46 42 41 34 - 27 23 21 23 25 21 22 25 23 23 27 

DRB*20 15 35 21 20 29 43 36 26 19 30 26 22 16 2 16 33 20 21 44 - 10 19 14 6 11 11 26 10 12 13 

DRB*21 19 32 20 26 17 34 33 20 23 18 21 14 17 17 22 36 19 13 35 15 - 16 19 16 6 11 25 13 16 16 

DRB*22 20 28 28 24 13 31 28 15 20 19 25 13 27 28 28 29 24 16 32 26 19 - 17 16 14 16 22 15 14 24 

DRB*23 21 31 21 15 25 44 27 22 17 21 32 30 21 23 17 36 15 29 45 21 30 28 - 11 18 11 19 10 11 14 

DRB*24 17 37 25 15 31 44 33 27 21 27 32 22 20 7 24 34 12 21 45 9 24 26 17 - 17 5 23 4 8 16 

DRB*25 18 33 23 21 18 31 33 17 22 21 21 17 22 19 21 33 26 10 32 17 9 16 29 26 - 15 26 15 14 18 

DRB*26 14 33 17 14 26 38 30 24 18 22 32 19 14 15 23 32 4 18 39 17 16 24 19 8 23 - 22 2 7 14 

DRB*27 36 12 38 34 30 41 4 30 32 28 35 37 39 42 38 32 21 40 42 40 37 32 31 37 37 34 - 21 22 26 

DRB*28 14 34 19 14 26 38 29 24 18 22 32 19 14 15 23 32 6 18 39 17 18 24 18 8 23 2 33 - 6 12 

DRB*29 14 34 20 14 27 39 29 22 18 23 33 24 21 17 26 27 13 22 40 19 24 22 21 12 21 10 33 10 - 15 

DRB*30 22 34 9 28 25 43 34 25 18 26 32 30 6 18 17 37 14 28 44 20 21 31 22 24 26 18 38 16 23 - 
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Table 1.S4. Genotype frequencies (%) for MHC-DRB exon 2 alleles in our white-tailed deer population. 
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DRB*01 0.80                   

DRB*05 0 0                  

DRB*06 0.27 0 0                 

DRB*10 2.95 0.80 0.54 4.83                

DRB*12 0.54 0 0 1.88 0               

DRB*14 2.15 0 0 4.56 0.27 2.41              

DRB*16 1.07 0 0 3.75 0 1.07 0.27             

DRB*19 1.34 0 0 3.49 0.80 3.49 2.41 0.80            

DRB*20 1.07 0.54 0.54 6.97 1.61 3.49 2.68 2.41 2.15           

DRB*21 0.54 0 0.27 1.07 0 0.80 0.80 1.07 0.54 0          

DRB*22 0.27 0 0 1.07 0.27 0 0.80 0.80 1.07 0.54 0         

DRB*23 0.80 0.27 0 1.61 0 1.07 0.27 0.54 1.07 0 0.54 0        

DRB*24 0.80 0 0 1.07 0 1.07 0 0.80 0.27 0 0 0.27 0       

DRB*25 1.07 0 0.27 3.21 0.54 0.80 0.80 1.88 2.15 0 0.54 0.27 0.27 0      

DRB*26 0 0 0 1.07 0 0.27 0.27 0.54 0 0 0 0 0 0 0     

DRB*27 0 0 0 0 0 0 0.27 0.27 0.80 0 0 0 0 0.27 0 0    

DRB*28 0 0 0 0.54 0 0.27 0 0 0 0 0 0 0 0 0 0 0   

DRB*29 0 0 0 0.54 0 0.27 0 0.27 0 0 0 0 0 0 0 0 0 0  

DRB*30 0.27 0 0 0 0 0 0.27 0.27 0.27 0 0 0 0 0 0 0 0 0 0 
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Table 1.S5. MHC-DOB alleles for both the full sequence (360 bp) and exon 2 (270 bp) found in 

our white-tailed deer population and their frequencies. (# and ^ indicates that these alleles 

translated into the same amino acid sequence) 

 
MHC-DOB full sequence MHC-DOB exon 2 

Allele 

Frequency 

(%) Allele 

Nucleotide 

Frequency (%) 

Amino Acid 

Frequency (%) 

Odvi-DOB*01 0.53 

Odvi-DOB*010211_exon2 14.61 73.42# Odvi-DOB*02 1.32 

Odvi-DOB*11 12.76 

Odvi-DOB*03 10.00 
Odvi-DOB*0310_exon2 20.53 73.42# 

Odvi-DOB*10 10.26 

Odvi-DOB*04 11.84 Odvi-DOB*04_exon2 11.71 20.53^ 

Odvi-DOB*05 8.82 Odvi-DOB*05_exon2 8.82 20.53^ 

Odvi-DOB*06 7.50 
Odvi-DOB*0607_exon2 10.39 73.42# 

Odvi-DOB*07 3.03 

Odvi-DOB*08 27.89 Odvi-DOB*08_exon2 27.89 73.42# 

Odvi-DOB*09 6.05 Odvi-DOB*09_exon2 6.05 6.05 

 

 

 

 

Table 1.S6. Number of nucleotide (below diagonal) and amino acid (above diagonal) differences 

between the full MHC-DOB sequence (360 bp) alleles for white-tailed deer. The amino acid 

differences correspond to the amino acid differences seen in MHC-DOB exon 2 (Table 7). 
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DOB*01 - 0 0 1 1 0 0 0 1 0 0 

DOB*02 2 - 0 1 1 0 0 0 1 0 0 

DOB*03 2 2 - 1 1 0 0 0 1 0 0 

DOB*04 3 3 1 - 0 1 1 1 2 1 1 

DOB*05 2 2 2 1 - 1 1 1 2 0 0 

DOB*06 3 3 1 2 3 - 0 0 1 0 0 

DOB*07 4 4 2 3 4 1 - 0 1 0 0 

DOB*08 2 2 2 3 2 3 4 - 1 0 0 

DOB*09 3 3 3 4 3 4 5 1 - 1 1 

DOB*10 3 3 1 2 3 2 3 3 4 - 0 

DOB*11 1 1 1 2 1 2 3 1 2 2 - 
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Table 1.S7. Number of nucleotide (below diagonal) and amino acid (above diagonal) differences 

between MHC-DOB exon 2 (270 bp) alleles for white-tailed deer. 
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DOB*010211_exon2 - 0 1 1 0 0 1 

DOB*0310_exon2 1 - 1 1 0 0 1 

DOB*04_exon2 2 1 - 0 1 1 2 

DOB*05_exon2 1 2 1 - 1 1 2 

DOB*0607_exon2 2 1 2 3 - 0 1 

DOB*08_exon2 1 2 3 2 3 - 1 

DOB*09_exon2 2 3 4 3 4 1 - 

 

 

Table 1.S8. Genotype frequencies (%) for the full MHC-DOB sequence (360 bp) alleles in our 

white-tailed deer population. 
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DOB*01 0           

DOB*02 0 0          

DOB*03 0.26 0 0.79         

DOB*04 0.26 0.26 1.58 2.37        

DOB*05 0 0 2.11 1.58 0.79       

DOB*06 0 0 1.84 1.32 3.16 0.53      

DOB*07 0 0.26 0.53 0.53 0.53 0.53 0     

DOB*08 0.26 1.32 5.53 8.68 4.74 2.37 1.05 7.90    

DOB*09 0 0 0.79 0.79 0.26 0.79 1.58 3.16 1.05   

DOB*10 0 0 2.11 0.79 1.84 1.84 0.53 7.11 1.32 2.11  

DOB*11 0.26 0.79 3.68 3.16 1.84 2.11 0.53 5.79 1.32 0.79 2.63 

 

Table 1.S9. Genotype frequencies (%) for MHC-DOB exon 2 (270 bp) alleles in our white-tailed 

deer population. 
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DOB*010211_exon2 3.68       

DOB*0310_exon2 4.74 5.0      

DOB*04_exon2 3.68 2.63 2.11     

DOB*05_exon2 1.84 3.95 1.58 0.79    

DOB*0607_exon2 2.90 5.0 1.84 3.68 0.79   

DOB*08_exon2 7.37 12.63 8.68 4.74 3.42 7.90  

DOB*09_exon2 1.32 2.11 0.79 0.26 2.37 3.16 1.05 
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FIGURES 

Figure 1.1. Maximum likelihood phylogenetic tree for the nucleotide sequences of MHC-DRB 

exon 2. This tree contains sequences for white-tailed deer (Odvi, Odocoileus virginianus; 

AF082161-AF082175, AF407169-AF407171; MK952679- MK952690), moose (Alal, Alces 

alces; X82398 , X83278, X83279-X83286; Mikko and Andersson, 1995), roe deer (Caca, 

Capreolus capreolus; KM488213-KM488216, KM488218, KM488220-U90925; Mikko et al. 

1997a; Quemere et al. 2015), and reindeer (Rata, Rangifer tarandus; AF012716-AF012724; 

Mikko et al. 1999) as these are the closest related species to white-tailed deer with MHC-DRB 

data. It was rooted with the moose outgroup. Node labels are standard bootstrap support (%). 

Arrows indicate the presence of near-zero internal branch lengths (< 0.0040), which should be 

interpreted with caution. Heatmap colors indicate all white-tailed deer MHC-DRB exon 2 alleles 
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and further correspond to Odvi-DRB allele frequencies found in our population, where red is the 

most common MHC-DRB allele. 

 

Figure 1.2. Maximum likelihood phylogenetic tree for the amino acid sequences of MHC-DRB 

exon 2. This tree contains the translated sequences for white-tailed deer (Odvi, Odocoileus 

virginianus; AF082161-AF082175, AF407169-AF407171; MK952679- MK952690), moose 

(Alal, Alces alces; X82398 , X83278, X83279-X83286; Mikko and Andersson, 1995), roe deer 

(Caca, Capreolus capreolus; KM488213-KM488216, KM488218, KM488220-U90925; Mikko 

et al. 1997a; Quemere et al. 2015), and reindeer (Rata, Rangifer tarandus; AF012716-AF012724; 

Mikko et al. 1999) as these are the closest related species to white-tailed deer with MHC-DRB 

data. It was rooted with the moose outgroup. Node labels are standard bootstrap support (%). 

Arrows indicate the presence of near-zero internal branch lengths (< 0.012), which should be 

interpreted with caution. Heatmap colors indicate all white-tailed deer MHC-DRB exon 2 alleles 

and further correspond to Odvi-DRB allele frequencies found in our population, where red is the 

most common translated MHC-DRB allele. 
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Figure 1.3. Cumulative mean codon-by-codon ratio of synonymous to nonsynonymous 

substitutions (dS/dN) for MHC-DRB exon 2. Nonsynonymous substitutions are significantly 

more common than synonymous substitutions for MHC-DRB exon 2 in white-tailed deer. 



 40 

 

 

Figure 1.4. Maximum likelihood phylogenetic tree for the full nucleotide sequences of MHC-

DOB (360 bp). This tree contains sequences for white-tailed deer (Odvi, Odocoileus virginianus; 

MK952691- MK952701), cow (Bola, Bos taurus; 282493; Zimin et al. 2009), sheep (Ovar, Ovis 

aries; Z49879.1; Wright et al. 1996), and red deer (Ceel, Cervus elaphus; CM008014.1; Bana et 

al. 2016). It was rooted with the cow outgroup. Node labels are standard bootstrap support (%). 

Arrows indicate the presence of near-zero internal branch lengths (< 0.0028), which should be 

interpreted with caution. Heatmap colors indicate all white-tailed deer MHC-DOB alleles and 

further correspond to Odvi-DOB allele frequencies found in our population, where red is the 

most common MHC-DOB allele. 
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Figure 1.5. Maximum likelihood phylogenetic tree for the amino acid sequences of MHC-DOB 

exon 2. This tree contains translated sequences for white-tailed deer (Odvi, Odocoileus 

virginianus; MK952691- MK952701), cow (Bola, Bos taurus; 282493; Zimin et al. 2009), sheep 

(Ovar, Ovis aries; Z49879.1; Wright et al. 1996), and red deer (Ceel, Cervus elaphus; 

CM008014.1; Bana et al. 2016). It was rooted with the cow outgroup. It was rooted with the cow 

outgroup. Node labels are standard bootstrap support (%). Arrows indicate the presence of near-

zero internal branch lengths (< 0.011), which should be interpreted with caution. Heatmap colors 

indicate all white-tailed deer MHC-DOB alleles and further correspond to Odvi-DOB allele 

frequencies found in our population, where red is the most common translated MHC-DOB allele. 
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Fig 1.6. Cumulative mean codon-by-codon ratio of synonymous to non-synonymous 

substitutions (dS/dN) for MHC-DOB exon 2. Synonymous substitutions are overall more 

common than nonsynonymous substitutions for MHC-DOB exon 2 in white-tailed deer, though 

both are quite rare. 
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Chapter 2: Association between sexually selected traits and allelic distance in two unlinked 

MHC II loci in white-tailed deer 

 

ABSTRACT 

Body size and secondary sexual characteristics are main drivers of male reproductive 

success among polygynous species. A gene complex found to influence such morphology in 

several species is the major histocompatibility complex (MHC). However, while several studies 

found that greater MHC diversity enhanced male morphology, increased MHC diversity has 

trade-offs. Thus, maximal MHC diversity is not always optimal for the individual. This study 

examined if MHC diversity, measured as pairwise allelic distances at two unlinked MHC II loci 

(exon 2 for the classical antigen-binding protein MHC-DRB, exon 2 for the accessory protein 

MHC-DOB), was associated with body size or antler size in an enclosed population of white-

tailed deer (Odocoileus virginianus). After accounting for the effect of age on morphology, we 

used residual analysis to assess whether MHC allelic distances explained any of the remaining 

variation in body and antler size. While we found no associations for MHC-DRB, we found that 

both male body and antler size were strongly associated with MHC-DOB nucleotide allelic 

distances. Specifically, we found a quadratic relationship between MHC-DOB and male body 

size, where body size peaked at moderate MHC-DOB allelic distance. However, we found a 

positive linear association between MHC-DOB nucleotide allelic distances and antler scores. 

Neither MHC-DRB nor MHC-DOB influenced female body size, even though the average allelic 

distances of males and females were not significantly different from each other. The existence of 

a heterozygote deficiency for MHC-DOB in our population might suggest that body size is more 

important for male reproductive success than antler size.  

 

KEYWORDS 

Major histocompatibility complex, white-tailed deer, sexual selection, morphology, 

secondary sexual characteristics 
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INTRODUCTION 

Polygyny is a common breeding strategy, especially among terrestrial Artiodacyla (Geist 

1974; Jarman 1974; Ralls 1977; Bubenik 1985; Clutton-Brock 1989; Weckerly 1998; Loison et 

al. 1999). In polygynous species, male competition is high, as only a few males may monopolize 

breeding access and fights are common and ensure that the strongest males are able to pass on 

their genetics (Clutton-Brock and Huchard, 2013). Males must therefore invest energy into body 

size and physical traits that positively influence reproductive success, such as teeth, horns, and 

antlers (West-Eberhard 1979; Clutton-Brock and Huchard, 2013). Although a polygynous 

strategy can grant successful males increased reproductive success, such a strategy is very costly. 

These costs are especially apparent with seasonal breeders, where males may cease feeding 

altogether during the breeding season (Thompson 1973; Clutton-Brock and Huchard 2013). Male 

white-tailed deer (Odocoileus virginianus), for example, may lose up to 30% of their body mass 

during the breeding season (Hewitt 2011). Unlike the strong selection for large ornamentation 

found among males, no such selection exists for females, as costly morphological investments 

are unnecessary for females to attract mates (Ditchkoff 2011). Instead, female reproductive 

success is determined by her ability to bear and raise offspring to reproductive age (Strassmann 

and Gillespie 2002). 

Body and ornamentation size can be influenced by an individual’s genetics. A gene 

complex of particular interest with respect to its association with morphology is the major 

histocompatibility complex (MHC; Bennett 1975; Gill and Kunz, 1979; von Schantz et al. 1996; 

1997; Ditchkoff et al. 2001; Fernandez-de-Mera et al. 2009; Brambilla et al. 2015, 2018). These 

genes do not influence morphology directly, but instead code for proteins that are essential for 

the immune system to distinguish self from foreign pathogens by binding to peptide fragments 

(i.e. antigens) and displaying these on the surfaces of cells where they are monitored by T-cell 

lymphocytes (Hedrick 1994; Schook and Lamont 1996; Janeway et al. 2001; Kamiya et al. 

2014). If the antigen is recognized by the body as ‘self,’ the T-cells will not destroy the cell. If 

the antigen is foreign, however, the T-cells will cause cellular destruction or initiation of a 

systemic immune response to clear foreign particles (Janeway et al. 2001). While gene products 

from MHC type I genes primarily display endogenous antigens on nucleated cells, MHC type II 

genes produce proteins that display exogenous antigens on immune cells such as dendritic cells 

and macrophages (Janeway et al. 2001). There are classical (ex. DR, DQ) and non-classical (ex. 
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DO, DM) MHC II genes, whose proteins serve different immunological roles. Non-classical 

MHC genes produce accessory proteins that are used for properly loading antigens onto classical 

MHC gene products, which then display these antigens at the immune cell’s surface (Poluektov 

et al. 2013; Mellins and Stern 2014). While classical MHC genes are highly polymorphic, non-

classical MHC genes are more conserved (Janeway et al. 2001; Denzin 2013).  

Due to their vital role in determining the immune system’s effectiveness, MHC genes 

may influence resources available for an individual’s growth, development, and reproduction. 

Several studies have examined the association between the MHC and morphology. For example, 

the spur length of male pheasants (Phasianus colchicus), which correlates to male viability and 

female mate choice, is highly influenced by male MHC genotype characteristics (von Schantz et 

al. 1996; 1997). This relationship between an individual’s MHC genotype and morphology may 

be linked to the improved immune system associated with MHC heterozygosity (von Schantz et 

al. 1996; Sauermann et al. 2001; Olsson et al. 2005). Specifically, the heterozygote advantage 

hypothesis states that individuals with greater MHC heterogeneity are able to fight off a greater 

diversity of pathogens (Hughes and Nei, 1992; Sommer 2005). Under this hypothesis, 

heterozygotes should be healthier, more successful, and consequently better able to attain larger 

size of sexually selected traits (Hughes and Nei, 1989; Takahata and Nei, 1990). 

However, costs of increased MHC diversity exist that may define optimal levels of MHC 

heterozygosity for an individual (Demas and Nelson, 2011). Greater individual MHC 

heterozygosity is associated with increased deletion of T-cell lineages, which results in reduced 

T-cell repertoire diversity, and therefore a less effective immune response (Vidovic and 

Matzinger, 1988; Vidovic 1989; Nikolich-Zugich et al. 2004). A reduced T-cell repertoire can 

also lead to limited regulatory T-cell (Treg) diversity. These immune cells are responsible for 

controlling the intensity of an immune response (Graham et al. 2005), and reduced Treg diversity 

can make an individual more prone to immunopathology and autoimmune disease (Milner et al. 

2007; Ferreira et al. 2009). Increased MHC heterozygosity may also increase an individual’s 

chances of having an MHC allele that predisposes the carrier to several autoimmune diseases, 

such as multiple sclerosis, lupus, diabetes, and Crohn’s disease in humans (Fernando et al. 2008). 

Similarly, certain MHC alleles may predispose the carrier to contracting infectious diseases 

(McClelland et al. 2003). Additionally, immune responses can be very physiologically costly and 

divert resources away from growth (Klasing et al. 1987; Fair et al. 1999; Bonato et al. 2009) and 
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reproduction (Ilmonen et al. 2000; Bonneaud et al. 2003, 2004; Hanssen 2006; Ilmonen et al. 

2007; Cai et al. 2009; Bascunan-Garcia et al. 2010). Thus, as MHC heterozygous individuals 

typically mount a stronger immunological response than homozygotes (Doherty et al. 1975), 

individuals with greater MHC heterozygosity may suffer greater physiological costs that could 

reduce their overall fitness (Ilmonen et al. 2007). Lastly, maximum MHC heterozygosity may 

negatively influence T-cell activation by reducing the concentration of specific peptide-MHC 

complexes on the cells’ surfaces (van den Berg and Rand, 2003; Woelfing et al. 2009). All of 

these costs of increased MHC diversity may ultimately reduce resources the individuals can 

devote to developing and building sexually selected morphological characteristics. Given the 

known trade-offs associated with increased MHC diversity, maximizing MHC diversity may not 

be the optimal strategy.  

The MHC region of the white-tailed deer, a polygynous ruminant, has been examined by 

several studies. Two MHC genes have been characterized in this system, the classical MHC-DRB 

and the non-classical MHC-DOB. Currently, 30 unique MHC-DRB exon 2 alleles and 11 MHC-

DOB alleles have been documented for this species (Van Den Bussche et al. 1999, 2002; Ivy-

Israel et al. 2019). Ivy-Israel et al (2019) also found that the MHC-DRB and MHC-DOB loci are 

not genetically linked, suggesting that these loci occupy two different MHC II subregions on the 

same chromosome - possibly separated by an inversion (Band et al. 1998) - that are able to 

evolve independently from one another. Since 2001, when Ditchkoff et al. found a positive 

association between MHC-DRB diversity and both body mass and antler size in white-tailed deer 

males, 15 additional MHC-DRB exon 2 alleles have been identified. Therefore, in this study we 

examined if an association exists between morphology and MHC-DRB allelic distance in a 

previously unstudied white-tailed deer population using next-generation sequencing. We also 

included MHC-DOB in our analyses as there have been no studies assessing the role of this MHC 

locus on vertebrate morphology. Based on these previous findings and what is known about 

MHC-DRB and MHC-DOB in other species, we hypothesized that MHC-DRB allelic distance 

influences male morphology but not female morphology, as females are not investing resources 

towards costly sexually selected traits (Ditchkoff et al. 2011). Since MHC-DOB, a conservative 

MHC II locus, is not linked to MHC-DRB, we further hypothesized that there is no association 

between MHC-DOB and morphology in both male and female white-tailed deer. 
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METHODS 

Study Area 

This study took place at the Auburn Captive Facility (ACF) located north of Camp Hill, 

Alabama. The facility was part of the Piedmont Agricultural Experiment Station, which was 

owned by Auburn University. Deer sampled during the study were enclosed in a 174-hectare 

facility surrounded by a 2.6-meter fence, which was constructed in October 2007. The deer 

present within the ACF during the study included the original deer that inhabited this area during 

the fence formation in 2007 and their subsequent offspring. The population size and effective 

population size of the adult, founding population were 71 and 64.8, respectively. Effective 

population size was calculated as Ne = 4NmNf / (Nm+Nf), where Nm is the number of breeding 

males (n = 25) and Nf is the number of breeding females (n = 46) in the population (Wright 

1938). Subsequent to fencing the area, deer were neither introduced nor hunted within the ACF. 

Instead, population size was mainly regulated via natural and capture-related mortalities 

(Newbolt et al. 2017). Population size varied annually between 100-120 deer. Deer had access to 

supplemental feed in the form of food plots, corn feeders, and ad libitum protein feeders. A creek 

and its tributaries were present on the property, which provided a reliable water source year-

round. 

 

Animal handling 

Adult white-tailed deer (≥ 6 months of age) were captured over 12 trapping seasons 

(October – July each year) from 2007-2018 via chemical immobilization. A tranquilizer mixture 

was administered into the deer’s hindquarter muscle with the use of cartridge fired dart guns 

(Pneu-Dart model 193) and 0.22 caliber blanks. The mixture was prepared by adding 4 cc of 

xylaxine (100 mg/ml; Lloyd Laboratories, Shenandoah, IA) to a 5 mL vial of Telazol® (100 

mg/ml; Fort Dodge Animal Health, Fort Dodge, IA; Miller et al. 2003). We then added 2 cc of 

this tranquilizer mixture into a telemetry dart (2.0 cc, type C, Pneu-Dart Inc., Williamsport, PA) 

containing a radio transmitter (Advanced Telemetry Systems, Inc., Isanti, MN). The transmitter 

enabled us to locate the sedated deer via radio telemetry as the dart stayed attached to the deer’s 

hindquarter after impact (Kilpatrick et al. 1996). Sedation was reversed by injecting Tolazine 

(100 mg/ml; Lloyd Laboratories) into the shoulder and hindquarter muscles once data collection 

was complete (Miller et al. 2004). These methods were approved by the Auburn University 
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Institutional Animal Care and Use Committee (2008-1417, 2008-1421, 2010-1785, 2011-1971, 

2013-2372, 2014-2521, 2016-2964, and 2016-2985) and in compliance with the American 

Society of Mammalogists’ guidelines (Sikes and Gannon 2011).   

All deer received a unique 3-digit identification number at initial capture, which was 

displayed on ear tags and also freeze branded on the front shoulder and hind quarter of some 

individuals. For each individual, we recorded sex, age (tooth wear and replacement aging 

technique; Severinghaus 1949), several body measurements (total body length, hind foot length, 

chest circumference; Ditchkoff et al. 2001; Newbolt et al. 2017). We also took several antler 

measurements for males (beam and tine lengths, antler beam circumference, inside spread) to 

calculate their annual gross Boone and Crocket scores (Nesbitt et al. 2009; Strickland et al. 

2013). Lastly, a 1-cm2 notch of tissue was removed from their ear for genetic analysis. This 

tissue sample was then stored in a -80°C freezer until DNA analysis could be performed in the 

laboratory. 

To estimate the deer abundance and age structure of our white-tailed deer population, 

images of marked and unmarked deer were collected using infrared-triggered cameras at both 

feeders and randomly selected sites baited with corn for 14 days every February. These images 

were then used to calculate deer abundance using mark-recapture methods (Overton 1969; 

Jacobson et al. 1997). We supplemented these data with field observations and capture/mortality 

records to determine final population demographic estimates. Marked individuals were 

considered dead if not observed for two years in order to prevent a potentially ever-growing 

population of dead but unrecovered animals. 

 

Genetic Analysis 

Ivy-Israel et al. (2019) used the ear tissue samples collected from our population to 

sequence the MHC-DRB exon 2 (n = 373) and MHC-DOB exon 2 (n = 380) amplicons on the 

Illumina MiSeq platform (Genbank accession numbers: MK952679-MK952701; Supplementary 

Material 1). The characterization of these alleles in the focal population is described in detail in 

Ivy-Israel et al. (2019), and in brief here. While Ivy-Israel et al. (2019) only targeted exon 2 for 

MHC-DRB (250 bp), the MHC-DOB amplicon contained exon 2 plus noncoding regions around 

it. We used the full MHC-DOB sequence (360 bp) when analyzing nucleotide sequences and 

MHC-DOB exon 2 (270 bp) for the amino acid sequences.  
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For each individual, the pairwise genetic distance between the alleles at a locus (MHC-

DRB and MHC-DOB) was calculated as the number of differences at either the nucleotide level 

(DRB_nuc and DOB_nuc, respectively) or the amino acid level (DRB_aa and DOB_aa, 

respectively). Distance matrices were generated via Geneious (v11.1.5).  

 

Statistical Analysis 

Ruminants that form tending bonds, such as white-tailed deer, display great sexual-size 

dimorphism (Weckerly 1998). We therefore analyzed female and male body size separately. As 

male fawns did not have antlers, we excluded this age group from our antler size analyses. We 

therefore analyzed three separate datasets: male body size (n = 366), male antler size (n = 313), 

and female body size (n = 183). Allelic distances for MHC-DRB and MHC-DOB were compared 

between unique males (n = 156) and females (n = 134) using unpaired t-tests in Program R 

(v3.6.0; lm function) to explore differences between the sexes. 

The average age of adult males (≥ 6 months) present in the population was calculated for 

each sampling season to account for observed changes in population demographics (Newbolt et 

al. 2017). Average annual male age, individual age, body size, antler size, MHC-DRB nucleotide 

distance, MHC-DRB amino acid distance, MHC-DOB nucleotide distance, and MHC-DOB 

amino acid distance were standardized (i.e. subtracted mean and divided by standard deviation) 

prior to analysis. We used Program R to perform a principal component analysis (PCA) of the 3 

standardized body measurements to generate a single term (first principal component) for annual 

body size. Gross Boone and Crocket antler scores were used to represent an individual’s annual 

antler size. Collinearity was assessed for all variables by calculating variance inflation factors 

(VIFs) and pairwise correlation coefficients. We only found collinearity between the nucleotide 

and amino acid sequences for MHC-DRB exon 2 [VIF scores for DRB_nuc and DRB_aa: 37.96 

and 37.84 (male body size dataset); 38.98 and 38.74 (antler size dataset); 32.81 and 32.86 

(female body size dataset)].  

We first accounted for the strong effect of age on body and antler size using non-linear 

models (nls function in Program R; R Core Team, 2019). Mammalian growth is typically 

asymptotic, thereby making sigmoid growth functions more realistic (Leberg et al. 1989). 

Popular growth models include the Von Bertalanffy asymptotic growth, Logistic, and Gompertz 

models (Zullinger et al. 1984; Lesage et al. 2001; Canaza-Cayo et al. 2015; Thalmann et al. 
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2015; Table 2.1), where yij is the observed principal component score for body size of individual 

i (i=1,…,n) at measurement time j (j=1,…,ni) for animal i, tij is the age of animal i (years) at time 

j, and εij is the random residual term. There are three growth curve parameters for these curves: 

A, the asymptotic mature body size; B, the proportion of asymptotic mature weight obtained 

after birth; and k, the maturation rate or how fast individuals approach adult weight. The Von 

Bertalanffy growth model (VBGM) for body length data is often cubed for weight data. As we 

were using principal component scores for body size, we considered both the regular VBGM and 

the cubed VBGM in our set of a priori models. We also considered variations of these models by 

incorporating average annual buck age (α) into the non-linear model’s term for growth rate (M), 

the asymptote (N), or both (MN).  

The Akaike’s Information Criterion adjusted for sample size (AICc) in Program R 

(package bbmle; Bolker 2017) was used to select our most competitive models. We closely 

examined all models that were within 2 AICc units of the top-supported model to assess the 

presence of uninformative parameters (Arnold 2010). If uninformative variables were identified 

in our growth curve models, we re-examined model weights for models without these 

uninformative variables. We examined the need to include a term for autocorrelation (moving 

average) in our top models via extra-sum-of-squares F (hereafter ‘drop tests’; Murtaugh 2008) as 

some individuals were captured multiple times in their lifetime.  

Residuals from our top models were used in analyses to examine if MHC variables could 

explain the remaining variation in body and antler size variables after accounting for age. 

Analyses were performed using mixed-effects models with package nlme in Program R (lme 

function; Pinheiro et al. 2018). The support for including non-linear (quadratic) effects for our 

predictors in our models was evaluated via drop tests (Murtaugh 2008). All models included a 

random term for individual as some individuals were captured more than once in their lifetime. 

To aid in model interpretations, we back transformed the data to assess how average body/antler 

size residuals differ at varying levels of MHC diversity. 

 

RESULTS 

Allelic Distance Comparison for Males and Females 

There was no difference (p > 0.097) in MHC allelic distances between males and females 

for all MHC variables examined in this study (Table 2.2). Females had a greater number of 
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unique MHC-DRB alleles (19 alleles) compared to males (17 alleles), though the two sexes 

shared the same most common alleles (DRB*10, DRB*14, DRB*20). While females had a 

greater range of possible allelic distance values for DOB_nuc, males had more unique full MHC-

DOB sequence alleles (11 alleles) than females (10 alleles). DOB*08 was the most common full 

MHC-DOB allele for both sexes, though the order of remaining allele frequencies differed 

slightly.  

 

Male Body Size 

Our male body size dataset contained 156 unique males for a total of 366 entries (Table 

2.3). Ages ranged from 0 to 12.5 years with an average of 3.5 years. The most frequently 

captured male was measured nine times. 

Among the unique males, 21 were homozygous for MHC-DRB and 135 were 

heterozygous for MHC-DRB at both the nucleotide and amino acid level. MHC-DRB allelic 

distances ranged from 0 to 46 at the nucleotide level (mean ± SE = 24.6 ± 0.7), and from 0 to 27 

for translated MHC-DRB amino acid sequences (mean ± SE = 15.7 ± 0.5). While allelic distances 

were fairly large for the full MHC-DOB nucleotide sequences (33 homozygotes, 123 

heterozygotes), the majority of males were homozygous for translated MHC-DOB exon 2 

sequences (98 homozygotes, 58 heterozygotes). MHC-DOB allelic distances ranged from 0 to 4 

at the nucleotide level (mean ± SE = 1.62 ± 0.06), and from 0 to 2 at the amino acid level (mean 

± SE = 0.37 ± 0.03).  

 

Principal component analysis 

The first principal component explained 87.90% of the variation in our three body 

measurements. Each measurement contributed equally to the first principal component: 0.58 

(chest), 0.59 (body length), 0.56 (hind foot). Scores ranged from -7.66 (newborn fawn) to 2.18 

(6.5-year-old male). 

 

Nonlinear age model selection 

The top model was the regular VBGM with male mean age in the asymptote term (Table 

2.4; Figure 2.1). While the second-best model did have ΔAICc ≤ 2, the additional parameter 

(mean age in growth rate term) did not provide a net reduction in AICc and was therefore 
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uninformative (Arnold 2010). When we re-examined model weights for models without 

uninformative parameters, we found that the new weight for the top model was 0.78. Drop tests 

between the top model and the same model with a term for autocorrelation indicated accounting 

for autocorrelation in our model significantly improved the fit to the data (p = 0.001).  

 

Residual analysis with MHC variables 

The average male body size residuals doubled from 0.04 (± 0.83; 95% CI) at a small 

MHC-DRB allelic distance (DRB_aa = 1) to 0.08 (± 0.63; 95% CI) at a large MHC-DRB allelic 

distance (DRB_aa = 27) for translated MHC-DRB sequences, though the relationship was not 

statistically significant (p = 0.99; Table 2.5). Quadratic effects were required for DOB_nuc 

according to drop test results (p = 0.04). When including all MHC variables and the quadratic 

effect for DOB_nuc in the model, we found that the residuals for male body size were greater for 

individuals with a moderate MHC-DOB allelic distance (DOB_nuc = 2) compared to 

homozygotes and individuals with greater DOB_nuc allelic distances (p = 0.04). Body size 

residuals peaked at 0.09 (± 0.12; 95% CI) when DOB_nuc = 2 and then continually decreased to 

-0.13 (± 0.33; 95% CI) at DOB_nuc = 4 (Figure 2.2). However, body size residuals were 

smallest for homozygous males at -0.25 (± 0.18; 95% CI). 

 

Antler Size 

Our antler size dataset contained 124 unique white-tailed deer males for a total of 313 

entries (Table 2.3). Ages ranged from 1.5 to 12.5 years with an average of 4 years, while gross 

antler scores ranged from 0 (1.5-year-old male) to 168.4 (5.5-year-old male). As with our male 

body size dataset, the most frequently captured male was measured nine times.  

Seventeen of the unique males were homozygous for MHC-DRB and 107 were MHC-

DRB heterozygotes at both the nucleotide and amino acid level. MHC-DRB allelic distances 

ranged from 0 to 46 at the nucleotide level (mean ± SE = 24.8 ± 1.3) and from 0 to 27 for 

translated MHC-DRB sequences (mean ± SE = 15.8 ± 0.8). As with our male body size dataset, 

the majority of individuals were homozygous for translated MHC-DOB exon 2 (78 homozygotes, 

46 heterozygotes) while allelic distances were larger at the full MHC-DOB nucleotide sequences 

(24 homozygotes, 100 heterozygotes). MHC-DOB allelic distances ranged from 0 to 4 at the 
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nucleotide level (mean ± SE = 1.7 ± 0.1) and from 0 to 2 (mean ± SE = 0.4 ± 0.05) at the amino 

acid level.  

 

Nonlinear age model selection 

The top model (ΔAICc = 0) was the regular (i.e. not cubed) VBGM without mean age 

(Table 2.6; Figure 2.3). While the VBGM models with parameters for mean age had ΔAICc ≤ 2, 

additional parameters did not provide a net reduction in AICc and were therefore considered 

uninformative (Arnold 2010). The weight of the top model increased to 1.0 when excluding 

models with mean age parameters. Drop tests between the top model and the same model with a 

term for autocorrelation indicated that accounting for autocorrelation in our model significantly 

improves the fit to the data (p < 0.001).  

 

Residual analysis with MHC variables 

No quadratic effects were needed for MHC variables when assessing the antler size 

residuals. As with male body size, no significant associations were found between antler size 

residuals and MHC-DRB allelic distance. However, there was a considerable effect size for 

DRB_nuc, where antler size residuals increased from -0.28 (± 0.60; 95% CI) at a small MHC-

DRB allelic distance (DRB_nuc = 2) to 0.25 (± 0.56; 95% CI) at a large MHC-DRB allelic 

distance (DRB_nuc = 46; p = 0.37; Table 2.7). Standard errors were elevated for MHC-DRB 

variables (SE = 0.189 for DRB_nuc), which may be attributed to the variance inflation found for 

the MHC-DRB variables (38.98 and 38.74 for DRB_nuc and DRB_aa, respectively). There was a 

positive association between DOB_nuc and the antler size residuals (p = 0.02), where antler size 

residuals increased from -0.12 (± 0.11; 95% CI) for homozygous males (DOB_nuc = 0) to -0.05 

(± 0.07; 95% CI) at a small MHC-DOB allelic distance (DOB_nuc = 1) to 0.17 (± 0.15; 95% CI) 

at a large MHC-DOB allelic distance (DOB_nuc = 4; Figure 2.4).  

 

Female Body Size 

Our female body size dataset contained 134 unique white-tailed deer females for a total 

of 183 entries (Table 2.8). Ages ranged from 0 to 10.5 years with an average of 2.5 years. The 

most frequently captured female was measured four times. 
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Thirteen unique individuals were homozygous for MHC-DRB and 121 individuals were 

heterozygous for MHC-DRB at both the nucleotide and amino acid level. MHC-DRB allelic 

distances ranged from 0 to 44 at the nucleotide level (mean ± SE = 22.6 ± 3.0) and from 0 to 27 

for translated MHC-DRB sequences (mean ± SE = 14.9 ± 2.0). Less than a quarter of individuals 

were homozygous for the full MHC-DOB nucleotide sequences (22 homozygotes, 112 

heterozygotes), while the majority of individuals were homozygous for the translated MHC-DOB 

exon 2 sequences (78 homozygotes, 56 heterozygotes). MHC-DOB allelic distances ranged from 

0 to 5 at the nucleotide level (mean ± SE = 2.1 ± 0.2) and from 0 to 2 at the amino acid level 

(mean ± SE = 0.4 ± 0.1).  

 

Principal component analysis 

The first principal component explained 93.31% of the variation in our three body 

measurements. Each measurement contributed equally to the first principal component: 0.58 

(chest), 0.58 (body length), 0.57 (hind foot). Scores ranged from -8.22 (newborn fawn) to 2.17 

(9.5-year-old female).  

 

Nonlinear age model selection 

The top model (ΔAICc = 0) was the regular VBGM without mean age (Table 2.9; Figure 

2.5). While the VBGM models with parameters for mean age had ΔAICc ≤ 2, the additional 

parameters did not provide a net reduction in AICc and were therefore uninformative (Arnold 

2010). The weight of the top VBG model increased to 1.0 when excluding models with 

uninformative parameters. Drop tests between the top model and the same model with a term for 

autocorrelation indicated that accounting for autocorrelation in our model did not significantly 

improve the fit to the data (p = 0.14). However, most females were only captured once in their 

lifetime. 

 

Residual analysis with MHC variables 

No quadratic effects were needed for the MHC variables when assessing the residuals for 

our female body size dataset. Unlike male body size, we found no significant association 

between female body size residuals and the MHC variables (Table 2.10). Female body size 

residuals only increased from -0.06 (± 0.98; 95% CI) at a small MHC-DRB allelic distance 
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(DRB_nuc = 2) to 0.04 (± 0.97; 95% CI) at a large MHC-DRB allelic distance (DRB_nuc = 44; p 

= 0.92), while MHC-DOB increased from -0.01 (± 0.11; 95% CI) at a small MHC-DOB allelic 

distance (DOB_nuc = 1) to 0.004 (± 0.28; 95% CI) at a large MHC-DOB allelic distance 

(DOB_nuc = 5; p = 0.93). Standard errors were fairly similar for MHC-DRB and MHC-DOB 

variables. 

 

DISCUSSION 

While previous studies reported an association between MHC-DRB diversity and 

morphology, we did not find similar results. Ditchkoff et al. (2001) found a positive association 

between MHC-DRB diversity and both body mass and antler size in male white-tailed deer. 

When examining body size, they only found significance for field-dressed body weights and 

skull length. They did not find statistical significance, however, for the body measurements that 

we used for generating our principal component scores (i.e. body length, chest girth, hind foot 

length). Our results for body size and MHC-DRB allelic distances are therefore consistent, 

although we do not have the field-dressed body weights and skull lengths to test if we would also 

find the reported association with these measures. Antler size, on the other hand, was measured 

similarly (gross Boone and Crockett scores). Ditchkoff et al. (2001) reported that gross antler 

scores for heterozygotes were greater than homozygote deer. We found no association between 

MHC-DRB allelic distances (nucleotide and amino acid level) and antler size. This difference in 

findings may be attributed to our methodological differences. For example, while Ditchkoff et al. 

(2001) classified individuals as either heterozygotes or homozygotes using the phylogenetic 

clades determined by Van Den Bussche et al. (1999), we calculated pairwise allelic distances 

between an individual’s MHC-DRB alleles based on next generation sequencing (Ivy-Israel et al. 

2019). We also included several newly identified MHC-DRB alleles in our analyses that were not 

available in 2001. Standard errors for our MHC-DRB variables were quite large, however, which 

may have also attributed to our lack of significance. Ivy-Israel et al (2019) reported that the 

white-tailed deer population sampled in this study was experiencing a heterozygote excess for 

MHC-DRB, and that MHC-DRB may be under balancing selection in our population. If true, the 

results would indicate that MHC-DRB heterozygosity is selected for in our population, even 

though we did not see a significant association between MHC-DRB and morphology. 
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We found a strong association between MHC-DOB nucleotide sequences and male 

morphology. Male body size was greatest when the pairwise nucleotide distance between an 

individual’s MHC-DOB alleles was equal to 2 (from range of 0 - 4); whereas smaller body sizes 

were associated with homozygosity and increased pairwise distance of MHC-DOB alleles. 

Greater MHC-DOB allelic distance may be too costly to combine with maintaining a larger body 

size, as costly immune responses associated with greater MHC diversity can divert resources 

away from growth and survival (Klasing et al. 1987; Møller and Saino, 1994; Fair et al. 1999; 

Norris and Evans, 2000; Hanssen et al. 2004; Barribeau et al. 2008; Bonato et al. 2009). Antler 

size, on the other hand, had a positive linear association with MHC-DOB nucleotide allelic 

distances, where greater MHC-DOB allelic distances were associated with greater antler scores. 

Both body and antler size are strong determining factors for a male’s reproductive success, 

especially among polygynous species (Geist 1966; Clutton-Brock et al. 1988; Rose 1995; 

Pelabon et al. 1999; McElligott et al. 2001; Mysterud et al. 2004; Johnson et al. 2007). Indeed, 

Newbolt et al. (2017) found that the annual reproductive success of males in our white-tailed 

deer population was positively associated with both male body size and antler size. However, 

antler size mainly influenced a male’s reproductive success when the population had an older 

male age structure. Male body size positively influences reproductive success in several ways. 

First, males with larger body sizes are capable of storing more nutrients and energy reserves than 

smaller males (Lindstedt and Boyce, 1985), which enables larger males to maintain good body 

condition while tending and chasing receptive females. Second, body size may also influence 

post-copulatory selection as larger males have greater sperm volume per ejaculate than smaller 

males (Møller 1991). Lastly, females tend to prefer to mate with larger males (Clutton-Brock et 

al. 1989; Byers et al. 1994). Antlers, on the other hand, are mainly used for intraspecific 

competition for breeding access and for providing visual cues for a male’s overall strength 

(Clutton-Brock 1979; Andersson 1994; McElligott et al. 1998). Antler size primarily determines 

a male’s reproductive success when there is an abundance of older males, which is when males 

engage in intense intrasexual competition for breeding opportunities (Newbolt et al. 2017), while 

body size is consistently important regardless of the population’s demographic processes. Ivy-

Israel et al. (2019) found evidence of heterozygote deficiency for MHC-DOB in this population 

and that MHC-DOB is under purifying selection. This result is consistent with our findings that 

larger males, who have moderate MHC-DOB allelic distance, produce the majority of offspring 
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in our population. Body size may therefore be more important to a male’s reproductive success 

than antler size, as selecting larger individuals with intermediate MHC-DOB allelic distances 

favors males with moderate antler scores. Another explanation is that the immunological cost of 

having greater MHC-DOB allelic distance, and larger antlers, is too costly for our male white-

tailed deer. 

While MHC-DOB is not linked to MHC-DRB in white-tailed deer (Ivy-Israel et al. 2019), 

it is still in linkage disequilibrium with other MHC II genes in that chromosomal subregion that 

may be driving this association with the nucleotide sequence diversity at MHC-DOB. The TAP1 

and TAP2 genes, for example, are part of the MHC II subregion with MHC-DOB in cattle 

(Childers et al. 2005). Numerous studies have identified the role of these genes in diseases such 

as Dengue fever (Soundravally and Hoti, 2007), sarcoidosis (Foley et al. 1999), multiple 

sclerosis (Moins-Teisserenc et al. 1995), and celiac disease (Djilali-Saiah et al. 1994) in humans. 

Therefore, while our results suggest that MHC-DOB may be influencing white-tailed deer 

morphology, it may be serving as a marker for another locus that is genetically linked to MHC-

DOB. The lack of significance for the translated MHC-DOB exon 2 sequences, which represents 

the functional extracellular domain of the MHC-DOB protein (Andersson et al. 1991; NCBI 

2009), further suggests that another part of the MHC-DOB gene or another locus linked to MHC-

DOB is driving our results. Future work should therefore take a functional genomic approach in 

this population to clarify which MHC II locus is truly influencing male morphology. 

We did not find a significant association between either MHC-DRB or MHC-DOB and 

female body size. Among white-tailed deer, adult females differ little physically. Body size 

typically plateaus when females reach an age of two to three years (Ditchkoff 2011). Therefore, 

we observed very little variation for body size in our female dataset, which may contribute to our 

lack of significant findings. The majority of studies that searched for associations between MHC 

II and morphology focused on males. In fact, the evolution of female morphology and ornaments 

as a whole are poorly understood, especially for species in which intrasexual competition is most 

intense among males and where females are responsible for all parental care (i.e. polygynous 

species; Kokko et al. 2006; Clutton-Brock 2007, 2009). Huchard et al. (2010) did find that 

certain MHC supertypes are associated with poor body condition and less developed sexual 

signals (size and shape of sexual swellings) in female baboons (Papio ursinus), though they did 

not find an effect of MHC diversity on the females’ sexual swellings. A female’s MHC diversity 



 58 

can influence her fecundity (Smith et al. 2010; Grogan 2014). For example, Smith et al. (2010) 

found that heterozygous European brown hares (Lepus europaeus) had greater fecundity 

compared to homozygotes. Females with larger litters have to invest more nutrients towards 

lactation (Kounig et al. 1988), which can significantly reduce the female’s body mass and 

condition (Parker et al. 1990; Cook et al. 2004) and subsequent fitness and offspring survival 

(Allaye Chan 1991; Russell et al. 1998; Thaker and Bilkei, 2005). Lactating females also divert 

more of their resources away from parasite defense (Festa-Bianchet 1989), thereby making them 

more susceptible to pathogens. Given this, future research on female body size should also 

include lactation and/or litter size data to better account for variation in female body size, 

especially since MHC II diversity may particularly influence female size of lactating females by 

governing their immune responses. 

An association between MHC II genes and morphology has been reported for several 

non-ruminant species, such as pheasants (Phasianus colchicus; von Schantz et al. 1996, 1997), 

common yellowthroats (Geothlypis trichas; Dunn et al. 2012), baboons (Huchard et al. 2010), 

neotropical lesser bulldog bats (Noctilio albiventris; Schad et al. 2012), and montane water voles 

(Arvicola scherman; Charbonnel et al. 2010). Ruminants, such as the white-tailed deer, have a 

unique MHC II organization due to a proposed chromosomal inversion that has split this 

typically linked region into two subregions (Bos taurus, Andersson et al. 1988; Ovis aries, Gao 

et al. 2010; white-tailed deer, Ivy-Israel et al. 2019). As MHC-DRB and MHC-DOB occupy 

different MHC II subregions, these loci are evolving independently in ruminants. The synteny of 

other mammalian species, however, is relatively well-conserved (Wan et al. 2009). The lack of 

significant linkage disequilibrium seen in the MHC II region of ruminants can enable us to study 

these two subregions separately, which may highlight where, and why, these studies found a 

significant association between MHC II and morphology in these non-ruminant species. The 

majority of studies examining this association in ruminants was primarily focused on the MHC-

DRB region, as this locus is known for its extreme variability and polymorphism (Mikko and 

Anderson, 1995; Swarbrick et al. 1995; Mikko et al. 1997; Van Den Bussche 1999, 2002; 

Ditchkoff et al. 2001, 2005; Fernandez-de-Mera et al. 2009; Brambilla et al. 2015, 2018). More 

research is therefore needed on the other MHC II subregion (i.e. the one containing MHC-DOB) 

to fully capture which MHC II locus, or perhaps loci, is influencing vertebrate morphology. 
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In this study we examined the potential association between MHC-DRB and MHC-DOB 

heterozygosity and morphology in white-tailed deer. While we found no associations for MHC-

DRB, we found a strong positive association between MHC-DOB nucleotide sequences and 

antler size and a quadratic relationship between MHC-DOB nucleotide sequences and male body 

size. Our results suggest that MHC-DOB, or a gene genetically linked to this locus, may 

influence male morphological characteristics in white-tailed deer. A broader genome approach is 

needed to reveal which MHC II locus is actually responsible for this association. Future research 

should examine whether MHC-DOB also influences male white-tailed deer reproductive success 

as both body and antler size have been found to determine a male’s annual reproductive success 

in our population (Newbolt et al. 2017). Neither MHC-DRB nor MHC-DOB influenced female 

body size, even though the average allelic distances of males and females were not significantly 

different from each other. Female white-tailed deer morphology may therefore not be dependent 

on their MHC diversity, though future studies should include female-specific variables that may 

better explain the slight variations seen in female body size.  

 



 60 

LITERATURE CITED 

Allaye Chan, A.C. 1991. Physiological and ecological determinants of nutrient partitioning in 

caribou and reindeer. PhD dissertation, University of Alaska, Fairbanks USA. 

Andersson, L., Lunden, A., Sigurdardottir, S., Davies, C.J., Rask, L. 1988. Linkage relationships 

in the bovine MHC region. High recombination frequency between class II subregions. 

Immunogenetics 27:273-280. 

Andersson, M. 1994. Sexual selection. Princeton Univ. Press, Princeton, New Jersey. 

Arnold, T.W. 2010. Uninformative parameters and model selection using Akaike’s Information 

Criterion. J Wildl Manag 74:1175–1178. 

Barribeau, S.M., Villinger, J., Waldman, B. 2008. Major histocompatibility complex based 

resistance to a common bacterial pathogen of amphibians. PLoS ONE 3:e2692. 

Bascunan-Garcia, A.P., Lara, C., Cordoba-Aguilar, A. 2010. Immune investment impairs 

growth, female reproduction and survival in the house cricket, Acheta domesticus. J 

Insect Physiol 56:204-211. 

Bennett, D. 1975. The T-locus of the mouse. Cell 6: 441-454. 

Bolker, B., R Development Core Team. 2017. bbmle: Tools for general maximum likelihood 

estimation. R package version 1.0.20. https://CRAN.R-project.org/package=bbmle. 

Bonato, M., Evans, M.R., Hasselquist, D., Cloete, S.W.P., Cherry, M.I. 2009. Growth rate and 

hatching date in ostrich chicks reflect humoral but not T-cell-mediated immune function. 

Behav Ecol Sociobiol 64:183-191. 

Bonneaud, C., Mazuc, J., Gonzalez, G., Haussy, C., Chastel, O., Faivre, B., Sorci, G. 2003. 

Assessing the cost of mounting an immune response. Am Nat 161:367-379. 

Bonneaud, C., Mazuc, J., Chastel, O., Westerdahl, H., Sorci, G. 2004. Terminal investment 

induced by immune challenge and fitness traits associated with major histocompatibility 

complex in the house sparrow. Evolution 58:2823-2830. 

Brambilla, A., Biiebach, I., Bassano, B., Bogliani, G., von Hardenberg, A. 2015. Direct and 

indirect causal effects of heterozygosity on fitness-related traits in Alpine ibex. Proc R 

Soc B 282:20141873. 

Brambilla, A., Keller, L., Bassano, B., Grossen, C. 2018. Heterozygosity-fitness correlation at 

the major histocompatibility complex despite low variation in Alpine ibex (Capra ibex). 

Evol Appl 11: 631-644. 



 61 

Bubenik, A.B. 1985. Reproductive strategies in Cervids. R. Soc. NZ Bull. 22:367-373. 

Byers, J.A., Moodie, J.D., Hall, N. 1994. Pronghorn females choose vigorous mates. Anim 

Behav 47:33-43. 

Cai, X.Q., Yang, M., Zhong, W.Q., Wang, D.H. 2009. Humoral immune response suppresses 

reproductive physiology in male Brandt’s voles (Lasiopodomys brandtii). Zoology 

112:69-75. 

Canaza-Cayo, A.W., Huanca, T., Gutierrez, J.P., Beltran, P.A. 2015. Modelling of growth curves 

and estimation of genetic parameters for growth curve parameters in Peruvian young 

llamas (Lama glama). Small Rumin Res 130: 81-89. 

Charbonnel, N., Bryja, J., Galan, M., Deter, J., Tollenaere, C., Chaval, Y., Morand, S., Cosson, 

J.F. 2010. Mhc class II heterozygosity and secondary sexual trait in the montane water 

vole. Evol Appl 3:279-290. 

Childers, C.P., Newkirk, H.L., Honeycutt, D.A., Ramlachan, N., Muzney, D.M., Sodergren, E., 

Gibbs, R.A., Weinstock, G.M., Womack, J.E., Skow, L.C. 2005. Comparative analysis of 

the bovine MHC class IIb sequence identifies inversion breakpoints and three unexpected 

genes. Anim Genet 37:121-129. 

Clutton-Brock, T.H., Albon, S.D., Harvey, P.H. 1980. Antlers, body size and breeding group size 

in the Cervidae. Nature 285: 565-567. 

Clutton-Brock, T.H. 1979. The functions of antlers. Behavior 79:108-125. 

Clutton-Brock, T.H. 1988. Reproductive success: studies of individual variation in contrasting 

breeding systems. The University of Chicago Press: Chicago, IL, USA. 

Clutton-Brock, T. H. 1989. Review lecture: mammalian mating systems. Proc R Soc Lond B: 

236:339–372. 

Clutton-Brock, T.H. 2007. Sexual selection in males and females. Science 318:1882-1885. 

Clutton-Brock, T.H. 2009. Sexual selection in females. Anim Behav 77:3-11. 

Clutton-Brock, T.H., Huchard, E. 2013. Social competition and selection in males and females. 

Phil Trans R Soc Lond B 368: 20130074. 

Cook, R.C., Cook, J.G., Mech, L.D. 2004. Nutritional condition of Northern Yellowstone elk. J 

Mammal 85: 714-722. 

Denzin, L.K. 2013. Inhibition of HLA-DM mediated MHC class II peptide loading by HLA-DO 

promotes self-tolerance. Front Immunol 4: 00465. 



 62 

Ditchkoff, S.S., Lochmiller, R.L., Masters, R.E., Hoofer, S.R., Van Den Bussche, R.A. 2001. 

Major-histocompatibility-complex-associated variation in secondary sexual traits of 

white-tailed deer (Odocoileus virginianus): evidence for good-genes advertisement. 

Evolution 55:616–625. 

Ditchkoff, S.S. 2011. Anatomy and Physiology. Pages 43-74 in Hewitt, D.G. (editor). Biology 

and management of white-tailed deer. CRC Press: Boca Raton, FL, USA. 

Djilali-Saiah, I., Caillat-Zucman, S., Schmitz, J., Chaves-Vieira, M.L., Bach, J.F. 1994. 

Polymorphism of antigen processing (TAP, LMP) and HLA class II genes in celiac 

disease. Hum Immunol 40:8-16. 

Doherty, P.C., Zinkernagel, R.M. 1975. Enhanced immunological surveillance in mice 

heterozygous at the H-2 gene complex. Nature 256:50-52. 

Dunn, P.O., Bollmer, J.L., Freeman-Gallant, C.R., Whittingham, L.A. 2012. MHC variation is 

related to a sexually selected ornament, survival, and parasite resistance in common 

yellowthroats. Evolution 67:679-687. 

Fair, J.M., Hansen, E.S., Ricklefs, R.E. 1999. Growth, developmental stability and immune 

response in juvenile Japanese quails (Coturnix coturnix japonica). Proc R Soc Lond B 

266:1735-1742. 

Fernandez-de-Mera, I.G., Vicente, J., Naranjo, V., Fierro, Y., Garde, J.J., de la Fuente, J., 

Gortazar, C. 2009. Impact of major histocompatibility complex class II polymorphisms on 

Iberian red deer parasitism and life history traits. Infect Genet Evol 9:1232-1239. 

Fernando, M.M.A., Stevens, C.R., Walsh, E.C., De Jager, P.L., Goyette, P., Plenge, R.M., Vyse, 

T.J., Rioux, J.D. 2008. Defining the role of the MHC in autoimmunity: a review and 

pooled analysis. PLoS Genet. 4:e1000024. 

Ferreira, C., Singh, Y., Furmanski, A.L., Wong, F.S., Garden, O.A., Dyson, J. 2009. Non-obese 

diabetic mice select a low-diversity repertoire of natural regulatory T-cells. Proc Natl 

Acad Sci USA 106:8320-8325. 

Festa-Bianchet, M. 1989. Individual differences, parasites, and the costs of reproduction for 

bighorn ewes (Ovis canadensis). J Anim Ecol 58:785-795. 

Foley, P.J., Lympany, P.A., Puscinska, E., Zielinski, J., Welsh, K.I., du Bois, R.M. 1999. 

Analysis of MHC encoded antigen-processing genes TAP1 and TAP2 polymorphisms in 

sarcoidosis. Am J Respir Crit Care Med 160:1009-1014. 



 63 

Gao, J., Liu, K., Liu, H., Blair, H.T., Li, G., Chen, C., Tan, P., Ma, R.Z. 2010. A complete DNA 

sequence map of the ovine major histocompatibility complex. BMC Genomics 11:466. 

Geist, V. 1966. The evolution of horn-like organs. Behavior 27:175-214. 

Geist, V. 1974. On the relationship of social evolution and ecology in ungulates. Am Zool 

14:205-220. 

Gill, T.J., Kunz, H.W. 1979. Gene complex controlling growth and fertility linked to the major 

histocompatibility complex in the rat. Am J Pathol 96: 185-206. 

Graham, A.L., Allen, J.E., Read, A.F. 2005. Evolutionary causes and consequences of 

immunopathology. Annu Rev Ecol Evol Syst 36:373-397. 

Grogan, K.E. 2014. Exploring the impacts of major histocompatibility complex variation on 

fitness in the ring-tailed lemur (Lemur catta): parasite resistance, survival, mate choice and 

olfactory ornamentation, and reproduction. PhD dissertation, Duke University, Durham 

NC, USA. 

Hanssen, S.A., Hasselquist, D., Folstad, I., Erikstad, K.E. 2004. Costs of immunity: immune 

responsiveness reduces survival in a vertebrate. Proc R Soc Lond B 271:925-930. 

Hanssen, S.A. 2006. Costs of an immune challenge and terminal investment in a long-lived bird. 

Ecology 87:2440-2446. 

Hedrick, P.W. 1994. Evolutionary genetics of the major histocompatibility complex. Am Nat 

143:945-964. 

Hewitt, D.G. 2011. Nutrition. Pages 75-106 in Hewitt, D.G. (editor). Biology and management 

of white-tailed deer. CRC Press: Boca Raton, FL, USA. 

Hughes, A.L., Nei, M. 1989. Nucleotide substitution at major histocompatibility complex class II 

loci: evidence for overdominant selection. Proc Natl Acad Sci USA 86: 948-962. 

Hughes, A.L. Nei, M. 1992. Maintenance of the MHC polymorphism. Nature 355: 402-403. 

Huchard, E., Raymond, M., Benavides, J., Marshall, H., Knapp, L.A., Cowlishaw, G. 2010. A 

female signal reflects MHC genotype in a social primate. BMC Evol Biol 10:96. 

Ilmonen, P., Taarna, T., Hasselquist, D. 2000. Experimentally activated immune defence in 

female pied flycatchers results in reduced breeding success. Proc R Soc Lond B 267:665-

670. 



 64 

Ilmonen, P., Penn, D.J., Damjanovich, K., Morrison, L., Ghotbi, L., Potts, W.K. 2007. Major 

histocompatibility complex heterozygosity reduces fitness in experimentally infected 

mice. Genetics 176:2501-2508. 

Ivy-Israel, N.M.D., Moore, C.E., Schwartz, T.S., Ditchkoff, S.S. 2019. Characterization of two 

MHC II genes in white-tailed deer. Immunogenetics [submitted]. 

Jacobson, H.A., Kroll, J.C., Browning, R.W., Koerth, B.H., Conway, M.H. 1997. Infrared-

triggered cameras for censing white-tailed deer. Wildl Soc Bull 25:547-556. 

Janeway Jr, C.A., Travers, P., Walport, M. 2001. Immunobiology: the immune system in health 

and disease, 5th edn. Garland Science, New York, NY. 

Jarman, P.J. 1974. The social organization of antelope in relation to their ecology. Behaviour 

48:215-266. 

Johnson, H., Bleich, V., Krausman, P., Koprowski, J. 2007. Effects of antler breakage on mating 

behavior in male tule elk (Cervus elaphus nannodes). Eur J Wildl Res 53:9-15. 

Kamiya, T., O'Dwyer, K., Westerdahl, H., Senior, A., Nakagawa, S. 2014. A quantitative review 

of MHC‐based mating preference: the role of diversity and dissimilarity. Mol Ecol 

23:5151-5163. 

Kilpatrick, H.J., DeNicola, A.J., Ellingwood, M.R. 1996. Comparison of standard and 

transmitter-equipped darts for capturing white-tailed deer. Wildl Soc Bull 24:306-310. 

Klasing, K.C., Laurin, D.E., Peng, R.K., Fry, D.M. 1987. Immunologically mediated growth 

depression in chicks: influence of feed intake, corticosterone and interleukin-1. J Nutr 

117:1629-1637. 

Kokko, H., Jennions, M.D., Brooks, R. 2006. Unifying and testing models of sexual selection. 

Annu Rev Ecol Evol Syst 37:43-66. 

Kounig, B., Riester, J., Markl, H. 1988. Maternal care in house mice (Mus musculus): II. The 

energy cost of lactation as a function of litter size. J Zool 216: 195-210. 

Laird, A.K. 1965. Dynamics of relative growth. Growth 29: 249-263. 

Leberg, P.L., Brisbin Jr, I.L., Smith, M.H., White, G.C. 1989. Factors affecting the analysis of 

growth patterns of large mammals. J Mammal 70: 275-283. 

Lesage, L., Crete, M., Huot, J., Ouellet, J.P. 2001. Evidence for a trade-off between growth and 

body reserves in northern white-tailed deer. Oecologia 126: 30-41. 



 65 

Lindstedt, S.L., Boyce, M.S. 1985. Seasonality, fasting endurance, and body size in mammals. 

Am Nat 125:873-878. 

Loison, A., Gaillard, J.M., Pelabon, C., Yoccoz, N.G. 1999. What factors shape sexual size 

dimorphism in ungulates? Evol Ecol Res 1:611-633. 

McClelland, E.E., Penn, D.J., Potts, W.K. 2003. Major histocompatibility complex heterozygote 

superiority during coinfection. Infect Immun 71:2079-2086. 

McElligott, A.G., Mattiangeli, V., Mattiello, S., Verga, M., Reynolds, C.A., Hayden, T.J. 1998. 

Fighting tactics of fallow bucks (Dama dama, Cervidae): reducing the risks of serious 

conflict. Ethology 104:789-803. 

McElligott, A.G., Gammell, M.P., Harty, H.C., Paini, D.R., Murphy, D.T., Walsh, J.T., Hayden, 

T.J. 2001. Sexual size dimorphism in fallow deer (Dama dama): do larger, heavier males 

gain greater mating success? Behav Ecol Sociobiol 49:266-272. 

Mellins, E.D., Stern, L.J. 2014. HLA-DM and HLA-DO, key regulators of MHC-II processing 

and presentation. Curr Opin Immunol 26:115-122. 

Mikko, S., Andersson, L. 1995. Low major histocompatibility complex class II diversity in 

European and North American moose. Proc Natl Acad Sci USA 92:4259-4263. 

Mikko, S., Lewin, H.A., Andersson, L. 1997. A phylogenetic analysis of cattle DRB3 alleles 

with a deletion of codon 65. Immunogenetics 47:23-29. 

Miller, B.F., Muller, L.I., Storms, T.N., Ramsay, E.C., Osborn, D.A., Warren, R.J., Miller, K.V., 

Adams, K.A. 2003. A comparison of carfentanil/xylazine and Telazol/xylazine for 

immobilization of white-tailed deer. J Wildl Dis 39:851-858 

Miller, B.F., Muller, L.I., Doherty, T., Osborn, D.A., Miller, K.V., Warren, R.J. 2004. 

Effectiveness of antagonists for tiletamine-zolazepam/xylazine immobilization in female 

white-tailed deer. J Wildl Dis 40:533–537.  

Milner, J., Ward, J., Keane-Myers, A., Min, B., Paul, W.E. 2007. Repertoire-dependent 

immunopathology. J Autoimmun 29:257-261. 

Moins-Teisserenc, H., Semana, G., Alizadeh, M., Loiseau, P., Bobrynina, V., Deschamps, I., 

Edan, G., Birebent, B., Genetet, B., Sabouraud, O., Charron, D. 1995. TAP2 gene 

polymorphism contributes to genetic susceptibility to multiple sclerosis. Hum Immunol 

42:195-202. 



 66 

Moen, A.N. 1973. Wildlife ecology, an analytical approach. W.H. Freeman and Company: San 

Francisco CA, USA. 

Møller, A. P. 1991. Concordance of mammalian ejaculate features. Proc R Soc Lond B 246:237–

241. 

Møller, A.P., Saino, N. 1994. Parasites, immunology of hosts, and host sexual selection. J 

Parasitol 80:850-858. 

Murtaugh, P.A. 2008. Performance of several variable-selection methods applied to real 

ecological data. Ecol Lett 12:1061–1068. 

Mysterud, A., Langvatn, R., Stenseth, N.C. 2004. Patterns of reproductive effort in male 

ungulates. J Zool 264:209-215. 

Nelder, J.A. 1961. The fitting of a generalization of the logistic curve. Biometrics 17: 89-110. 

Nesbitt, W.H., Wright, P.L., Buckner, E.L., Byers, C.R., Reneau, J. 2009. Measuring and scoring 

North American big game tropies, 3rd edition. Boone and Crockett Club, Missoula, MT. 

Neuman, T.J., Newbolt, C.H., Ditchkoff, S.S., Steury, T.D. 2016. Microsatellites reveal plasticity 

in reproductive success of white-tailed deer. J Mammal 97:1441-1450. 

Newbolt, C.H., Acker, P.K., Neuman, T.J., Hoffman, S.I., Ditchkoff, S.S., Steury, T.D. 2017. 

Factors influencing reproductive success in male white-tailed deer. J Wildl Manag 81: 

206-217. 

Nikolich-Zugich, J., Slifka, M.K., Messaoudi, I. 2004. The many important facets of T-cell 

repertoire diversity. Nat Rev Immunol 4:123-132. 

Norris, K. Evans, M.R. 2000. Ecological immunology: life history trade-offs and immune 

defense in birds. Behav Ecol 11:19-26. 

Olsson, M., Madsen, T., Wapstra, E., Silverin, B., Ujvari, B., Wittzell, H. 2005. MHC, health, 

color, and reproductive success in sand lizards. Behav Ecol Sociobiol 58: 289-294. 

Overton, W.S. 1969. Estimating the numbers of animals in wildlife populations, 3rd edition. The 

Wildlife Society, Washington, D.C. 

Parker, K.L., White, R.G., Gillingham, M.P., Holleman, D.F. 1990. Comparison of energy 

metabolism in relation to daily activity and milk consumption by caribou and muskox 

neonates. Can J Zool 68: 106-114. 

Pelabon, C., Komers, P.E., Birgersson, B., Ekvall, K. 1999. Social interactions of yearling male 

fallow deer during rut. Ethology 105:247-258. 



 67 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D, R Core Team. 2018. nlme: Linear and nonlinear 

mixed effects models. R package version 3.1-137, URL: https://CRAN.R-

project.org/package=nlme/. 

Poluektov, Y.O., Kim, A., Sadegh-Nasseri, S. 2013. HLA-DO and its role in MHC class II 

antigen presentation. Front Immunol 4:00260. 

Ralls, K. 1977. Sexual dimorphism in mammals: avian models and unanswered questions. Am 

Nat 111:917-938. 

R Core Team. 2019. R: a language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Rose, K.E. 1995. Factors affecting lifetime reproductive success in red deer stags (Cervus 

elaphus). PhD Thesis, University of Cambridge. 

Russell, D.E., Gerhart, K.L., White, R.G., Van De Wetering, D. 1998. Detection of early 

pregnancy in caribou: evidence for embryonic mortality. J Wildl Manag 62: 1066-1075. 

Schad, J., Dechmann, D.K.N., Voigt, C.C., Sommer, S. 2012. Evidence for the ‘Good Genes’ 

model: association of MHC class II DRB alleles with ectoparasitism and reproductive 

state in the neotropical lesser bulldog bat, Noctilio albiventris. PLoS ONE 7(5): e37101. 

Schook, L.B., Lamont, S.J. 1996. The major histocompatibility complex region of domestic 

animal species. CRC press, Boca Raton FL. 

Severinghaus, C.W. 1949. Tooth development and wear as criteria of age in white-tailed deer. J 

Wildl Manag 13:195-216. 

Sikes, R.S., Gannon, W.L. 2011. Guidelines of the American Society of Mammalogists for the 

use of wild mammals in research. J Mammal 92:235–253. 

Smith, S., Mang, T., de Bellocq J.G., Schaschl, H., Zeitlhofer, C., Hacklander, K., Suchentrunk, 

F. 2010. Homozygosity at a class II MHC locus depresses female reproductive ability in 

European brown hares. Mol Ecol 19:4131-4143. 

Sommer, S. 2005. The importance of immune gene variability (MHC) in evolutionary ecology 

and conservation. Front Zool 2:16. 

Soundravally, R., Hoti, S.L. 2008. Polymorphisms of the TAP 1 and 2 gene may influence 

clinical outcome of primary Dengue viral infection. Scand J Immunol 67:618-625.  

Strassmann, B.I., Gillespie, B. 2002. Life-history theory, fertility and reproductive success in 

humans. Proc R Soc Lond B 269: 553-562. 

https://www.r-project.org/


 68 

Strickland, B.K., Jones, P.D., Demarais, S., Dacus, C.M., Dillard, J.R., Jacobson, H. 2013. 

Estimating Boone and Crockett scores for white-tailed deer from simple antler 

measurements. Wildl Soc Bull 37: 458-463. 

Swarbrick, P.A., Schwaiger, F.W., Epplen, J.T., Buchan, G.S., Griffin, J.F.T., Crawford, A.M. 

1995. Cloning and sequencing of expressed DRB genes of the red deer (Cervus elaphus) 

Mhc. Immunogenetics 42:1-9. 

Takahata, N., Nei, M. 1990. Allelic genealogy under overdominant and frequency-dependent 

selection and polymorphism of major histocompatibility complex loci. Genetics 124: 

967-978. 

Thaker, M.Y.C., Bilkei, G. 2005. Lactation weight loss influences subsequent reproductive 

performance of sows. Anim Reprod Sci 88:309-318. 

Thalmann, J.C., Bowyer, R.T., Aho, K.A., Weckerly, F.W., McCullough, D.R 2015. Antler and 

body size in black-tailed deer: an analysis of cohort effects. Adv Ecol 2015: 156041. 

Thompson, C.B., Holter, J.B., Hayes, H.H., Silver, H., Urban, W.E. 1973. Nutrition of white-

tailed deer: energy requirements of fawns. J Wildl Manag 37: 301-311. 

Van Den Bussche, R.A., Hoofer, S.R., Lochmiller, R.L. 1999. Characterization of Mhc-DRB 

allelic diversity in white-tailed deer (Odocoileus virginianus) provides insight into Mhc-

DRB allelic evolution within Cervidae. Immunogenetics 49:429-437. 

Van Den Bussche, R.A., Ross, T.G., Hoofer, S.R. 2002. Genetic variation at a major 

histocompatibility locus within and among populations of white-tailed deer (Odocoileus 

virginianus). J Mammal 83:31-39. 

Van Den Berg, H.A., Rand, D.A. 2003. Antigen presentation on MHC molecules as a diversity 

filter that enhances immune efficacy. J Theor Biol 224:249-267. 

Vidovic, D., Matzinger, P. 1988. Unresponsiveness to a foreign antigen can be caused by self-

tolerance. Nature 336:222-225.  

Vidovic, D. 1989. Elimination of self-tolerogen turns nonresponder mice into responders. 

Immunogenetics 30:194-199. 

Von Bertalanffy, L. 1938. A quantitative theory of organic growth (inquiries on growth laws II). 

Hum Biol 10: 181-213. 

Von Bertalanffy, L. 1957. Quantitative laws in metabolism and growth. Q Rev Biol 32: 217-230. 



 69 

Von Schantz, T., Wittzell, H., Goransson, G., Grahn, M., Persson, K. 1996. MHC genotype and 

male ornamentation: genetic evidence for the Hamilton-Zuk model. Proc R Soc Lond B 

263: 265-271. 

Von Schantz, T., Wittzell, H., Goransson, G., Grahn, M. 1997. Mate choice, male condition-

dependent ornamentation and MHC in the pheasant. Hereditas 127: 133-140. 

Wan, Q.H., Zeng, C.J., Ni, X.W., Pan, H.J., Fang, S.G. 2009. Giant panda genomic data provide 

insight into the birth-and-death process of mammalian major histocompatibility complex 

class II genes. PLoS One 4:e4147. 

Weckerly, F.W. 1998. Sexual-size dimorphism: influence of mass and mating systems in the 

most dimorphic mammals. J Mammal 79: 33-52. 

West-Eberhard, M.J. 1979. Sexual selection, social competition, and evolution. Proc Am Phil 

Soc 123: 222-234. 

Woelfing, B., Traulsen, A., Milinski, M., Boehm, T. 2009. Does intra-individual major 

histocompatibility complex diversity keep a golden mean? Philos. Trans. R. Soc. London 

B 364:117-128. 

Wright, S. 1938. Size of population and breeding structure in relation to evolution. Science 

87:430-431. 

Zullinger, E.M., Ricklefs, R.E., Redford, K.M., Mace, G.M. 1984. Fitting sigmoidal equations to 

mammalian growth curves. J Mamm 65: 607-636. 

  



 70 

TABLES 

 

Table 2.1. a priori growth models used to account for the effect of age on body and antler size. 

 
Model Formula Reference 

Von Bertalanffy (length) 
 

Von 

Bertalanffy 

1938 
- with average annual buck age 

in growth rate 
 

- with average annual buck age 

in asymptote 
 

- with average annual buck age 

in growth rate and asymptote 
 

Von Bertalanffy (weight)  
 

Von 

Bertalanffy 

1957 
- with average annual buck age 

in growth rate 
 

- with average annual buck age 

in asymptote 
 

- with average annual buck age 

in growth rate and asymptote 
 

Gompertz 
 

Laird 1965 

- with average annual buck age 

in growth rate  

- with average annual buck age 

in asymptote  

- with average annual buck age 

in growth rate and asymptote  

Logistic 
 

Nelder 

1961 - with average annual buck age 

in growth rate 
 

- with average annual buck age 

in asymptote 
 

- with average annual buck age 

in growth rate and asymptote 
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Table 2.2. MHC-DRB and MHC-DOB allelic distance differences between standardized MHC 

variables for unique males and females using male body size dataset and female body size 

dataset. 

 
DRB_nuc DRB_aa 

difference SE p difference SE p 

0.150 0.118 0.204 0.095 0.118 0.421 

DOB_nuc DOB_aa 
difference SE p difference SE p 

-0.196 0.118 0.097 -0.107 0.118 0.366 

 

 

 

 

Table 2.3. Mean (±SE) gross Boone and Crockett antler scores (GBCS) and body measurements 

separated by age for male white-tailed deer. 

 
 GBCS 

(cm) 

Body length 

(cm) 

Hind Foot length 

(cm) 

Chest girth 

(cm) 
Age 

(yrs) 

n x SE n x SE n x SE n x SE 

0^ NA NA NA 8 50 1.3 8 22 0.4 8 30 0.5 

0.5 NA NA NA 48 108 1.0 48 37 0.4 48 67 0.7 

1.5 73 74 3.7 75 128 0.8 75 42 0.2 75 79 0.5 

2.5 53 193 5.2 55 140 0.9 55 43 0.2 55 87 0.8 

3.5 51 252 6.2 48 147 1.0 48 44 0.4 48 92 0.8 

4.5 42 291 6.4 40 149 1.6 40 43 0.7 40 96 0.7 

5.5 28 319 8.2 28 153 1.3 28 44 0.2 28 99 0.9 

6.5 + 66 310 4.8 64 151 1.0 64 44 0.2 64 96 1.1 
^ We collected several newborn fawns (n = 8) using Vaginal Implant Transmitters in the summer 

of 2010 (Neuman et al. 2016) 
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Table 2.4. AICc scores and weights for the a priori growth curve models used to describe the 

effect of age on body size for male white-tailed deer using the male body size dataset. 

 
Model AICc ΔAICc df Weight 

Von Bertalanffy (length) with MeanAge in asymptote (N) 688.4 0.0 5 0.439 

Von Bertalanffy (length) with MeanAge in asymptote and growth rate (MN) 688.7 0.4 6 0.367 

Von Bertalanffy (length) 690.9 2.5 4 0.124 

Von Bertalanffy (length) with MeanAge in growth rate (M) 692.1 3.7 5 0.069 

Von Bertalanffy (weight) with MeanAge in asymptote and growth rate (MN) 702.2 13.9 6 < 0.001 

Von Bertalanffy (weight) with MeanAge in growth rate (M) 708.6 20.2 5 < 0.001 

Von Bertalanffy (weight) 719.3 30.9 4 < 0.001 

Von Bertalanffy (weight) with MeanAge in asymptote (N) 720.1 31.8 5 < 0.001 

Gompertz model 1319.2 630.8 4 < 0.001 

Logistic model 1320.4 632.0 4 < 0.001 

Gompertz model with MeanAge in asymptote (N) 1320.7 632.4 5 < 0.001 

Gompertz model with MeanAge in growth rate (M) 1321.3 632.9 5 < 0.001 

Logistic model with MeanAge in asymptote (N) 1321.9 633.6 5 < 0.001 

Logistic model with MeanAge in growth rate (M) 1322.4 634.0 5 < 0.001 

Gompertz model with MeanAge in asymptote and growth rate (MN) 1322.8 634.4 6 < 0.001 

Logistic model with MeanAge in asymptote and growth rate (MN) 1324.0 635.6 6 < 0.001 

 

 

 

Table 2.5. Residual analysis, using residuals from top growth curve model (Von Bertalanffy with 

male mean age in asymptote, Table 2.1, 2.4), for examining possible associations between MHC 

variables and male white-tailed deer body size. 

 
Parameter Value (β) SE df t-value p-value 

DRB_nuc 0.002 0.249 206 0.009 0.993 

DRB_aa 0.014 0.248 206 0.055 0.956 

DOB_nuc 0.095 0.046 206 2.077 0.039 

(DOB_nuc)^2 -0.091 0.045 206 -2.016 0.045 

DOB_aa -0.013 0.046 154 -0.286 0.775 
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Table 2.6. AICc scores and weights for the a priori growth curve models used to describe the 

effect of age on antler size of male white-tailed deer using the male antler size dataset. 
 

Model AICc ΔAICc df Weight 
Von Bertalanffy (length) 310.9 0.0 4 0.35 

Von Bertalanffy (length) with MeanAge in asymptote (N) 311.2 0.3 5 0.31 

Von Bertalanffy (length) with MeanAge in asymptote and growth rate (MN) 312.0 1.1 6 0.20 

Von Bertalanffy (length) with MeanAge in growth rate (M) 312.9 2.0 5 0.13 

Von Bertalanffy (weight) 340.4 29.5 4 <0.001 

Von Bertalanffy (weight) with MeanAge in asymptote (N) 340.8 29.9 5 <0.001 

Von Bertalanffy (weight) with MeanAge in growth rate (M) 341.7 30.8 5 <0.001 

Von Bertalanffy (weight) with MeanAge in asymptote and growth rate (MN) 342.7 31.8 6 <0.001 

Gompertz model 781.6 470.7 4 <0.001 

Gompertz model with MeanAge in growth rate (M) 782.5 471.6 5 <0.001 

Logistic model 782.9 472.0 4 <0.001 

Gompertz model with MeanAge in asymptote (N) 783.3 472.4 5 <0.001 

Logistic model with MeanAge in growth rate (M) 783.9 473.0 5 <0.001 

Gompertz model with MeanAge in asymptote and growth rate (MN) 784.5 473.6 6 <0.001 

Logistic model with MeanAge in asymptote (N) 784.7 473.8 5 <0.001 

Logistic model with MeanAge in asymptote and growth rate (MN) 785.1 474.2 6 <0.001 

 

 

Table 2.7. Residual analysis, using residuals from top growth curve model (Von Bertalanffy, 

Table 2.1, 2.6), for examining possible associations between MHC variables and male white-

tailed deer antler size. 
 

Parameter Value (β) SE df t-value p-value 
DRB_nuc 0.171 0.189 120 0.906 0.367 

DRB_aa -0.134 0.187 120 -0.715 0.476 

DOB_nuc 0.083 0.034 120 2.442 0.016 

DOB_aa -0.035 0.033 188 -1.059 0.291 
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Table 2.8. Mean (±SE) body measurements separated by age for female white-tailed deer. 

 
 Body length 

(cm) 

Hind Foot length 

(cm) 

Chest girth 

(cm) 

Age 

(yrs) 

n x SE n x SE n x SE 

0^ 6 46 1.8 6 20 1.2 6 26 1.7 

0.5 47 105 0.8 47 35 0.2 47 64 0.5 

1.5 44 119 1.2 44 40 0.2 44 76 0.6 

2.5 33 126 1.1 33 40 0.3 33 78 0.7 

3.5 16 129 1.2 16 41 0.2 16 81 0.8 

4.5 16 129 1.6 16 40 0.7 16 82 0.7 

5.5 8 132 3.2 8 40 0.5 8 83 1.1 

6.5 + 13 131 2.3 13 41 0.3 13 82 0.9 
^ We collected several newborn fawns (n = 6) using Vaginal Implant Transmitters in the summer 

of 2010 (Neuman et al. 2016) 
 

 

 

Table 2.9. AICc scores and weights for the a priori growth curve models used to describe the 

effect of age on body size of female white-tailed deer using the female body size dataset 

 
Model AICc ΔAICc df Weight 

Von Bertalanffy (length) 312.2 0.0 4 0.38 

Von Bertalanffy (length) with MeanAge in asymptote (N) 312.6 0.3 5 0.33 

Von Bertalanffy (length) with MeanAge in growth rate (M) 314.2 1.9 5 0.15 

Von Bertalanffy (length) with MeanAge in asymptote and growth rate (MN) 314.2 2.0 6 0.14 

Von Bertalanffy (weight) with MeanAge in growth rate (M) 326.9 14.7 5 <0.001 

Von Bertalanffy (weight) with MeanAge in asymptote and growth rate (MN) 328.8 16.6 6 <0.001 

Von Bertalanffy (weight) with MeanAge in asymptote (N) 330.0 17.8 5 <0.001 

Von Bertalanffy (weight) 330.2 17.9 4 <0.001 

Gompertz model 680.3 368.0 4 <0.001 

Logistic model 681.3 369.1 4 <0.001 

Gompertz model with MeanAge in growth rate (M) 682.0 369.8 5 <0.001 

Gompertz model with MeanAge in asymptote (N) 682.4 370.1 5 <0.001 

Logistic model with MeanAge in growth rate (M) 683.0 370.8 5 <0.001 

Logistic model with MeanAge in asymptote (N) 683.4 371.2 5 <0.001 

Gompertz model with MeanAge in asymptote and growth rate (MN) 684.1 371.9 6 <0.001 

Logistic model with MeanAge in asymptote and growth rate (MN) 687.2 375.0 6 <0.001 
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Table 2.10. Residual analysis, using residuals from top growth curve model (Von Bertalanffy, 

Table 2.1, 2.9), for examining possible associations between MHC variables and female white-

tailed deer body size. 

 
Parameter Value (β) SE df t-value p-value 

DRB_nuc 0.024 0.254 129 0.096 0.923 

DRB_aa -0.032 0.254 129 -0.126 0.900 

DOB_nuc 0.005 0.053 129 0.084 0.933 

DOB_aa 0.004 0.053 129 0.083 0.934 

 

 

FIGURES 

 

 
 

Figure 2.1. The Von Bertalanffy (length) model with male mean age in the asymptote term was 

the top model for capturing the relationship between age and body size of male white-tailed deer 

(Table 2.4). 
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Figure 2.2. Relationship between DOB_nuc and the residuals for male body size from the model 

that best explained the effect of age on body size for white-tailed deer (Von Bertalanffy model, 

Table 2.4). Male body size peaks when DOB_nuc is equal to 2 and then gradually decreases with 

further increases in DOB_nuc heterozygosity. 
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Figure 2.3. The Von Bertalanffy (length) model was the top model for capturing the relationship 

between age and antler size of male white-tailed deer (Table 2.6). 
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Figure 2.4. Relationship between DOB_nuc and the residuals for male antler size from the model 

that best explained the effect of age on body size for white-tailed deer (Von Bertalanffy model, 

Table 2.6). There is a positive association between antler size and DOB_nuc allelic distance. 
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Figure 2.5. The Von Bertalanffy (length) model was the top model for capturing the relationship 

between age and body size of female white-tailed deer (Table 2.9) 
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Chapter 3: Allelic diversity in two unlinked MHC II loci influences reproductive success of 

white-tailed deer 

 

ABSTRACT 

Reproductive success (RS) is strongly influenced by morphology. However, recent 

studies suggest that gene products of the major histocompatibility complex (MHC) can also 

influence an individual’s RS through its impact on the immune system, morphology, behavior, 

and mate selection. Greater MHC diversity and specific MHC alleles have been found to 

improve immune function, thereby allowing greater allocation of resources towards 

reproduction. This study examined if there is an association between annual RS and 1) pairwise 

allelic distance at two unlinked MHC II loci (exon 2 for the classical antigen-binding protein 

MHC-DRB, exon 2 for the accessory protein MHC-DOB), and 2) specific MHC-DRB and MHC-

DOB alleles that are becoming more or less frequent in an enclosed population of white-tailed 

deer (Odocoileus virginianus). We found that male RS is positively associated with nucleotide 

MHC-DRB allelic distance but negatively associated with amino acid MHC-DRB allelic 

distance. Nucleotide MHC-DRB allelic distance may be acting like a marker that reflects the 

positive influence of the genomic region linked to MHC-DRB exon 2 on male RS. Greater amino 

acid allelic distance at MHC-DRB exon 2 specifically, however, was detrimental to annual RS. 

Furthermore, male RS had a weak positive association with amino acid MHC-DOB allelic 

distance, while female RS had a weak negative association with nucleotide MHC-DOB allelic 

distance. Lastly, males heterozygous with allele DRB*10 had greater RS than males without 

DRB*10, whereas females heterozygous for allele DRB*01 had lower RS than females without 

DRB*01. Both MHC allelic distance and specific alleles therefore influence RS in white-tailed 

deer. 

 

KEYWORDS 

 Reproductive success, sexual selection, major histocompatibility complex, white-tailed 

deer, heterozygote advantage, immunological cost 
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INTRODUCTION 

Reproductive success (RS), defined as the number of successful offspring produced by an 

individual during their lifetime, has a considerable impact on population dynamics by 

influencing population size and structure and determining how these variables change over time 

and under varying conditions (Brys et al. 2003; Seyboth et al. 2016). The individual variance that 

exists in RS within a population drives which phenotypes are passed to the next generation and 

in what abundance (Bouteiller and Perrin, 2000; Rosenbaum et al. 2002). Genotypes associated 

with the most successful phenotypes are therefore imparted most frequently to offspring in the 

population. An individual’s RS is linked to a wide variety of physical, physiological, and 

immunological characteristics. Physical traits, such as body size and secondary sexual 

characteristics, play an important role in determining RS (Berglund and Rosenqvist, 2001; 

Preston et al. 2003). For example, increased body size and horn length allow male Soay sheep 

(Ovis aries) to monopolize access to receptive females (Preston et al. 2003). As reproduction is 

costly, immunological effectiveness is also important in deciding how much energy and 

resources an individual can invest towards reproductive activities (Apanius et al. 1994). Several 

studies have therefore examined the role of the major histocompatibility complex (MHC), a 

group of genes whose products are vital to having an effective immune system, on RS 

(Sauermann et al. 2001; Setchell et al. 2010; Smith et al. 2010; Thoß et al. 2011; Grogan 2014), 

especially MHC type II. MHC II proteins, which are expressed on all antigen-presenting cells 

(ex. dendritic cells, macrophages), bind to antigens and are displayed on the surfaces of cells 

where T-cell lymphocytes recognize the proteins as ‘self’ or ‘non-self’ (Janeway et al. 2001). If 

the antigen is foreign, T-cells will cause cellular destruction or initiation of a systemic immune 

response. MHC II gene products therefore help protect the body from foreign invaders such as 

bacteria, viruses, and parasites.  

Several MHC II loci have been found to be associated with an individual’s RS through 

their impact on the immune system, morphology, behavior, and mate selection. Individuals who 

are heterozygous at their MHC II genes are generally believed to have an immunological 

advantage as their cells can recognize a greater array of pathogens to the body’s immune cells 

(i.e. heterozygote advantage hypothesis; Hughes and Nei, 1989; Takahata and Nei, 1990; Hughes 

and Nei, 1992; Sommer 2005; Lenz 2011). For instance, heterozygous white-tailed deer 

(Odocoileus virginianus) had moderate levels of parasitism by both ectoparasitic ticks and 
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abomasal nematodes whereas homozygous deer had very low levels of parasitism by one of these 

pathogens (Ditchkoff et al. 2005). Similarly, heterozygous water voles (Arvicola terrestris) 

experienced less parasitism than homozygous individuals (Oliver et al. 2009). MHC II 

heterogeneity has also been found to be associated with larger body sizes and more elaborate 

secondary sexual characteristics for several vertebrate species (von Schantz et al. 1996, 1997; 

Sauermann et al. 2001; Olsson et al. 2005). For example, male white-tailed deer who had greater 

MHC diversity generally had greater overall body size and antler size compared to homozygous 

males (Ditchkoff et al. 2001). Elaborate physical characteristics, while important for attracting 

mates, are costly and may be a handicap to the individual displaying them. A more effective 

immune system due to greater MHC heterozygosity may allow for greater investments into 

costly morphological traits. Males with more elaborate physical characteristics generally have 

the highest quality genotypes and are typically more preferred by females (Zahavi 1975). Hence, 

MHC II genes play a key role in determining RS by influencing the outcomes of sexual 

selection. 

Previous research found that the MHC can influence mate selection due to the link 

between an individual’s immune and olfactory systems. By modifying body odor, MHC II 

proteins can act as olfactory cues that enable individuals to select for mates who will 

complement their own genetic material (Leinders-Zufall et al. 2004; Santos et al. 2005; Boehm 

and Zufall, 2006). For example, female sticklebacks (Gasterosteus aculeatus) selected mates 

with a complementary set of MHC alleles and produced offspring with optimal MHC II diversity 

(Aeschlimann et al. 2003). These MHC olfactory cues can help decrease the occurrence of 

inbreeding and increase the population’s overall genetic diversity by maintaining a species’ 

MHC polymorphism (Potts et al. 1991). Offspring with greater MHC II heterozygosity will be 

more successful due to improved immunocompetence, which may translate to greater RS for 

both parents (Bernatchez and Landry 2003; Ziegler et al. 2005). 

Factors influencing RS of white-tailed deer have recently been examined by Newbolt et 

al. (2017), who found that male annual RS was associated with both body and antler size. While 

the association between morphology and MHC diversity in white-tailed deer has been examined 

(Ditchkoff et al. 2001; Ivy-Israel et al. 2019b), no study has yet examined the role of MHC 

diversity on white-tailed deer RS. Additionally, while several studies have found that certain 

MHC alleles and/or supertypes significantly influence an individual’s RS (grey mouse lemur, 
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Microcebus murinus, Schwensow et al. 2007a; neotropical lesser bulldog bat, Noctilio 

albiventris, Schad et al. 2012; great tits, Parus major,Sepil et al. 2013), no such study has been 

conducted using white-tailed deer. White-tailed deer have two characterized MHC II loci (MHC-

DRB exon 2 and MHC-DOB exon 2; Van Den Bussche et al. 1999, 2002; Ivy-Israel et al. 2019a), 

which are genetically unlinked (Ivy-Israel et al. 2019a). We therefore examined if there was an 

association between annual RS and pairwise allelic distances for MHC-DRB and for MHC-DOB 

as well as test for associations with specific MHC-DRB and MHC-DOB alleles in our white-

tailed deer population. Given the positive influence of MHC-DOB allelic distances on male 

morphology (Ivy-Israel et al. 2019b), we hypothesized that MHC-DOB allelic distances would be 

positively associated with male RS. We hypothesized that there would be a positive association 

between MHC-DRB and male RS since other studies have reported this association in other 

species (Sauermann et al. 2001; Lenz et al. 2013). There is less literature on the influence of 

MHC diversity on female RS, and studies that did examine this relationship did not find a 

significant association (Sauermann et al. 2001; Huchard et al. 2010). We therefore hypothesized 

that MHC diversity would not influence female RS. Lastly, Ivy-Israel et al. (2019a) found that 

several MHC-DRB and MHC-DOB allele frequencies changed over time, which could be driven 

by differential RS among individuals with these fluctuating alleles. Given this, we further 

hypothesized that alleles with decreasing frequencies would be associated with lower RS 

whereas alleles with increasing frequencies would be associated with greater RS. 

 

 

METHODS 

Study Area 

Our study was conducted at the Auburn Captive Facility (ACF), which is part of the 

Piedmont Agricultural Experiment Station owned by Auburn University, located north of Camp 

Hill, Alabama. The facility had 100-120 white-tailed deer in a 174-hectare area enclosed by a 

2.6-meter fence, which was constructed in October 2007. The deer present within the ACF 

included the original deer that inhabited this area during the fence formation in 2007 and their 

subsequent offspring. The founding population consisted of 71 individuals, 46 of which were 

female. This slightly uneven sex ratio decreased the effective population size to 64.8, which was 

calculated as Ne = 4NmNf / (Nm+Nf), where Nm is the number of breeding males (n = 25) and Nf 
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is the number of breeding females (n = 46) in the population (Wright 1938). Subsequent to 

fencing the area, no deer were either introduced or hunted within the facility. Population size was 

therefore mainly regulated via natural and capture-related mortalities (Newbolt et al. 2017). 

Supplemental feed was available in the form of food plots, corn feeders, and ad libitum protein 

feeders. The facility also contained a creek and its tributaries were present on the property, which 

provided a reliable water source year-round. 

Abundance and age structure of our white-tailed deer population were measured using 

images of marked and unmarked deer collected by infrared-triggered cameras at both feeders and 

randomly selected sites baited with corn for 14 days each February via mark-recapture methods 

(Overton 1969; Jacobson et al. 1997). We supplemented this data with field observations and 

capture/mortality records to determine final population demographic estimates. We considered 

marked individuals deceased if not observed for two years to prevent a potentially ever-growing 

population of dead but unrecovered animals. 

 

Animal handling 

From 2007 to 2015 we captured adult white-tailed deer (≥ 6 months of age) over 8 

trapping seasons (October through July each year). We chemically immobilized deer by 

administering a tranquilizer mixture into the deer’s hindquarter using cartridge fired dart guns 

(Pneu-Dart model 193) and 0.22 caliber blanks. We loaded 2 cc of the tranquilizer mixture, 

which was prepared by adding 4 cc of xylaxine (100 mg/ml; Lloyd Laboratories, Shenandoah, 

IA) to a 5 mL vial of Telazol® (100 mg/ml; Fort Dodge Animal Health, Fort Dodge, IA; Miller 

et al. 2003), into a telemetry dart (2.0 cc, type C, Pneu-Dart Inc., Williamsport, PA). We also 

inserted a radio transmitter (Advanced Telemetry Systems, Inc., Isanti, MN) in the dart, which 

enabled us to locate the sedated deer after tranquilizer administration (Kilpatrick et al. 1996). 

After data collection was complete, we reversed the sedation by injecting the shoulder and 

hindquarter muscles of the deer with Tolazine (100 mg/ml; Lloyd Laboratories; Miller et al. 

2004). All methods employed during our study were approved by the Auburn University 

Institutional Animal Care and Use Committee (2008-1417, 2008-1421, 2010-1785, 2011-1971, 

2013-2372, 2014-2521, 2016-2964, and 2016-2985) and followed the American Society of 

Mammalogists’ guidelines (Sikes and Gannon 2011).   
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We gave all deer a unique 3-digit identification number at initial capture in the form of 

ear tags. Deer were aged using the tooth wear and replacement aging technique by Severinghaus 

(1949). A 1-cm2 notch of tissue was removed from their ears for genetic analysis, which was 

stored in a -80°C freezer prior to DNA analysis.  

 

Genetic Analysis 

MHC-DRB exon 2 (n = 373) and MHC-DOB exon 2 (n = 380) amplicons were sequenced 

on the Illumina MiSeq platform using ear tissue samples collected from our population as 

described in Ivy-Israel et al. (2019a; Genbank accession numbers: MK952679-MK952701). 

While only exon 2 was captured for MHC-DRB (250 bp), the MHC-DOB amplicon contained 

exon 2 plus noncoding regions around it. We used the full MHC-DOB sequence (360 bp) when 

analyzing nucleotide sequences and MHC-DOB exon 2 (270 bp) for the amino acid sequences.  

Pairwise genetic distances between the alleles at each locus (MHC-DRB and MHC-DOB) 

were calculated as the number of differences between the sequences at both the nucleotide level 

(DRB_nuc and DOB_nuc, respectively) and the amino acid level (DRB_aa and DOB_aa, 

respectively). Distance matrices used to assess the number of differences were generated via 

Geneious (v11.1.5).  

A pedigree was created for our population by Newbolt et al. (2017), which assigned 

parentage (dam and/or sire) with a minimum 95% reliability threshold. Using this pedigree, we 

were able to calculate the annual RS (using offspring that survived to ≥ 6 months of age) of adult 

deer that were used as candidate parents when assigning parentage to offspring born between 

2008 and 2015. 

 

Statistical Analysis 

While male morphology is known to influence male RS in our population (Newbolt et al. 

2017), little is known about female RS. Ivy-Israel et al. (2019b) found that the association 

between morphology and MHC allelic distances differs between the two sexes. We therefore 

analyzed annual RS of males and females separately. We standardized MHC-DRB allelic 

distances and MHC-DOB allelic distances prior to analysis (i.e. subtracted mean and divided by 

standard deviation). Allelic distances for MHC-DRB and MHC-DOB were compared between 
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unique males (n = 93) and females (n = 105) using unpaired t-tests in Program R (v3.6.0; lm 

function; R Core Team 2019) to explore differences between the sexes. 

Ivy-Israel et al. (2019a) reported that the frequencies of several MHC-DRB and MHC-

DOB alleles were changing in the population over time. Specifically, while alleles DRB*10, 

DRB*19, DOB*09, and DOB*11 increased over time, DRB*01, DRB*14, DOB*03, and 

DOB*08 decreased over time in our population. To examine if these allelic frequency trends 

were driven by differential RS among individuals with these alleles, we included a variable for 

each allele that indicated the frequency of that specific allele in the individual (i.e. 0, 1, or 2). 

Collinearity was assessed for all variables by calculating variance inflation factors (VIFs) and 

pairwise correlation coefficients.  

Generalized linear mixed effects models were run in Program R (package glmmTMB; 

Brooks et al. 2017), with annual RS as our dependent variable. Our independent variables were 

either the four MHC allelic distance variables (DRB_nuc, DRB_aa, DOB_nuc, DOB_aa) or the 

specific allele variables. All models included a random term for individual as some individuals 

were captured more than once in their lifetime. Prior to running the models, we assessed the need 

to include non-linear (quadratic) effects for the predictors in our models via extra-sum-of-squares 

F (hereafter ‘drop tests’; Murtaugh 2008).  We also tested for overdispersion in our two datasets 

to aid in the selection of the appropriate family of error distribution (i.e. Poisson, negative 

binomial), as well as the presence of zero-inflation in our data using Akaike’s Information 

Criterion adjusted for sample size (AICc; package bbmle; Bolker 2017) and drop tests (Murtaugh 

2008).  

 

RESULTS 

 A total of 19 MHC-DRB exon 2 alleles were found in our white-tailed deer population. 

The most common MHC-DRB alleles were DRB*10 (22.17%), DRB*14 (14.11%), and 

DRB*20 (14.11%), while the least frequent MHC-DRB alleles were DRB*28 (0.25%), DRB*26 

(0.50%), DRB*29 (0.50%), and DRB*30 (0.50%). DOB*08 was the most common MHC-DOB 

allele (29.80%), while alleles DOB*01 (0.76%) and DOB*02 (1.77%) were the least frequent 

MHC-DOB alleles.  

  

Allelic Distance Comparison for Males and Females 
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There was no difference (p > 0.30) in MHC allelic distances between males and females 

for all MHC variables examined in this study (Table 3.1). Males and females had the same 

number of unique MHC-DOB alleles. However, there was one MHC-DRB allele (DRB*29) 

found in males but not females and two MHC-DRB alleles (DRB*28, DRB*30) found in females 

but not males.  

 

Male Annual Reproductive Success 

We had annual RS data for 93 unique males aged 1.5 to 10.5 (average ± SE = 3.51 ± 

0.11) years. As several males were reproductively active in multiple years, we had a total of 316 

entries. Annual RS ranged from 0 to 10, though 69% of entries had zero annual RS (average RS 

± SE = 0.64 ± 0.07). Of the 93 unique individuals, 10 were homozygous at the MHC-DRB locus, 

21 were homozygous for the MHC-DOB nucleotide sequences, and 60 were homozygous for the 

MHC-DOB amino acid sequences. Only two individuals were homozygous at all MHC loci. 

Within males, the MHC-DRB allelic distances ranged from 0 to 46 (average ± SE = 23.71 ± 1.42) 

for the nucleotide sequences and 0 to 27 (average ± SE = 15.28 ± 0.89) for the translated MHC-

DRB sequences. Within males, the allelic distance for the MHC-DOB nucleotide sequences 

ranged from 0 to 4 (average ± SE = 1.62 ± 0.12), while distances for amino acid sequences of 

MHC-DOB only ranged from 0 to 1 (average ± SE = 0.35 ± 0.05). We only found collinearity 

between the nucleotide and amino acid sequences for MHC-DRB exon 2 (VIF scores for 

DRB_nuc and DRB_aa were 33.24 and 33.63, respectively). 

While there was no need to account for quadratic effects or overdispersion (p > 0.05), we 

did need to include a term for zero inflation in our male RS model (AICc weight for model with 

zero-inflation term = 1.0; drop test p-value = 1.24E-08). We found a strong positive association 

between DRB_nuc and annual RS in males (p = 0.01), but a similarly strong negative association 

between DRB_aa and annual RS (p = 0.02; Table 3.2). Specifically, for each standard deviation 

increase in DRB_nuc, males produced 6.69 as many offspring while each standard deviation 

increase in DRB_aa resulted in males producing 0.16 as many offspring (Figure 3.1). A male’s 

annual RS was therefore greatest when MHC-DRB nucleotide allelic distances were large but 

MHC-DRB amino acid distances were small. There was also a trend towards significance for the 

amino acid sequences of MHC-DOB (p = 0.08), where each standard deviation increase in 
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DOB_aa resulted in males producing 1.28 as many offspring (Figure 3.2). Heterozygous males 

(DOB_aa = 1) therefore had greater annual RS than homozygous males (DOB_aa = 0). 

Males who were heterozygous with DRB*10 (n = 30) had greater RS than males without 

DRB*10 (n = 59; p = 0.014; Table 3.3; Figure 3.3). Annual RS of males homozygous for 

DRB*10 (n = 4) did not differ significantly from either DRB*10 heterozygous males (p = 0.614) 

or males without DRB*10 (p = 0.673). 

 

Female Annual Reproductive Success 

We had annual RS data for 105 unique females aged 1.5 to 11.5 (average ± SE = 4.00 ± 

0.12). As with males, several females were reproductively active in multiple years thereby 

increasing our total number of data entries to 349. Annual RS for females ranged from 0 to 2, 

though only 12% of entries were of females producing twins (average RS ± SE = 0.54 ± 0.04). 

Thirteen of the 105 unique females were homozygous for MHC-DRB, 21 were homozygous for 

the nucleotide MHC-DOB sequences, and 65 were homozygous for the amino acid MHC-DOB 

sequences. Five individuals were homozygous at all MHC loci. MHC-DRB allelic distances 

ranged from 0 to 44 (average ± SE = 21.84 ± 1.15) at the nucleotide level and from 0 to 27 

(average ± SE = 14.46 ± 0.75) for the amino acid sequences. Females had a greater range of 

possible allelic distance values for MHC-DOB at both the nucleotide level (0 to 5; average ± SE 

= 1.81 ± 0.13) and the amino acid level (0 to 2; average ± SE = 0.40 ± 0.05). We found 

collinearity between the nucleotide and amino acid sequences for MHC-DRB exon 2 (VIF scores 

for DRB_nuc and DRB_aa were 33.13 and 33.15, respectively). 

No MHC variables needed quadratic effects (p > 0.05). As there was no overdispersion, 

we used the poisson family in our models. Unlike the male model, there was no zero-inflation for 

our female annual RS dataset (p > 0.05). While there were no strong associations between MHC-

DRB and female annual RS (DRB_nuc, p = 0.815; DRB_aa, p = 0.637), there was a trend 

towards significance for DOB_nuc (p = 0.056; Table 3.4; Figure 3.4). Specifically, greater allelic 

distances for MHC-DOB nucleotide sequences were associated with lower female annual RS, 

where each standard deviation increase in DOB_nuc resulted in females producing 0.83 as many 

offspring. 

Females who were heterozygous for DRB*01 (n = 15) had lower annual RS compared to 

females without DRB*01 (n = 87; p = 0.011; Table 3.5; Figure 3.5). Annual RS of females 
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homozygous for DRB*01 (n = 3) did not differ significantly from DRB*01 heterozygous 

females (p = 0.701) or females without DRB*01 (p = 0.389). 

 

DISCUSSION 

Annual RS of male white-tailed deer was positively associated with MHC-DRB allelic 

distance at the nucleotide level but negatively associated with MHC-DRB allelic distance at the 

amino acid level. While MHC-DRB is not in linkage disequilibrium with MHC-DOB (Ivy-Israel 

et al. 2019a), it is still genetically linked to other MHC II loci. Our nucleotide MHC-DRB 

variable may therefore be acting like a marker that captured the positive influence of a different 

locus (or loci) linked to MHC-DRB, or a different part of the MHC-DRB gene itself, on male RS. 

For example, heterozygosity at MHC-DQB has been found to significantly increase annual RS in 

free-ranging rhesus macaques (Macaca mulatta; Sauermann et al. 2001). The negative 

association between the amino acid MHC-DRB distances and male RS suggests that greater 

allelic distance at MHC-DRB exon 2 specifically may negatively influence annual RS in male 

white-tailed deer, since the amino acid MHC-DRB variable captures the functionality of MHC-

DRB exon 2 (i.e. antigen-binding site of DR molecules; Gaur and Nepom, 1996). Although this 

is not what we predicted based on previous findings in white-tailed deer and other species, this 

finding is consistent with some other findings reported for Galapagos sea lions (Zalophus 

vollebaeki) in a study that also used pairwise allelic distances between translated MHC-DRB 

exon 2 sequences (Lenz et al. 2013). Lenz et al. (2013) found that intermediate MHC-DRB 

distances were associated with the greatest levels of RS in both male and female sea lions, which 

suggests that maximum MHC-DRB diversity is not optimal for annual RS. Specifically, they 

predicted that peak male RS was attained when MHC-DRB distance was 4. While the maximum 

allelic distance for translated MHC-DRB sequences was 10 for sea lions, the maximum distance 

found in our white-tailed deer population was 27. Although MHC diversity can be beneficial, it 

can also be costly to the individual. Greater individual MHC heterozygosity is associated with 

reduced T-cell repertoire and regulatory T-cell diversity (Vidovic and Matzinger, 1988; Vidovic 

1989; Nikolich-Zugich et al. 2004), which enhances the risk of autoimmune disease as these 

individuals have a stronger immune response to all antigens, including self-antigens (Milner et 

al. 2007; Ferreira et al. 2009). Stronger immunological responses of heterozygotes (Doherty et 

al. 1975) can also be very costly physiologically and divert resources away from growth (Klasing 
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et al. 1987; Fair et al. 1999; Bonato et al. 2009) and reproduction (Ilmonen et al. 2000, 2007; 

Bonneaud et al. 2003, 2004; Hanssen 2006; Cai et al. 2009; Bascunan-Garcia et al. 2010), 

thereby negatively impacting the individual’s RS. Given the extremely high values of MHC-DRB 

allelic distance in our population, maximum MHC-DRB allelic distance may be detrimental due 

to costs associated with increased MHC diversity. 

Since there was no association between MHC-DRB allelic distance and male morphology 

in our population (Ivy-Israel et al. 2019b), the associations found between MHC-DRB allelic 

distance and male RS may be attributed to a different biological process responsible for 

determining a male’s RS. Mate selection can determine an individual’s RS by influencing which 

individuals breed. While male morphology strongly affects the outcome of mate selection (West-

Eberhard 1979; Clutton-Brock et al. 1980; Clutton-Brock and Huchard, 2013), a potential mate’s 

olfactory cues can also serve as an important signal of genetic quality. Peptide ligands of MHC 

molecules can act as olfactory cues by affecting body odor (Leinders-Zufall et al. 2004; Santos et 

al. 2005; Boehm and Zufall, 2006). Vomeronasal sensory neurons are stimulated by these MHC 

ligands, which leads to a behavioral response such as mate selection. Yamazaki et al (1976) 

noticed that male mice (Mus musculus) preferred females with a different H-2 type. They 

concluded that there are two linked genes in the mouse’s H-2 region that govern olfactory mating 

preference. Female sticklebacks (Gasterosteus aculeatus) selected mates who complemented 

their own set of MHC alleles to produce offspring with optimum MHC diversity (Aeschlimann et 

al. 2003). Similar findings were found in studies with humans (Wedekind et al. 1995; Jacob et al. 

2002; Santos et al. 2005). 

MHC-DRB allelic distance may also influence post-copulatory selection, which 

ultimately determines which sperm cell successfully fertilizes the female’s available oocyte 

(Eberhard 1996; Schwensow et al. 2007b; Firman and Simmons, 2008; Løvlie et al. 2013). 

Female white-tailed deer can breed with multiple males during the breeding season, which often 

results in twins having different fathers (DeYoung et al. 2002, 2009; Sorin 2004; Neuman et al. 

2016; Newbolt et al. 2017). Post-copulatory selection therefore seems possible in white-tailed 

deer. Mature spermatozoa express MHC II gene products in humans (Fellous and Dausset, 1970; 

Bishara et al. 1987; Barbieri et al. 1990; Obashi et al. 1990; Scofield et al. 1992; Martin-Villa et 

al. 1996, 1999; Paradisi et al. 2000), though this topic was quite controversial (Rodriguez-

Cordoba et al. 1990; Schaller et al. 1993). Given this, females may select the sperm that best 
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complements her available oocyte’s MHC haplotype via cryptic female choice. A male’s MHC-

DRB allelic distance may also influence his RS by controlling other variables important for 

sperm competition, such as volume of sperm in ejaculate, sperm motility, and copulation 

duration (Reinhold et al. 2002; Olsson et al. 2004; Burger et al. 2015a, 2015b). For example, 

Fitzpatrick and Evans (2009) found that reduced MHC heterozygosity impairs sperm quality, 

thereby putting these males at a disadvantage. Supplying greater quantities of competitive sperm 

to a female ensures that more of the male’s sperm reaches the oocyte, thereby increasing his 

chance of successful fertilization (Parker 1982; Parker et al. 1996, 1997; Snook 2005). 

There was a weak positive association between male RS and pairwise allelic distances for 

translated MHC-DOB sequences. Since there were only two possible values for MHC-DOB 

amino acid sequences (0 or 1), this suggests that heterozygous males had slightly greater annual 

RS than homozygous males. Ivy-Israel et al. (2019b) found an association between morphology 

of male white-tailed deer and pairwise allelic distances for MHC-DOB at the nucleotide level, 

where both body and antler size were significantly smaller for homozygous males compared to 

heterozygous males. Additionally, Newbolt et al. (2017) reported a positive association between 

RS of male white-tailed deer and both body and antler size in our population, though antler size 

only influenced RS when the population was under an older male age structure. Given that 

MHC-DOB heterozygous males are larger and that larger males have greater annual RS, it 

follows that MHC-DOB heterozygous males would have greater RS. Possible values for MHC-

DOB allelic distance are considerably less than MHC-DRB allelic distance in our white-tailed 

deer population. Costs associated with maximum MHC-DOB allelic distance may therefore not 

have detrimental effects for the individual.  

While male RS was positively associated with MHC-DOB allelic distance at the amino 

acid level, female RS was negatively associated with MHC-DOB allelic distance at the 

nucleotide level. Females in polygynous species, such as white-tailed deer, do not invest in 

costly secondary sexual traits as these features are generally unnecessary for attracting mates 

(Ditchkoff 2011). However, females face stringent nutrient requirements during gestation and 

especially during lactation (Allaye Chan-McLeod et al. 1994; Pekins et al. 1998; Barboza and 

Parker, 2008). Energy and protein requirements are substantially greater when a female is 

lactating: female white-tailed deer have been reported to have metabolic rates during lactation 

that are almost 2.5 times the basal metabolic rate (Moen 1973). This metabolic rate is greater 
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than during activity, growth, or gestation. Given this, maximum nucleotide allelic distance at 

MHC-DOB may cause the costs associated with maximum MHC-DOB allelic distance to be 

detrimental to successful gestation and/or lactation. Since female RS was influenced by MHC-

DOB at the nucleotide level but not at the amino acid level, it may be that a different MHC II 

locus linked to MHC-DOB is driving this association. Takakuwa et al (1999) found that MHC-

DP is associated with recurrent abortion in women. MHC-DP is an MHC II gene that is part of 

the same MHC II subregion as MHC-DOB in cattle (Andersson and Rask, 1988; Childers et al. 

2005). The negative association between female RS and nucleotide MHC-DOB allelic distance 

may therefore be driven by MHC-DP. Inability to carry a fetus to term would significantly 

reduce a female’s RS, though more research is required to further examine the effect of MHC-

DP on fetal loss in white-tailed deer. Therefore, while our results suggest that MHC-DOB may 

be influencing female RS in white-tailed deer, it may be serving as a marker for another locus 

that is genetically linked to MHC-DOB. Future work should therefore take a functional genomic 

approach in this population to clarify which MHC II locus is truly influencing female annual RS. 

Two MHC-DRB alleles were found to influence annual RS in our study population. Ivy-

Israel et al. (2019a) found that frequencies for DRB*01 were decreasing in our population 

whereas DRB*10 was becoming more abundant over time. These trends may be explained by 

our finding that females with DRB*01 were less likely to recruit offspring while males with 

DRB*10 were more likely to successfully produce offspring. More research is needed to identify 

how these alleles are specifically influencing annual RS, as it could occur due to differential 

individual survival, mate selection, post-copulatory selection, and/or fawn survival (in utero or 

post-partum). Fluctuating MHC allelic frequencies may also be explained by the frequency-

dependent hypothesis, which states that individuals with rare MHC alleles are more successful at 

fighting off pathogens due to host-parasite dynamics (Sommer 2005). Future studies on this 

population should examine how pathogen exposures are changing over time and how different 

MHC-DRB alleles perform under varying exposure conditions as pathogen-driven selection is 

known to vary spatiotemporally (Nevo and Beiles, 1992; Hedrick 2002; Hedrick 2004). 

We found that while MHC-DRB allelic distance at the nucleotide level positively 

influenced male RS, MHC-DRB allelic distance at the amino acid level negatively influenced it. 

The positive association at the nucleotide level is likely attributed to another MHC II locus 

linked to MHC-DRB exon 2 having a positive influence on male RS. However, further research 
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is required to confirm this. As expected, MHC-DOB allelic diversity was positively associated 

with male RS, most likely through its effect on male morphology (Ivy-Israel et al. 2019a). As 

morphology is just one factor that determines RS, future studies should further examine how 

MHC-DRB and MHC-DOB allelic distances influence the other factors of RS, such as mate 

selection and post-copulatory selection. Lastly, while there was no association between MHC-

DRB allelic distance and female RS, there was a mild negative association between MHC-DOB 

allelic distance and female RS. This should be further examined, especially since this could 

suggest that greater values of allelic distance at MHC-DOB, or an MHC II locus linked to MHC-

DOB, may be too costly to combine with gestation and/or lactation. 
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TABLES 

 

Table 3.1. Differences in MHC allelic distance between standardized MHC variables for unique 

males and females. Positive values for difference indicate that average allelic distance for that 

MHC variable were greater in males than females, though none of these differences were 

statistically significant. 

 
DRB_nuc DRB_aa 

difference SE p difference SE p 

0.147 0.143 0.304 0.101 0.143 0.479 

DOB_nuc DOB_aa 
difference SE p difference SE p 

-0.149 0.143 0.299 -0.089 0.143 0.533 

 

 

 

 

Table 3.2. Summary of fixed MHC effects on male white-tailed deer annual reproductive 

success. 

 
Parameter Value (β) SE z-value p-value 

DRB_nuc 1.8986 0.7516 2.526 0.0115 

DRB_aa -1.8285 0.7612 -2.402 0.0163 

DOB_nuc 0.1142 0.1506 0.759 0.4480 

DOB_aa 0.2488 0.1442 1.726 0.0844 

 

 

 

 

Table 3.3. Summary of DRB*10’s effect on male white-tailed deer annual reproductive success, 

where the difference indicates how the RS of individuals with DRB*10 differs from individuals 

without DRB*10. Positive values for difference indicate that RS for the second comparison entry 

was greater than the first. 

 
Comparison Difference SE p-value 

No DRB*10 DRB*10 heterozygote 0.7620 0.3093 0.01375 

No DRB*10 DRB*10 homozygote 0.3445 0.8160 0.673 

DRB*10 heterozygote DRB*10 homozygote -0.4175 0.8268 0.614 
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Table 3.4. Summary of fixed MHC effects on female white-tailed deer annual reproductive 

success. 

 
Parameter Value (β) SE z-value p-value 

DRB_nuc -0.1057 0.4506 -0.235 0.815 

DRB_aa 0.2128 0.4505 0.472 0.637 

DOB_nuc -0.1849 0.0968 -1.911 0.056 

DOB_aa 0.0080 0.0973 0.082 0.934 

 

 

 

Table 3.5. Summary of DRB*01’s effect on female white-tailed deer annual reproductive 

success, where the difference indicates how the RS of individuals with DRB*01 differs from 

individuals without DRB*01. Positive values for difference indicate that RS for the second 

comparison entry was greater than the first. 

 
Comparison Difference SE p-value 

No DRB*01 DRB*01 heterozygote -0.79402 0.31241 0.011 

No DRB*01 DRB*01 homozygote -0.53206 0.61757 0.389 

DRB*01 heterozygote DRB*01 homozygote 0.2620 0.6831 0.701 
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FIGURES 

 

 

Figure 3.1. Annual reproductive success (RS) of male white-tailed deer was positively associated with nucleotide MHC-DRB allelic 

distance but negatively associated with amino acid MHC-DRB allelic distance. Though values for nucleotide and amino acid allelic 

distance were highly collinear, males with high RS (produced 3 or more offspring) had smaller values of amino acid MHC-DRB allelic 

distance associated with the corresponding nucleotide MHC-DRB allelic distance than males that did not produce any offspring (RS = 

0). 



 107 

 

Figure 3.2. Male annual reproductive success (RS) was positively associated with amino acid MHC-DOB allelic distance. A greater 

percentage of homozygous males (MHC-DOB allelic distance = 0) produced no offspring (RS = 0; blue) compared to heterozygous 

males (MHC-DOB allelic distance = 1). High RS (produced 3 or more offspring; red) was more common in heterozygous males than 

homozygous males. 
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Figure 3.3. Males who were heterozygous with DRB*10 (n = 30) had greater reproductive success (RS) than males without DRB*10 

(n = 59). The dashed horizontal lines indicate the mean RS values. 
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Figure 3.4. Female annual reproductive success was negatively associated with nucleotide MHC-DOB allelic distance. A greater 

percentage of females with no or low MHC-DOB allelic distance produced twins (RS = 2; red) compared to females with high values 

for MHC-DOB allelic distance. 
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Figure 3.5. Females who were heterozygous with DRB*01 (n = 15) had greater annual reproductive success (RS) than females without 

DRB*01 (n = 87). The dashed horizontal lines indicate the mean RS values. 
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CHAPTER 4: Post-copulatory selection in white-tailed deer favors offspring with greater 

MHC-DRB allelic distance 

 

ABSTRACT 

The major histocompatibility complex (MHC) is a highly polymorphic region in vertebrates. 

Biological processes that drive this increased genetic diversity include MHC-dependent mate 

choice, cryptic female choice, MHC-determined abortion, and differential survival among 

offspring. This study examined if an enclosed white-tailed deer population recruited offspring 

with greater allelic distance at two genetically unlinked loci (MHC-DRB exon 2, MHC-DOB 

exon 2). We further assessed how this potential difference was driven by pre- and/or post-

copulatory processes. All potential sires and dams were used to generate a complete list of 

possible breeding pairs for 2008-2015. We found that successfully recruited offspring had 

greater MHC-DRB allelic distance than expected given the average allelic distances of all 

possible breeding pairs. While allelic distances between successful breeding pairs (those that 

successfully recruited offspring) and non-successful breeding pairs did not differ, suggesting a 

lack of pre-copulatory selection, we did find that successful breeding pairs had fewer DRB*01 

alleles than non-successful breeding pairs. However, when comparing allelic distance between 

recruited offspring and average allelic distance of their confirmed parents to assess post-

copulatory selection, we found that offspring had greater MHC-DRB allelic distance than 

expected. Furthermore, offspring from older sires had greater MHC-DRB allelic distance than 

offspring from younger sires. Our findings suggest that post-copulatory processes are selecting 

for offspring with greater MHC-DRB allelic distance in white-tailed deer.   

 

KEYWORDS 

Major histocompatibility complex, white-tailed deer, pre-copulatory selection, post-

copulatory selection, cryptic female choice, divergent allele advantage 
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INTRODUCTION 

The major histocompatibility complex (MHC) is a group of genes that plays a vital role 

in the vertebrate immune system by coding for proteins that help the immune system recognize 

and address foreign pathogens. Type I MHC genes are expressed on all nucleated cells, whereas 

type II MHC genes only occur on certain immune cells, such as dendritic cells and macrophages 

(Janeway et al. 2001). Classical MHC proteins (ex. MHC-DR, MHC-DQ) bind to peptide 

fragments, with assistance from non-classical accessory MHC gene products (ex. MHC-DO, 

MHC-DM), and display these antigens on the surfaces of cells where they are checked by T-cell 

lymphocytes (Janeway et al. 2001; Poluektov et al. 2013; Mellins and Stern 2014). If antigens 

presented by MHC proteins to the immune system are foreign, T-cells will cause cellular 

destruction or initiate a systemic immune response (Janeway et al. 2001). 

The MHC is well-known for its incredibly high rates of polymorphism. There are several 

hypotheses for how the MHC retains such high levels of genetic diversity in vertebrates, one of 

which is the heterozygote advantage hypothesis, which states that individuals with greater MHC 

heterogeneity are able to fight off a greater array of pathogens (Hughes and Nei, 1992; Sommer 

2005). Therefore, heterozygotes should be healthier and more successful (Hughes and Nei, 1989; 

Takahata and Nei, 1990). Improved immune function of MHC heterozygotes also enables greater 

investments into costly morphological traits. For example, male white-tailed deer (Odocoileus 

virginianus) with greater MHC diversity had greater overall body size and antler size than 

homozygous males (Ditchkoff et al. 2001; but see Ivy-Israel et al. 2019b). Similarly, a secondary 

sexually selected trait among male pheasants (Phasianus colchicus), spur length, is also 

influenced by the male’s MHC genotype characteristics (von Schantz et al. 1996; 1997). Two 

separate models are suggested to exist within the heterozygote advantage hypothesis: symmetric 

balancing selection (Takahata 1990) and divergent allele advantage (Wakeland et al. 1990). The 

symmetric model states that all heterozygotes experience a similar selective advantage, while the 

divergent model suggests some heterozygotes have more divergent allelic sequences than others. 

Those whose alleles are more dissimilar are expected to have a greater advantage as they present 

a greater spectrum of antigens to their immune system. The divergent allele advantage has 

recently drawn more attention as several studies reported a positive association between mate 

choice and MHC allelic divergence (Landry et al. 2001; Forsberg et al. 2007; Schwensow et al. 

2008; Juola and Dearborn, 2012; Evans et al. 2012; Lenz et al. 2013).  
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MHC-dependent mate choice may also maintain MHC polymorphism. Individuals are 

typically more attracted to potential mates with different MHC characteristics, which results in 

offspring with greater MHC heterogeneity (Yamazaki et al. 1976; Wedekind et al. 1995; Jacob et 

al. 2002; Santos et al. 2005). For example, female sticklebacks (Gasterosteus aculeatus) selected 

mates who would complement their own set of MHC alleles as heterozygous offspring generally 

had lower parasite burdens (Aeschlimann et al. 2003). Copulation frequency between MHC-

similar mates is typically found to be lower compared to MHC-dissimilar mates (Apanius et al. 

2017). Olfactory cues, generated from MHC proteins, can stimulate vomeronasal sensory 

neurons, which may lead to a behavioral response such as mate selection (Leinders-Zufall et al. 

2004; Santos et al. 2005; Boehm and Zufall, 2006). For example, Grogan et al. (2018) found that 

both male and female ring-tailed lemurs (Lemur catta) can signal their MHC diversity and 

pairwise MHC similarity via genital secretions, thereby enabling MHC-associated mate 

selection. Different MHC alleles produce unique olfactory cues (Lenz 2011). For example, the 

concentrations of a subset of volatile compounds in urine were found to differ between MHC 

haplotypes (Willse et al. 2005; Eggert et al. 1996; Singer et al. 1997; Montag et al. 2001). 

Specifically, a study done on mice (Mus musculus) found that individuals with different MHC 

haplotypes produced different concentrations of 28 unique components in their urine (Willse et 

al. 2005). Overall, the MHC genes are believed to account for approximately 50% of individual 

variance in odor (Beauchamp and Yamazaki, 2001), thereby enabling individuals to select mates 

who best complement their own MHC haplotype. 

Even if a female is bred by an MHC-similar male, selection can still occur within the 

female reproductive tract for sperm with optimum MHC characteristics via a type of post-

copulatory selection known as cryptic female choice (Dewsbury 1988; Eberhard and Cordero, 

1995). When a female is bred by multiple males, there may be bias during fertilization so that 

sperm from the MHC-dissimilar male successfully fertilizes her available oocyte (Trivers 1972; 

Thornhill 1983; Eberhard 1996; Olsson et al. 2003; Freeman-Gallant et al. 2003). Several studies 

in humans found that mature spermatozoa express MHC II gene products (Fellous and Dausset, 

1970; Bishara et al. 1987; Barbieri et al. 1990; Obashi et al. 1990; Scofield et al. 1992; Martin-

Villa et al. 1996, 1999; Paradisi et al. 2000). Expression of MHC II molecules on sperm may 

enable post-copulatory selection benefitting sperm with MHC-dissimilar MHC II haplotypes 

relative to the egg. Cryptic female choice has also been found to favor males with greater MHC 
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diversity (Richardson et al. 2005; Skarstein et al. 2005; Promerova et al. 2011), though this may 

be attributed to reduced sperm quality in males with less MHC diversity (Fitzpatrick and Evans, 

2009). Male phenotypic cues may also influence cryptic female choice, as Løvlie et al. (2013) 

found that cryptic female choice in red junglefowl (Gallus gallus) occurred during natural 

matings but not following artificial insemination.  

MHC-dependent abortion also favors increased MHC polymorphism. Since offspring 

with greater MHC variation generally have greater survival (Paterson et al. 1998; Brouwer et al. 

2010), a female can differentially abort MHC homozygotes while keeping heterozygous fetuses 

to term (Palm 1969; 1970; Hamilton and Hellstrom, 1978). A study with humans found that 

couples that share the same HLA-DR alleles have significantly lower fertility than couples that 

differ at this locus (Ober 1992). Shared HLA-DR alleles were associated with a 27% incidence 

of recognized miscarriage, whereas this percentage was only 12% when HLA-DR alleles were 

different (Ober et al. 1985). Some MHC homozygosity may be lethal for the fetus (the lethal 

gene hypothesis; Gill 1994; Kostyu 1994). Homozygosity of recessive, lethal MHC genes can 

negatively affect fetal growth and differentiation in rats (Rattus norvegicus; Gill 1994). Lastly, 

odors may also block implantation via a post-copulatory mate choice adaptation known as the 

Bruce effect (Schwagmeyer 1979; Huck 1982). For example, female mice (Mus musculus) are 

more likely to block pregnancy if they encounter, and smell, a newly introduced male whose 

MHC characteristics are even more complementary to her own than the current sire (Yamazaki et 

al. 1983; 1986).  

White-tailed deer are a popular polygynous species. While males invest greatly in costly 

morphological traits to attract mates, females do not (Ditchkoff et al. 2011). Female white-tailed 

deer are often bred by multiple males, which can result in multiple paternity for single litters 

(DeYoung et al. 2002). Cryptic female choice may therefore occur in white-tailed deer, though 

no research has yet explored this. Two genetically unlinked MHC II loci (MHC-DRB exon 2 and 

MHC-DOB exon 2) have been characterized in white-tailed deer (Van Den Bussche et al. 1999, 

2002; Ivy-Israel et al. 2019a). Previous work on this population found that male annual 

reproductive success (RS) is positively associated with the genomic region linked to MHC-DRB. 

However, greater amino acid allelic distance at MHC-DRB exon 2 specifically was negatively 

associated with male RS (Ivy-Israel et al. 2019b). Furthermore, the genomic region that contains 

MHC-DOB was found to influence male morphology, where body size peaked at moderate 
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nucleotide MHC-DOB allelic distance and antler size peaked at maximum MHC-DOB allelic 

distance. While male RS had a weak positive association with amino acid MHC-DOB allelic 

distance, female RS had a weak negative association with nucleotide MHC-DOB allelic distance 

This study tested if observed MHC-DRB and MHC-DOB allelic distances of offspring 

that survived to sexual maturity were greater than expected given the average allelic distances of 

all possible offspring based on the potential breeding pairs. To further understand this difference, 

we assessed whether selection for greater or lower MHC allelic distance occurred pre- or post-

copulatory. We hypothesized that offspring captured in our enclosed white-tailed deer population 

would have greater MHC diversity than expected due to both pre- and post-copulatory selection. 

We further hypothesized that post-copulatory selection would be strongest in older females due 

to their previous breeding experience (Bateman et al. 2001, 2004). 

 

METHODS 

Study Area 

Our study was conducted at the Auburn Captive Facility (ACF), which was part of the 

Piedmont Agricultural Experiment Station owned by Auburn University, located north of Camp 

Hill, Alabama. The facility had 100-120 white-tailed deer in a 174-hecatre area enclosed by a 

2.6-meter fence, which was constructed in October 2007. The deer present within the ACF 

during the study included the original deer that inhabited this area during the fence formation in 

2007 and their subsequent offspring. The founding population consisted of 71 individuals, 46 of 

which were female. This slightly uneven sex ratio decreased the effective population size to 64.8, 

which was calculated as Ne = 4NmNf / (Nm+Nf), where Nm is the number of breeding males (n = 

25) and Nf is the number of breeding females (n = 46) in the population (Wright 1938). 

Subsequent to fencing the area, no deer were either introduced or hunted within the facility, with 

natural and capture-related mortalities mainly regulating population size during our study 

(Newbolt et al. 2017). Supplemental feed was available in the form of food plots, corn feeders, 

and ad libitum protein feeders. The facility also contained a creek and its tributaries were present 

on the property, which provided a reliable water source year-round. 

Deer abundance and age structure of our white-tailed deer population were measured 

using images of marked and unmarked deer collected by infrared-triggered cameras at both 

feeders and randomly selected sites baited with corn for 14 days each February via mark-
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recapture methods (Overton 1969; Jacobson et al. 1997). We supplemented this data with field 

observations and capture/mortality records to determine final population demographic estimates. 

We considered marked individuals deceased if not observed for two years in order to prevent a 

potentially ever-growing population of dead but unrecovered animals. 

 

Animal handling 

From 2007 to 2015 we captured adult white-tailed deer (≥ 6 months of age) over 8 

trapping seasons (October through July each year). We chemically immobilized deer by 

administering a tranquilizer mixture into the deer’s hindquarter using cartridge fired dart guns 

(Pneu-Dart model 193) and 0.22 caliber blanks. We added 4 cc of xylazine (100 mg/ml; Lloyd 

Laboratories, Shenandoah, IA) to a 5 mL vial of Telazol® (100 mg/ml; Fort Dodge Animal 

Health, Fort Dodge, IA; Miller et al. 2003), and loaded 2 cc of this tranquilizer mixture a 

telemetry dart (2.0 cc, type C, Pneu-Dart Inc., Williamsport, PA) together with a radio 

transmitter (Advanced Telemetry Systems, Inc., Isanti, MN), which enabled us to locate the 

sedated deer after tranquilizer administration (Kilpatrick et al. 1996). After data collection was 

complete, we reversed the sedation by injecting the shoulder and hindquarter muscles of the deer 

with Tolazine (100 mg/ml; Miller et al. 2004). All methods employed during our study were 

approved by the Auburn University Institutional Animal Care and Use Committee (2008-1417, 

2008-1421, 2010-1785, 2011-1971, 2013-2372, 2014-2521, 2016-2964, and 2016-2985) and 

were in compliance with the American Society of Mammalogists’ guidelines (Sikes and Gannon 

2011).   

We gave all deer a unique 3-digit identification number at initial capture in the form of 

ear tags. We also freeze branded these identification numbers on the front shoulder and hind 

quarter of some individuals. Deer were aged using the tooth wear and replacement aging 

technique by Severinghaus (1949). A 1-cm2 notch of tissue was removed from their ears for 

genetic analysis, which was stored in a -80°C freezer prior to DNA analysis.  

 

Genetic Analysis 

MHC-DRB exon 2 (n = 373) and MHC-DOB exon 2 (n = 380) amplicons were sequenced 

on the Illumina MiSeq platform using ear tissue samples collected from our population as 

described in Ivy-Israel et al. (2019a). The 19 MHC-DRB and 11 MHC-DOB alleles found in this 
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population are in NCBI (Genbank accession numbers: AF082161, AF082165, AF082166, 

AF082170, AF082172, AF082174, AF407169, MK952679-MK952701). While only exon 2 was 

captured for MHC-DRB (250 bp), the MHC-DOB amplicon contained exon 2 plus noncoding 

regions around it. We used the full MHC-DOB sequence (360 bp) when analyzing nucleotide 

sequences and MHC-DOB exon 2 (270 bp) for the amino acid sequences.  

Pairwise genetic distances between the alleles at each locus (MHC-DRB and MHC-DOB) were 

calculated as the number of differences between the sequences at both the nucleotide level 

(DRB_nuc and DOB_nuc, respectively) and the amino acid level (DRB_aa and DOB_aa, 

respectively). Distance matrices used to assess the number of differences were generated via 

Geneious (v11.1.5).  

A pedigree was created for our population by Newbolt et al. (2017), which assigned 

parentage (dam and/or sire) with a minimum 95% reliability threshold.  

 

Statistical Analysis 

The available dams and sires in the population that could have produced offspring born 

between 2008 and 2015 were used to generate a combined list of all possible breeding pairs for 

those years. We first assessed if MHC allelic distances of successfully recruited offspring were 

different from expected MHC allelic distance of all possible offspring (i.e. if all potential 

breeding pairs had successfully produced offspring) using Program R (v3.6.0; lm function; R 

Core Team 2019). Expected MHC allelic distance was estimated as the average allelic distance 

between the four alleles of each possible breeding pair following the Mendelian laws of 

inheritance (Mendel 1866) since MHC alleles are codominant (Janeway et al. 2001). We also 

examined if age of the dam and/or sire influenced the difference between observed and expected 

offspring MHC diversity (lm function in R). To further dissect why offspring may have greater 

or lesser MHC allelic distance than expected, we tested two mechanistic hypotheses: 1) pre-

copulatory selection (i.e. mate selection) by testing if observed (successful) breeding pairs had 

greater average allelic distance than expected from randomized breeding pairs (non-successful 

breeding pairs; lm function), and 2) post-copulatory / early life selection (i.e. cryptic female 

choice, MHC-determined abortion, fawn survival) by testing if successfully recruited offspring 

(i.e. those who survived to sexual maturity at 6 months of age) had on average greater MHC 

allelic distance than expected by Mendelian inheritance given their parents’ MHC alleles (lme 



 118 

function in nlme package; Pinheiro et al. 2018). We accounted for parent/offspring pairings as a 

random effect when assessing post-copulatory selection. As with the initial analysis, we assessed 

the influence of dam/sire age on the difference between observed and expected MHC allelic 

distance (lme function in R) 

Since DRB*01 and DRB*10 influence annual reproductive success of female and male 

white-tailed deer, respectively (Ivy-Israel et al. 2019b), we also examined how the frequency of 

these MHC-DRB alleles differed between successful breeding pairs and non-successful breeding 

pairs (pre-copulatory selection), and between the observed  frequencies of these alleles in the 

recruited offspring and expected frequencies of these alleles in the offspring given the parents’ 

MHC-DRB alleles (post-copulatory selection).  

We standardized dam and sire age, expected/observed MHC-DRB allelic distances, and 

expected/observed MHC-DOB allelic distances (i.e. subtracted mean and divided by standard 

deviation) prior to analysis. Collinearity was assessed for all variables by calculating variance 

inflation factors (VIFs) and pairwise correlation coefficients.  

 

RESULTS 

There were 25,288 possible breeding pairs that could have produced an offspring 

between 2008 and 2015. Among these potential breeding pairs, 167 successfully produced an 

offspring that survived to sexual maturity (6 months). As several breeding pairs produced twins 

(n = 21), the total number of offspring produced by these successful breeding pairs was 188. 

MHC-DRB allelic distance and MHC-DOB allelic distance of dams and sires did not differ 

between those from successful and non-successful breeding pairs, except for sire DRB_nuc and 

DOB_aa (Table 4.1). Specifically, sires from successful breeding pairs had greater allelic 

distance for DRB_nuc (p = 0.047) and DOB_aa (p < 0.001). Additionally, both dams (p = 0.001) 

and sires (p < 0.001) from successful breeding pairs were older compared to dams and sires from 

non-successful breeding pairs. 

 

Observed offspring MHC allelic distance 

Observed, successfully recruited offspring had greater MHC-DRB allelic distance than 

expected offspring that could have been produced from all possible breeding pairs at both the 

nucleotide and amino acid levels (DRB_nuc, p < 0.001; DRB_aa, p < 0.001; Table 4.2). 
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Specifically, we found that the nucleotide and amino acid MHC-DRB allelic distance of 

observed offspring were 0.32 (± 0.14; ± 95% CI) standard deviations greater than expected. 

Additionally, the difference between observed and expected MHC-DRB allelic distance 

increased with increasing sire (p = 0.001) and dam age (p = 0.022; Table 4.3). In other words, for 

each 1-year increase in sire age, the difference between observed and expected nucleotide and 

amino acid MHC-DRB allelic distance increased by 0.28 (± 0.17; ± 95% CI) and 0.29 (± 0.17; ± 

95% CI) standard deviations, respectively (Figure 4.1). Similarly, for each 1-year increase in 

dam age, the difference between observed and expected nucleotide and amino acid MHC-DRB 

allelic distance increased by 0.18 (± 0.16; ± 95% CI) and 0.20 (± 0.16; ± 95% CI), respectively 

(Figure 4.2). Therefore, successful breeding pairs produced offspring with greater MHC-DRB 

allelic distance than expected when both parents were older compared to younger successful 

breeding pairs. There was no difference between offspring observed and expected MHC-DOB 

allelic distance (DOB_nuc, p = 0.262; DOB_aa, p = 0.333).  

 

Pre-copulatory selection 

There was no difference in MHC-DRB or MHC-DOB allelic distance between successful 

and non-successful breeding pairs at either the nucleotide (p = 0.414 and p = 0.579, respectively) 

or amino acid level (p = 0.594 and p = 0.809, respectively; Table 4.4). There was also no 

significant difference in average allelic distances between successful breeding pairs and non-

successful breeding pairs for MHC-DOB. However, successful breeding pairs had fewer 

DRB*01 alleles than non-successful breeding pairs (p = 0.007; Table 4.5). Specifically, 

successful breeding pairs had 0.13 (± 0.09; ± 95% CI) fewer DRB*01 alleles on average 

compared to non-successful breeding pairs. While both dams and sires of successful breeding 

pairs had fewer DRB*01 alleles than dams and sires from non-successful breeding pairs, this was 

only statistically significant for dams (dams, p = 0.016; sires, p = 0.159). 

 

Post-copulatory selection 

Successfully recruited offspring had greater MHC-DRB allelic distance compared to the 

expected, average MHC-DRB allelic distance given the MHC-DRB alleles of their parents 

(DRB_nuc, p = 0.051; DRB_aa, p = 0.034; Table 4.6). Specifically, we found that the nucleotide 

and amino acid MHC-DRB allelic distances were 0.14 (± 0.14; ± 95% CI) and 0.15 (± 0.14; ± 
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95% CI) standard deviations greater than expected, respectively. There was no significant 

difference in MHC-DOB allelic distances. Offspring born from breeding pairs with older sires 

had greater MHC-DRB allelic distance than expected compared to offspring born from breeding 

pairs with younger sires (DRB_nuc, p = 0.008; DRB_aa, p = 0.005; Table 4.7; Figure 4.3). In 

other words, for each 1-year increase in sire age, the difference between observed and expected 

nucleotide and amino acid MHC-DRB allelic distance increased by 0.16 (± 0.15; ± 95% CI) 

standard deviations. Specific MHC-DRB allele frequencies for DRB*01 and DRB*10 did not 

differ from expected allelic frequencies given their parents (p = 0.497).  

 

DISCUSSION 

We found that successfully recruited offspring in our white-tailed deer population had 

greater MHC-DRB allelic distance than expected. There is an exhaustive list of literature that has 

reported similar results, where greater individual MHC allelic divergence is strongly selected for 

(She et al. 1990; Landry et al. 2001, Richman et al. 2001; Consuegra and Garcia de Leaniz, 

2008; Neff et al. 2008; Lenz et al. 2009, 2013), which further supports the heterozygote 

advantage hypothesis (Hughes and Nei, 1989, 1992; Takahata and Nei, 1990; Sommer 2005), 

specifically the divergent allele advantage (Wakeland et al. 1990). Additionally, we found that 

successfully recruited offspring with older parents had greater MHC-DRB allelic distance than 

expected compared to offspring with younger parents. In other words, older sires and dams 

produced offspring with greater allelic distance than younger sires and dams. Since this initial 

analysis captured the effects of several different processes (i.e. mate selection, cryptical female 

choice, fawn survival), it is unclear which process, or processes, were responsible for these 

results. We therefore ran two more specific analyses to examine how these results were 

influenced by pre- and post-copulatory processes.  

Our pre-copulatory analyses showed no significant difference in average MHC allelic 

distance between breeding pairs that successfully recruited offspring and breeding pairs that did 

not. While MHC-assortative mating has been reported for birds (Richardson et al. 2005; 

Bonneaud et al. 2006), rodents (Yamazaki et al. 1976, 1988; Potts et al. 1991; Penn and Potts, 

1998), reptiles (Olsson et al. 2003), fish (Olsen et al. 1998; Landry et al. 2001; Aeschlimann et 

al. 2003), and humans (Wedekind et al. 1995; Jacob et al. 2002; Santos et al. 2005), our findings 

suggest that this may not be true for white-tailed deer. Similar findings were reported for another 
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polygynous ruminant, the Soay sheep (Ovis aries L.; Paterson and Pemberton, 1997). 

Specifically, the breeding system of the St Kildan Soay sheep population was not influenced by 

MHC diversity as there was no evidence for non-random mating with respect to MHC-DRB 

markers. Outcomes of intrasexual competition are the main determining factor by which males 

gain breeding access to receptive females among Soay sheep (Grubb 1974). Female choice using 

MHC-associated body odors may therefore not exist at the pre-copulatory level among 

polygynous ruminants. However, while our results suggest that there was no pre-copulatory 

selection for MHC diversity in our population, we should point out that there are limitations to 

our dataset that hinder a comprehensive analysis of the effect of pre-copulatory selection on 

MHC diversity in our population. Mainly, we have no record of which individuals copulated 

since we only use confirmed parentage from successfully recruited offspring as proof of 

copulation. We therefore have no data on which deer mated but did not produce offspring that 

survived to maturity.  

Results from the post-copulatory analyses showed that offspring had greater MHC-DRB 

allelic distance compared to average MHC-DRB allelic distance given the parent’s MHC-DRB 

alleles. There are several post-copulatory processes that could drive this result, including 1) 

cryptic female choice, where sperm with MHC-DRB dissimilar haplotypes are more successful at 

fertilizing the oocyte; 2) MHC-dependent abortion, where females do not carry fetuses with 

lower MHC-DRB allelic distances to term; and 3) a positive association between fawn survival 

and MHC-DRB allelic distance. Cryptic female choice is a well-studied phenomenon, which 

enables a female’s reproductive system to bias sperm used for fertilization even after copulation 

(Thornhill 1983; Eberhard 1996; reviewed in Firman et al. 2017). Evidence of MHC-dependent 

gamete fusion has been reported for mice (Rulicke et al. 1998), salmon (Salmo salar; Yeates et 

al. 2009), red jungle fowl (Løvlie et al. 2013), and guppies (Poecilia reticulata; Gasparini et al. 

2015). Rulicke et al. (1998) found that mice infected with mouse hepatitis virus produced more 

MHC-heterozygous embryos than uninfected parents. Cryptic female choice may therefore 

depend on the male’s infection status. A proposed mechanism for how cryptic female choice 

favors sperm with optimum MHC diversity is that they gain information about her mate’s MHC 

and overall quality via male phenotypic cues. For example, Løvlie et al. (2013) reported that 

cryptic female choice only occurred in red jungle fowl following natural copulation but not after 

artificial insemination. Male phenotypic cues, such as MHC-associated body odors (Leinders-
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Zufall et al. 2004; Santos et al. 2005; Broehm and Zufall, 2006), may therefore be necessary for 

a female to bias a male’s sperm and engage in cryptic choice.  

Once fertilization is complete, MHC-determined abortion can further influence MHC 

diversity of successfully recruited offspring. Couples with greater MHC similarity, especially at 

the MHC-DRB locus (Unander and Olding, 1983; Reznikoff-Etievant et al. 1984; Beer et al. 

1985; McIntyre et al. 1986), are more likely to experience recurrent fetal loss than MHC-

dissimilar couples (Komlos et al. 1979; Schacter et al. 1979; Gill 1983; Reznikoff-Etievant et al. 

1988; Ho et al. 1990). MHC antigen sharing among couples may be positively associated with 

MHC-linked genetic defects, congenital abnormalities, and/or increased susceptibility to cancer 

(Gill 1984, 1987, 1992). Females may therefore lose offspring in utero if their fetus inherited 

suboptimal MHC diversity or lethal MHC homozygosity (Gill 1994; Kostyu 1994). MHC 

diversity may also influence the survival of offspring post-partum. For example, Paterson et al. 

(1998) found that MHC-DRB alleles associated with parasite resistance in lambs greatly 

influenced juvenile survival in Soay sheep. Similarly, Brouwer et al. (2010) found that MHC 

diversity was positively associated with juvenile survival in the Seychelles warbler 

(Acrocephalus sechellensis). Since we do not have fawn survival data from our population, either 

in utero or post-partum, we are not able to confirm that our post-copulatory results are due to 

differential fawn survival. However, selection for greater MHC-DRB allelic distance in early life 

(< 6 months of age) may be contributing to the balancing selection found for MHC-DRB in our 

population (Ivy-Israel et al. 2019).  

The difference between observed and expected MHC-DRB allelic distance for 

successfully recruited offspring was positively associated with the sire’s age. In other words, 

older males produced offspring with greater MHC-DRB allelic distance than expected compared 

to younger sires. Male senescence has been reported to decrease sperm quality (lower motility 

and more deleterious mutations), which ultimately reduces male reproductive success (Hansen 

and Price, 1995, 1999; Radwan 2003; Pizzari et al. 2008; Garcia-Palomares et al. 2009; Møller et 

al. 2009; Gasparini et al. 2010). The oldest male in our population was 10.5 years old. Since 

white-tailed deer generally do not begin to reproductively senesce until after 10 years of age 

(Ditchkoff et al. 2011), our males may not have reached these detrimental effects of senescence. 

So how do older males produce offspring with greater MHC-DRB allelic distance? Since male 

white-tailed deer typically leave the female after copulation (DeYoung and Miller, 2011), they 
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generally do not make any parental investments towards their offspring. The association between 

male age and offspring MHC-DRB allelic distance is therefore most likely attributed to his 

sperm. It is possible that older males may be better at allocating more sperm into their ejaculate 

when breeding with MHC-dissimilar females. For example, Reinhold et al. (2002) found that 

males can divert more sperm in their ejaculate when breeding high quality females. MHC gene 

products of MHC-dissimilar females are detected via a male’s vomeronasal sensory neurons 

(Leinders-Zufall et al. 2004; Santos et al. 2005; Boehm and Zufall, 2006), which may then 

stimulate the male to invest more sperm during copulation. This MHC signal could influence 

copulation duration and/or frequency. Longer copulation can improve a male’s chances of 

successful fertilization, as a positive association between copula duration and ejaculate volume 

has been reported for sand lizards (Lacerta agilis; Olsson et al. 2004), Mallee dragons 

(Ctenophorus fordi; Olsson 2001), common garter snakes (Thamnophis sirtalis parietalis; Shine 

et al. 2000) and guppies (Pilastro et al. 2007). Likewise, breeding a female multiple times 

supplies the female with more sperm, thereby aiding in sperm competition and fertilization 

(Parker 1982). Older males may also be in better condition. Male white-tailed deer can lose up to 

30% of their body fat during the breeding season (Hewitt 2011). Therefore, males in better 

condition can better absorb the costs associated with tending does, allowing him to successfully 

copulate and fertilize a receptive female. Lastly, several studies have found that mature 

spermatozoa express MHC II genes in humans (Fellous and Dausset, 1970; Bishara et al. 1987; 

Barbieri et al. 1990; Obashi et al. 1990; Scofield et al. 1992; Martin-Villa et al. 1996, 1999; 

Paradisi et al. 2000), though this topic used to be controversial (Rodriguez-Cordoba et al. 1990; 

Schaller et al. 1993). These protein markers on sperm cells may change with age, where sperm 

from older males may enhance cryptic female choice that favors greater MHC diversity in the 

zygote. However, these are all theoretical explanations for our results.  

MHC-DOB allelic distance did not differ between 1) recruited offspring and all potential 

offspring given the available dams and sires (initial analysis), 2) successful breeding pairs and 

non-successful breeding pairs (pre-copulatory), and 3) recruited offspring and average MHC-

DOB allelic distance of their parents (post-copulatory). Ivy-Israel et al. (2019a) found that there 

was an overall trend towards a heterozygote deficit for MHC-DOB during our period of study. 

While we did find that nucleotide MHC-DOB allelic distances were smaller for successfully 

recruited offspring than expected, it was not statistically significant. Since MHC-DOB allelic 
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distance is also positively associated with both male morphology and annual reproductive 

success (Ivy-Israel et al. 2019b), it is possible that retaining some polymorphism at this locus is 

favorable.  

We found that successful breeding pairs had significantly fewer DRB*01 alleles between 

them compared to non-successful breeding pairs. Ivy-Israel et al. (2019b) reported that annual 

reproductive success of female white-tailed deer was significantly less for females heterozygous 

for DRB*01. We also found that both dams and sires from successful breeding pairs had 

significantly fewer DRB*01 alleles than dams and sires from non-successful breeding pairs, 

though this was only statistically significant for dams. There are several possible explanations for 

this result. First, DRB*01 gene products may alter a female’s body odor so that she becomes less 

attractive to searching males. Females with DRB*01 may also suffer from greater parasitism, as 

greater levels of parasitism were found be associated with certain MHC alleles in Soay sheep 

(Paterson et al. 1998). Since parasitized individuals are often selected against as potential mates 

(Kavaliers and Colwell, 1992, 1995a, 1995b; Willis and Poulin, 2000), it may be that these 

females are at a disadvantage at the pre-copulatory stage. Specific MHC supertypes have also 

been found to negatively influence survival (Sepil et al. 2013), thereby further reducing her 

potential lifetime reproductive success. 

In conclusion, this study found that our enclosed white-tailed deer population is 

successfully recruiting offspring that have greater MHC-DRB allelic distance than expected. 

There seems to be greater evidence of post-copulatory selection, suggesting that cryptic female 

choice, MHC-determined abortion, and/or fawn survival are mostly responsible for this 

difference in MHC-DRB allelic distance. Future studies should include several other variables in 

their analyses to further examine how MHC allelic distance influences pre- and post-copulatory 

selection in white-tailed deer, such as copulation records, fawn survival, and parasite data.  
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TABLES 

 

Table 4.1. Non-successful breeding pairs (n = 25,121) and successful breeding pairs (n = 167) in 

our enclosed white-tailed deer population from 2008 to 2015. Sire age, sire nucleotide MHC-

DRB allelic distance, sire amino acid MHC-DOB allelic distance, and dam age were significantly 

greater for successful breeding pairs. * p < 0.05, ** p < 0.01, *** p < 0.001 

 
 Non-successful breeding pairs Successful breeding pairs 

 Dam Sire Dam Sire 

Age 3.34 ± 2.51 ** 2.66 ± 2.10 *** 3.97 ± 2.37 ** 4.41 ± 1.88 *** 

DRBnuc 22.77 ± 11.99 23.85 ± 13.95 * 23.19 ± 12.32 26.00 ± 13.02 * 

DRBaa 15.03 ± 7.77 15.29 ± 8.63 15.44 ± 7.98 16.25 ± 7.80 

DOBnuc 1.86 ± 1.28 1.63 ± 1.18 1.70 ± 1.20 1.70 ± 1.00 

DOBaa 0.43 ± 0.53 0.33 ± 0.47 *** 0.41 ± 0.52 0.47 ± 0.50 *** 

 

 

Table 4.2. Successfully recruited offspring had greater average MHC-DRB allelic distance than 

expected given all potential offspring, whereas there was no significant difference for MHC-

DOB. Positive values for difference indicate that observed allelic distances were greater than 

expected allelic distances.  

 
DRB_nuc DRB_aa 

difference SE p difference SE p 

0.321 0.073 1.24E-05 0.317 0.073 1.57E-05 

DOB_nuc DOB_aa 

difference SE p difference SE p 

-0.082 0.073 0.262 0.071 0.073 0.333 

 

 

Table 4.3. The difference between observed and expected MHC-DRB allelic distances increased 

with increasing sire and dam age at both the nucleotide and amino acid level. Positive values for 

difference indicate that observed allelic distances were greater than expected allelic distances. 

 
 DRB_nuc DRB_aa 
 difference SE p difference SE p 

Sire age 0.277 0.085 0.001 0.289 0.085 0.0006 

Dam age 0.184 0.080 0.022 0.196 0.080 0.014 
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Table 4.4. There was no statistically significant difference in MHC-DRB or MHC-DOB allelic 

distance between successful and non-successful breeding pairs. Positive values for difference 

indicate that observed allelic distances were greater than expected allelic distances. 

 
DRB_nuc DRB_aa 

difference SE p difference SE p 

0.064 0.078 0.414 0.042 0.078 0.594 

DOB_nuc DOB_aa 
difference SE p difference SE p 

-0.043 0.078 0.579 0.019 0.078 0.809 

 

Table 4.5. While successful breeding pairs had significantly fewer DRB*01 alleles than non-

successful breeding pairs at the pre-copulatory stage, there was no difference between observed 

and expected DRB*01 frequency in successfully recruited offspring. 

 
 difference SE p 

Pre-copulatory -0.130 0.048 0.006 

Post-copulatory -0.011 0.016 0.497 

 

 

Table 4.6. Observed offspring had greater MHC-DRB allelic distance compared to the average 

MHC-DRB allelic distance given the MHC-DRB alleles of their parents. Positive values for 

difference indicate that observed allelic distances were greater than expected allelic distances. 

 
DRB_nuc DRB_aa 

difference SE p difference SE p 

0.136 0.069 0.051 0.148 0.069 0.034 

DOB_nuc DOB_aa 
difference SE p difference SE p 

-0.021 0.073 0.774 0.050 0.074 0.503 

 
 

Table 4.7. The difference between observed and expected MHC-DRB allelic distances among 

successfully recruited offspring increased with increasing sire age at both the nucleotide and 

amino acid level. Positive values for difference indicate that observed allelic distances were 

greater than expected allelic distances. 

 
 DRB_nuc DRB_aa 
 difference SE p difference SE p 

Sire age 0.156 0.074 0.034 0.156 0.074 0.035 

Dam age 0.056 0.074 0.451 0.066 0.074 0.371 
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FIGURES 
 

 
 

Figure 4.1. The difference between observed (red) and expected (blue) values of MHC-DRB allelic distance increases with increasing 

sire age. While expected values are not influenced by sire age (blue linear trendline), observed allelic distances become greater as sire 

age increases (red linear trendline). As this association is similar for nucleotide and amino acid MHC-DRB allelic distances, we are 

only showing this association for MHC-DRB allelic distances at the nucleotide level.
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Figure 4.2. The difference between observed (red) and expected (blue) values of MHC-DRB allelic distance increases with increasing 

dam age. While expected values are only slightly influenced by dam age (blue linear trendline), observed allelic distances become 

greater as dam age increases (red linear trendline). As this association is similar for nucleotide and amino acid MHC-DRB allelic 

distances, we are only showing this association for MHC-DRB allelic distances at the nucleotide level.
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Figure 4.3. The MHC-DRB allelic distance of successfully recruited offspring become increasingly greater than expected average 

MHC-DRB allelic distance given their parents’ MHC-DRB alleles with increasing sire age. As this association is similar for nucleotide 

and amino acid MHC-DRB allelic distances, we are only showing this association for MHC-DRB allelic distances at the nucleotide 

level. 

Sire age influences post-copulatory selection on offspring MHC-DRB 
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Conclusion 

 

We sequenced two genetically unlinked MHC II loci (MHC-DRB exon 2, antigen-binding 

protein; MHC-DOB exon 2, accessory protein) for our enclosed white-tailed deer population in 

Alabama. MHC-DRB was under positive diversifying selection while MHC-DOB was under 

purifying selection in white-tailed deer at the species level. 

There was an excess of intermediate frequency MHC-DRB alleles in our population, 

which may suggest that MHC-DRB alleles are being maintained in the population via balancing 

selection. This retention of MHC-DRB alleles may be driven by selection for MHC-DRB 

heterozygous individuals, as we found significant heterozygote excess for MHC-DRB in our 

population. To better understand how balancing selection is being maintained in our population, 

we examined how MHC-DRB allelic distance is influencing fitness at different stages of life. We 

found that greater allelic distance at both the genomic region that contains MHC-DRB 

(nucleotide level) and MHC-DRB specifically (amino acid level) was selected for in the early 

stages of life (fertilization to 6 months post-partum). While MHC-DRB allelic distance did not 

influence white-tailed deer morphology, it was associated with male annual reproductive success 

(RS). Specifically, we found that allelic distance of the genomic region linked to MHC-DRB 

positively influenced male RS, whereas allelic distance at MHC-DRB specifically (at the amino 

acid level) negatively influenced male RS. This suggest that individuals with divergent MHC-

DRB proteins have lower RS compared to individuals with more similar MHC-DRB proteins, 

which indicates that greater MHC-DRB allelic distance is no longer selected for once an 

individual reaches sexual maturity. Selection on MHC-DRB may therefore differ with age, where 

early life selection for greater diversity in the MHC-DRB protein may contribute to the MHC-

DRB heterozygote excess present in our population. We also found that specific MHC-DRB 

alleles were associated with greater or lesser RS. Specifically, DRB*10, an MHC-DRB allele 

whose frequency is increasing over time, seems to be beneficial for male RS whereas DRB*01, 

an MHC-DRB allele whose frequency is decreasing over time, is detrimental to female RS. 

Moreover, we found that successful breeding pairs (i.e. breeding pairs that successfully recruited 
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an offspring into the population) had fewer DRB*01 alleles, which suggests that this MHC-DRB 

allele may influence RS at the pre-copulatory stage (mate selection). Sexual selection on 

particular alleles may therefore be driving the changing MHC-DRB allele frequencies seen at the 

population level. 

MHC-DOB polymorphism was considerably lower than MHC-DRB polymorphism, 

which was expected for a conservative, non-classical MHC II gene. We found that our 

population became heterozygote deficient for MHC-DOB over time, suggesting that we either 

have selection away from heterozygote individuals in our population or effects of inbreeding at 

MHC-DOB due to small population size. The genomic region that contains MHC-DOB 

significantly influenced male morphology, where body size peaked at moderate nucleotide 

MHC-DOB allelic distance and antler size peaked at maximum nucleotide MHC-DOB allelic 

distance. This genomic region was also negatively associated with female RS, where females 

with less nucleotide MHC-DOB allelic distance had greater RS than females with greater 

nucleotide MHC-DOB allelic distance. While allelic distance at MHC-DOB exon 2 specifically 

(amino acid level) did not influence male morphology, it was weakly associated with male RS, 

where heterozygous males (amino acid MHC-DOB allelic distance = 1) had slightly greater RS 

than homozygous males (amino acid MHC-DOB allelic distance = 0). However, MHC-DOB 

allelic distance of successfully recruited offspring did not differ from expected MHC-DOB. 

Additionally, no specific MHC-DOB alleles were associated with male or female RS. Together, 

this may suggest that the heterozygote deficit found at the population level at the MHC-DOB 

exon 2 locus may be due to genetic drift and/or inbreeding.  
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Appendix 1: Are the most common MHC-DRB exon 2 alleles in our population also most 

different compared to other MHC-DRB alleles found in our population? 

 

 

We found that the five most common MHC-DRB exon 2 alleles (DRB*10, DRB*14, 

DRB*16, DRB*19, DRB*20) occurred on different clades in our nucleotide MHC-DRB 

phylogenetic tree (see Chapter 1). To assess whether the allelic distance between these five 

common MHC-DRB alleles was significantly different from the allelic distance between all 

MHC-DRB alleles found in our population (DRB*01, DRB*05, DRB*06, DRB*10, DRB*12, 

DRB*14, DRB*16, DRB*19 - DRB*30) , we performed a Wilcoxon Rank Sum test in Program 

R (v3.6.0; wilcox.test function; R Core Team, 2019). We found a significant difference in allelic 

distance between the five common MHC-DRB alleles and all MHC-DRB alleles at both the 

nucleotide (W = 1272; p = 0.01) and amino acid level (W =1175.5; p = 0.005). The mean and 

median nucleotide allelic distance for the common MHC-DRB alleles were 33.6 and 35, 

respectively, whereas the mean and median nucleotide allelic distance for all MHC-DRB alleles 

were 25.9 and 25, respectively (Figure A1.1). Amino acid MHC-DRB allelic distance was also 

greater for the common MHC-DRB alleles compared to all MHC-DRB alleles (Figure A1.2). 

Mean and median amino acid allelic distance were 21.3 and 23 for the common MHC-DRB 

alleles, respectively, whereas mean and median amino acid allelic distance were 16.3 and 16 for 

all MHC-DRB alleles, respectively. This suggests that the most common MHC-DRB alleles in 

our population are also more divergent compared to the other MHC-DRB alleles found in our 

white-tailed deer population. 

Given that there is also balancing selection for MHC-DRB in our population, we may 

specifically have balancing selection for the most distant MHC-DRB alleles rather than balancing 

selection for just different MHC-DRB alleles. 
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Figure A1.1. Nucleotide MHC-DRB allelic distance was greater among the five most common 

MHC-DRB alleles in our population compared to MHC-DRB allelic distance of all MHC-DRB 

alleles present in our population. The dashed horizontal lines indicate the mean allelic distance 

values, while the solid black horizontal lines indicate median allelic distance. 

 

 
 

Figure A2.1. Amino acid MHC-DRB allelic distance was greater among the five most common 

MHC-DRB alleles in our population compared to MHC-DRB allelic distance of all MHC-DRB 

alleles present in our population. The dashed horizontal lines indicate the mean allelic distance 

values, while the solid black horizontal lines indicate median allelic distance.
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Appendix 2: Do older individuals in our white-tailed deer population have more rare 

MHC-DRB exon 2 alleles than younger individuals? 

 

 

The frequency-dependent hypothesis states that individuals with rare MHC alleles are 

better able to fight off pathogens due to host-parasite dynamics (Sommer 2005). Pathogens 

generally adapt to infect the most common host genotypes while leaving the more rare alleles 

alone (Lively and Dybdahl, 2000). When the rare alleles become more common in the host 

population, however, parasite antigenicity will change accordingly so that it can adapt to the new 

common allele of their hosts (Sommer 2005). Some studies suggest that this pathogen-driven 

selection should lead to varying spatiotemporal selection (Nevo and Beiles, 1992; Hedrick 2002; 

Hedrick 2004). For instance, while one particular host MHC allele is favored at one time or in 

one habitat, it may be selected against at another time or in another environment. We found that 

several MHC-DRB alleles are becoming less frequent in our population over time (chapter 1). 

One of these MHC-DRB alleles, DRB*01, was negatively associated with female annual 

reproductive success (RS; chapter 3) and was selected against at the pre-copulatory level 

(especially among the dams of the successful breeding pairs; chapter 4). It is possible that 

DRB*01 and other rare MHC-DRB alleles were favored in our founding population (2007) but 

are now no longer selected for due to pathogen-host coevolution. If this were true, we would find 

that older individuals, especially females due to our previous findings, are more likely to have 

MHC-DRB alleles that are now considered to be rare and/or decreasing in frequency. We 

therefore examined if there was an association between age and the frequencies of their MHC-

DRB alleles for male and female white-tailed deer. 

 We used a mixed-effects model in Program R (lme function; Pinheiro et al. 2018), where 

our response variable was the summed frequency of an individual’s two MHC-DRB alleles 

(standardized). Individuals with two common (high frequency) MHC-DRB alleles would 

therefore have a greater value for the response variable than an individual with two rare (low 
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frequency) MHC-DRB alleles. Our independent variable was the pairwise allelic distance 

(standardized) between MHC-DRB alleles present in our white-tailed deer population. Since 

some individuals were captured more than once in their lifetime, our model included a random 

term for individual. Box and whisker plots were created in Program R (ggplot2; Wickham 2016) 

to demonstrate potential differences in MHC-DRB allele frequency between young (1.5-2.5 years 

old), adult (3.5-4.5 years old), and old (5.5+ years) individuals. 

 Summed MHC-DRB allele frequency ranged from 5.9 to 44.78% for females, and from 

5.5 to 44.78% for males. Male age was not associated with the summed MHC-DRB allele 

frequency (p = 0.266). However, there was a strong negative association between female age and 

allele frequency (p = 0.003). Specifically, we found that for each 1-year increase in female age, 

the summed allele frequency decreased by 0.20 (± 0.11; ± 95% CI) standard deviations. Older 

females therefore have more rare alleles than young females in our population, which may 

suggest that there was a recent shift in favorable MHC-DRB alleles due to the shifting pathogen 

antigenicity. Additionally, older females may be contributing to the balancing selection on MHC-

DRB in our population by maintaining rare MHC-DRB alleles over time. 
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Figure A2.1. We found no association between male age and summed MHC-DRB allelic 

frequency. Older males therefore do not have more rare alleles than younger males. 

 

 
 

Figure A2.2. Female age was negatively associated with summed MHC-DRB allelic frequency. 

Older females therefore have more rare alleles than younger females. 
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Figure A2.3. Older males (5.5+ years) do not have a lower summed MHC-DRB allelic frequency 

compared to young (1.5-2.5 years) or adult (3.5-4.5 years) male white-tailed deer in our 

population. The dashed horizontal lines indicate the mean allelic frequency, while the solid black 

horizontal lines indicate median allelic frequency. 

 

 
Figure A2.4. Older females (5.5+ years) have a lower summed MHC-DRB allelic frequency 

compared to young (1.5-2.5 years) or adult (3.5-4.5 years) female white-tailed deer in our 

population. Older females therefore have more rare MHC-DRB alleles. The dashed horizontal 

lines indicate the mean allelic frequency, while the solid black horizontal lines indicate median 

allelic frequency.  


