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Abstract 

Extremely polymorphic genes of major histocompatibility complex (MHC) play a 

significant role in the function of immune system by recognizing heterogeneous particles, 

mainly pathogenic origin. Previous research on various vertebrate species indicates that 

MHC influences individual body odour and mate choice preferences. Many individuals 

tend to prefer MHC dissimilar partner so that warrants them an offspring resistant against 

wider spectrum of infections.         

   Research on MHC-related mate preferences in humans, however, is 

inconclusive to date. Several studies indicate that women not taking hormonal 

contraceptives prefer the smell of MHC dissimilar partners while other studies  have not 

come to this conclusion. This can be caused by the absence of potentially influencing 

factors like the menstrual cycle phase.    

The aim of this study was to test MHC-similarity mate choice preferences in odour, 

facial and vocal modalities. In particular, we focused on a potential effect of hormonal 

contraception. Furtermore, we tested preferential shifts across the menstrual cycle by 

comparing women‘s preferences in the follicular and the luteal phase in pill and non-pill 

users. A group of 52 women in different phases of their menstrual cycle rated odour 

samples, photos and vocal recordings taken from 51 men. All participants were blood 

donors, genotyped at HLA-A, -B and -DR loci. 

  We found a negative correlation between vocal attractiveness and MHC 

dissimilarity. Specifically, pill users preferred the faces of heterozygous men with a 

dissimilar MHC genotype. Further, we found that women in the follicular phase of their 

cycle preferred voices of homozygous men with a similar MHC genotype. However, we 

did not found any significant correlation between odour preferences and MHC 

dissimilarity. We also did not find an effect of hormonal contraception use and menstrual 

cycle phase on MHC-related mate preferences. 

Key words: mate preferences, attractiveness, major histocompatibility complex, genetic 

similarity, hormonal contraceptives, menstrual cycle 
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Abstrakt 

Vysoce polymorfní geny hlavního histokompatibilního komplexu (MHC) hrají 

důležitou roli ve fungování imunitního systému rozpoznáváním cizorodých částic, většinou 

patogenního původu. Výzkum různých druhů obratlovců naznačuje, že MHC geny 

ovlivňují pachovou stopu jedince a preference při výběru partnera. Mnoho jedinců 

vykazuje preference pro MHC odlišného partnera čímž zajišťují, že vzniklé potomstvo je 

odolnější vůči většímu spektru infekcí.       

 Výběr partnera v závislosti na MHC však přinesl rozporuplné výsledky. Některé 

studie naznačují, že ženy neužívající hormonální antikoncepci upřednostňují pach MHC 

odlišných jedinců, jiné studie podobný efekt nezjistily. Rozpory mezi jednotlivými 

studiemi by mohly být způsobeny tím, že nevzaly v potaz faktory, které mohou partnerské 

preference ovlivnit (například fáze menstruačního cyklu).  

  Cílem této studie bylo testovat korelace mezi preferencemi partnera pro podobnost 

v MHC genech a pachovou, vizuální a vokální atraktivitou. Především jsme se zaměřili na 

možný vliv hormonální antikoncepce. Dále jsme sledovali, zda v průběhu menstruačního 

cyklu nedochází ke změnám v preferencích ve vztahu k MHC tím, že jsme porovnávali 

preference žen ve folikulární a luteální fázi u žen s běžným cyklem a u žen užívající 

hormonální antikoncepci. Skupina 52 žen postupně ve dvou fázích cyklu hodnotila 

pachové vzorky, fotografie a hlasové nahrávky získané od celkem 51 mužů. Všichni 

účastníci výzkumu byli dárci krve, otypizováni v HLA- A , -B a -DR lokusech. 

Zjistili jsme negativní korelaci mezi vizuální atraktivitou a odlišností v MHC. Ta 

byla patrná u žen užívajících antikoncepci, které preferovali tváře heterozygotních mužů 

s odlišnými MHC geny. Dále jsme zjistili, že ženy ve folikulární fázi cyklu preferovaly 

hlasy mužů, kteří měli podobný MHC genotyp. Nezjistili jsme však žádnou signifikantní 

korelaci mezi atraktivitou pachu a MHC. Také se nepotvrdil vliv antikoncepce a 

menstruačního cyklu na partnerské preference v souvislosti s MHC. 

 Klíčová slova: partnerské preference, atraktivita, hlavní histokompatibilní komplex, 

genetická podobnost, hormonální antikoncepce, menstruační cyklus 
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Abbreviations 

ABS   antigen-binding site 

APC   antigen presenting cell 

ARS   antigen recognition sites 

B-lymphocyte  bursal or bone marrow-derived lymphocyte 

CD   cluster of diferenciation 

CZK   Czech koruna 

dn   nonsynonymous substitution 

DNA   doexyribonucleic acid 

dNTP   deoxyribonucleotide triphospate 

ds   synonymous substitution 

e.g.    exempli gratia (eng. for example) 

EDTA   ethylenediaminetetraacetic acid 

et al.   et alii (eng. and others) 

FA   fluctuating assymetry 

follic   follicular 

H2O   dihydrogen monoxide 

HLA   human leukocyte antigen 

L   left 

LH   luteinizing hormone 

lut   luteal 
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MHC   major histocompatibility complex 

PBR   peptide-biding region 

PCR   polymerase chain reaction 

R   right 

SBT   sequence-based typing 

SSP   sequence-specific primers 

TCR   T-cell receptor 

T-lymphocyte  thymus-derived lymphocyte 

TM   transmembrane region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

Abstact………………………………………………………………………………………3 

Abstrakt……………………………………………………………………………………..4 

Abbreviations……………………………………………………………………………….5 

Content……………………………………………………………………………………...7 

1 Introduction .................................................................................................................... 9 

2 Theoretical background ................................................................................................ 10 

2.1 Antigen-specific immune response ....................................................................... 10 

2.2 What is MHC?....................................................................................................... 11 

2.2.1 Function and structure of MHC ..................................................................... 12 

2.2.1.1 MHC class I and II function ................................................................... 13 

2.2.1.2 MHC class I and II structure .................................................................. 13 

2.2.2 MHC pathways .............................................................................................. 14 

2.2.2.1 Endogenous antigen processing by MHC I ............................................ 14 

2.2.2.2 Exogenous antigen processing by MHC II ............................................. 15 

2.2.3 MHC polymorphism ...................................................................................... 17 

2.2.3.1 Thymic selection .................................................................................... 18 

2.2.3.2 Causes of MHC variability ..................................................................... 20 

2.2.3.3 Mechanisms maintaining MHC diversity ............................................... 22 

2.3 MHC influence on mate choice ............................................................................. 28 

2.3.1 MHC and body odor ...................................................................................... 28 

2.3.1.1 Genetics of chemoperception ................................................................. 31 

2.3.2 MHC and mate preferences according to genetic compatibility .................... 32 

2.3.2.1 Preference for MHC heterozygosity ....................................................... 34 

2.3.2.2 Preference according to MHC dissimilarity ........................................... 37 

2.3.3 Moderating effects on mate preferences ........................................................ 40 



8 

 

3 Aims of the study .......................................................................................................... 44 

4 Research design and methods ....................................................................................... 45 

4.1 Participants ............................................................................................................ 45 

4.2 Stimuli ................................................................................................................... 48 

4.2.1 Odor samples ................................................................................................. 48 

4.2.2 Facial photos .................................................................................................. 50 

4.2.3 Vocal recordings ............................................................................................ 51 

4.3 Experimental design .............................................................................................. 51 

4.4 Data analyses ......................................................................................................... 55 

5 Results .......................................................................................................................... 56 

5.1 A woman as a unit of analysis ............................................................................... 58 

5.1.1 Correlation between attractiveness and similarity of concrete HLA alleles .. 58 

5.1.2 Correlation between attractiveness and similarity of HLA allelic groups ..... 60 

5.2 A man as a unit of analysis ................................................................................... 62 

5.2.1 Correlation between attractiveness and similarity of concrete HLA alleles .. 62 

5.2.2 Correlation between attractiveness and similarity of HLA allelic groups ..... 63 

6 Discussion ..................................................................................................................... 71 

7 Conclusion .................................................................................................................... 76 

8 Reference List ............................................................................................................... 77 

 

 

 

 

 

 



9 

 

1 Introduction 

 

This study explored potential relationships between several constituents of physical 

attractiveness and similarity at major histocompatibility complex (MHC) genes. Previous 

studies suggest that this multigene family plays a key role in mate choice decisions. 

Technical and theoretical approaches allowed researchers to study MHC genes in genetic 

as well as in evolutionary context. Nevertheless, studies in human based on a mate choice 

bring inconsistent results.  

 It is thought that potential sexual partners tend to be perceived more attractive if 

their MHC composition is substantially different. This pattern promotes variability of the 

immune system of individuals, thus making them resistant against wider spectrum of 

pathogens. Consequently, we expected that females should be attracted to mates carrying 

MHC genotypes different to their own.  

In our experiment, we tested whether women‘s preferences for odor, facial and 

vocal attractiveness in men are affected by the similarity of MHC alleles they shared. In 

addition, we tested whether these preferences are influenced by contraceptive pill use and 

menstrual cycle phase. Due to hormonal changes across the menstrual cycle, we tested 

women in the follicular and the luteal phase of their cycle. We expected a preferential shift 

for MHC dissimilarity in the follicular phase in non-pill user group. 

 

In the first part of my thesis, I described the function of immune system but because 

it is an extensive field I focused only on the parts relevant to the role of MHC in mate 

choice. Further, I presented a synthesized review of odor-based and facial studies dealing 

with MHC-controlled mate preferences in humans. I also summarized the key evolutionary 

hypotheses and views on this subject.  

Because our research design was at particular points innovative, there could be a 

few methodical changes done. Taken this into account, I mentioned my comments to the 

methods in discussion.   
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2 Theoretical background 

 

2.1  Antigen-specific immune response  

Many vertebrates depend on innate immune responses as a first line of defense 

against pathogens but they can also use more sophisticated defenses, called adaptive 

immune responses. Adaptive immune system is evolutionary younger than the innate one, 

thought to have arisen in the first jawed vertebrates. This adaptive or “specific” immune 

response develops and changes over the course of our lifetimes and is thus also called 

acquired immunity.           

 Upon exposure to a pathogen, the first step is initiated by non-specific innate 

immunity. The innate responses activate the adaptive immune responses and both work 

together to eliminate infectious agents. Unlike innate immunity, adaptive immunity is 

highly antigen-specific and reacts only with the pathogen that induced the response. The 

adaptive immune system also exhibits immunological memory (Janeway, Travers, & 

Walport, 2001). During the first (primary) response to a pathogen, activation and 

proliferation of antigen-specific T- and B- lymphocytes producing antibodies is initiated. 

Some of the activated lymphocytes persists in the body as memory cells. These 

"remember" that it has encountered an invading organism (antigen) and react faster and in 

greater magnitude on subsequent exposure to the same pathogen. Another fundamental 

feature of the adaptive immune system is the ability to distinguish what is foreign from 

what is self. Occasionally, the system fails to make this distinction and overreacts 

destructively against the host‘s own molecules. That is the case when autoimmune diseases 

develop. 

The adaptive immune system can initiate two different responses towards 

pathogens: the humoral response and the cell-mediated response. In the humoral response, 

B lymhocytes are activated to secrete antibodies that bind specifically to the foreign 

antigen that stimulated their production. Binding of the antibody inactivates viruses and 

microbial toxins blocking their ability to bind to receptors on host cells. Antibody binding 

also marks invading pathogens for destruction, mainly by making it easier for phagocytic 
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cells to ingest them.           

 Cellular immunity is mediated mainly by regulatory and effector T lymphocytes. 

Activated antigen-specific cytotoxic T lymphocyts are able to induce apoptosis in body 

cells displaying epitopes of foreign antigen on their surface. In other cases, the T-

lymphocyte produces signal molecules (cytokines) that activate natural killer cells and 

macrophages to destroy the intracellular pathogens. Cell-mediated immunity also protects 

the body by stimulating cells to secrete a variety of cytokines that influence the function of 

other immune cells.   

Essential functions in the activation and functioning of the adaptive immune system 

are performed by major histocompatibility complex (MHC) molecules. MHC enables T-

lymphocytes to recognize antigens and discriminate self from non-self (Penn, 2002a). 

Apart from immune recognition, it has been suggested that the MHC also affects other 

important biological traits including susceptibility to autoimmune diseases, kin recognition 

or mating preferences. Previous research indicates that MHC genes may be related to 

individual body odor and thus influence mate choice preferences. Specifically, extremely 

high polymorphism in the MHC region presents an interesting model for mate choice 

related to genetic variability. 

 

2.2  What is MHC? 

 

Major histocompatibility complex is a large group of genes found in many 

vertebrates that codes the MHC antigens. In humans, MHC genes are referred to as human 

leukocyte antigen (HLA) and called so because they were first detected on leukocytes. The 

3.6 megabase-pair (Mb) long MHC region is located on the short arm of human 

chromosome 6, the homologous region H-2 in rodents is located on chromosome 17. In 

addition, due to their localization, HLA alleles are in tight linkage disequilibrium (the non-

random association of alleles at adjacent loci). The MHC genetic region contains more 

than 128 genes ("Complete sequence and gene map of a human major histocompatibility 

complex. The MHC sequencing consortium," 1999) and 96 pseudogenes.  
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Major histocompatibility complex was originally identified as a genetic locus 

controlling transplant rejection of tissue grafts (Penn, 2002a). Initial experiments were 

carried out in mice from different endogamic strains and researchers found that in a 

transplant, MHC gene products act as antigens. They can start an immune response, thus 

provoking the transplant rejection. This historical discovery led to the first title –  

transplant antigens. Subsequently, the set of linked genes was renamed to the major 

histocompatibility complex after its function– restricting the tissue histocompatibility 

between non-genetically identical members of the same species. 

 

2.2.1 Function and structure of MHC  

 

MHC genes code for cell-surface glycoproteins whose primary physiological 

function is to recognize and bind peptides and present them to immune cells (usually to T-

lymhocytes or natural killer cells) (Germain, 1994). Displayed peptides are derived from 

either endogenous or foreign proteins. When the appropriate pattern is bounded by MHC 

and T-lymphocyte, a cascade leading to immune response is triggered.  

 The best known genes in the MHC region are the group known as Human leukocyte 

antigen. The correlation between certain HLA alleles and disease resistance against 

falciparum malaria, schistosomiasis or Epstein-Barr virus has been observed (Apanius, 

Penn, Slev, Ruff, & Potts, 1997). In addition, it was found that a specific person‘s HLA 

type can determine their susceptibility to disease (e.g. rheumatoid arthritis, type 1 and type 

2 Diabetes mellitus) (Horton et al., 2004) or the success of a transplant.  

In humans, MHC genes can be divided into three major classes: Class I, II, and III. 

The class I gene complex contains three loci A, B and C called classical MHC 

glycoproteins and E, F and G loci called non-classical MHC glycoproteins. At least three 

loci, DP, DQ and DR belong to MHC class II region. Class III region is not actually a part 

of the HLA complex, but is located within the HLA region, because its components are 

either related to the functions of the HLA system or share control mechanisms of HLA 

genes. Class III antigens are associated with molecules involved in inflammation, 
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complement components or heat shock proteins. MHC class III gene products have no role 

in graft rejection. 

2.2.1.1 MHC class I and II function 

 

MHC molecules are required to monitor pathogens. MHC class I genes control the 

immune defense against intracellular microorganisms. They bind endogenous peptides 

mainly derived from viral proteins and infected cells and present them to CD8+ cytotoxic 

T-lymphocytes. MHC class I are expressed on the surface of all nucleated somatic cells 

except sperm cells and some neurones. 

In contrast, MHC class II genes are involved in monitoring the extracellular 

environment by presenting processed exogenous peptides mainly derived from parasites to 

CD 4 +T-helper lymphocytes. Their expression is more restricted; they are primarily 

expressed on antigen-presenting cells such as B lymphocytes, dendritic cells or 

macrophages (Janeway, Travers, & Walport, 2001).  

 

2.2.1.2 MHC class I and II structure 

 

Class I MHC molecules are heterodimers encoded by a different exon from a single 

gene. The class I genes code for the α polypeptide chain of the class I molecule; the β chain 

of the class I molecule is encoded by a gene on chromosome 15 (in humans) – the beta2-

microglobulin gene. The α chain has five domains: two peptide-binding domains (α1 and 

α2), one immunoglobulin-like domain (α3), the transmembrane region, and the 

cytoplasmic tail (Fig. 1). The MHC class II molecule is a heterodimer that consists of two 

transmembrane α and β polypeptide chains. The chains have four domains: the peptide-

binding domain (α1 or β1), the immunoglobulin-like domain (α2 or β2), the 

transmembrane region (TM), and the cytoplasmic tail (Fig. 1).    

 Each MHC molecule has an antigen-specific peptide-binding site which is 

responsible for peptide recognition (Germain, 1994) and also affects allelic polymorphism 

due to various nucleic-acid composition. A single MHC molecule can bind multiple 
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peptides that have a common amino-acid binding motif matching its peptide-binding 

groove. As MHC class I has a binding groove narrower than MHC II, type I molecules 

bind peptides that are 8-10 amino acids in length while MHC II binds  peptides 15-35 

amino acids in length.  

 

 

Fig. 1 Structure of HLA Class I and Class II molecules (taken from Klein & Sato, 2000) 

 

2.2.2 MHC pathways 

 

Despite their general structure similarities, the two classes of MHC molecules bind 

peptides in distinct ways. Antigens of two categories, endogenous and exogenous, are 

processed and presented to T cells by different mechanisms of adaptive immunity. 

 

2.2.2.1 Endogenous antigen processing by MHC I 

 

Intracellular antigens derived from viruses, cytoplasmic bacteria, tumors or the host 

cell‘s own proteins are degraded within a specialized enzyme complex, the proteasome, 

into fragments. A specialized carrier, the Transporter associated with Antigen Processing 

(TAP) complex moves the peptide into the endoplasmic reticulum, where peptide is 
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coupled to an MHC Class I molecule and further displayed at the cell surface (Fig. 2). 

MHC Class I molecules present the antigen in their peptide-binding groove to CD8+ 

cytotoxic T lymphocytes (CTL) specialized for inducing the death of other cells by lysis. 

When a cytotoxic T-lymphocyte recognizes an antigen presented by an infected cell, it 

proliferates, and its clones kill similarly infected target cell. 

 

 

Fig. 2 Antigen processing during presentation via the MHC-I pathway (taken from 

Starodubova, Isaguliants, & Karpov, 2010) 

 

2.2.2.2 Exogenous antigen processing by MHC II 

 

Extracellularly acquired antigens (inhaled, ingested, or injected) are mostly 

pathogen-derived. First, antigens are taken up by antigen-presenting cells (APCs) and 

engulfed by endocytosis or created by autophagy. After fusing the endosome containing 

engulfed patterns with lysosome, the antigen is degraded into fragments. These processed 

peptides are transported on the MHC II surface which interacts with CD4+ T helper 

lymphocytes (Fig. 3). Such activated T helper cells proliferate and release cytokines that 
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induce an appropriate immune response (including activate macrophages activation, B-

lymphocyte proliferation and antibody production). 

 

 

 

 

Fig. 3 Antigen processing during presentation via the MHC-II pathway (taken from 

Starodubova, Isaguliants, & Karpov, 2010) 
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2.2.3 MHC polymorphism 

 

Polymorphism can be characterized as a type of allelic sequence variation when at 

least one sequence variant occurs with population prevalence higher than 1% 

("Informational paper: implications of genetic technology for the management of 

periodontal diseases," 2005). As such, genes within the MHC represent the most 

polymorphic loci known in vertebrates. Given that any MHC molecule can mediate 

resistance only to a few pathogens, one would expect the expression of many different 

MHC alleles and loci per individual. In reality, however, the intraindividual MHC diversity 

(that is the overall number of different classical MHC alleles at all loci) is surprisingly low 

compared with the large diversity of MHC alleles at the population level. 

HLA alleles often occur at fairly even frequencies within human populations 

(Hedrick & Thomson, 1983). This means that several alleles occur at intermediate and 

similar frequencies, with a few at low frequencies or as single copies and a few with very 

high frequencies. In several human populations more even allele frequency distribution 

than expected under neutrality at HLA loci has been observed (Hedrick & Thomson, 1983; 

Salamon et al., 1999; Valdes, McWeeney, Meyer, Nelson, & Thomson, 1999), suggesting 

a potential effect of balancing selection. These studies revealed considerable heterogeneity 

among loci with respect to the evidence of selection. For example, while many populations 

appear to be selected at DQB1, there is less evidence of selection at DRB1 and even less at 

DPB1. Analyses of the ratio of synonymous to nonsynonymous substitutions revealed an 

excess of nonsynonymous substitutions at codons involved in peptide binding, consistent 

with balancing selection upon these codons (A. L. Hughes & Nei, 1988). 

The most studied loci within the human population are the nine MHC isotypes: 

HLA-A, HLA-B, HLA-C, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-

DRA, and HLA-DRB1. To date, 1698 alleles for HLA-A genes, 2271 alleles for HLA-B, 

1213 alleles for C, 1081 alleles for DR, and 202 alleles for D have been identified in the 

human population (Robinson et al.). These data imply that the most polymorphic genes are 

at the HLA-B and HLA-DRB loci. As these alleles can be inherited and expressed in many 

different combinations, each individual in the population will most likely express some 

molecules that will be different from the molecules in another individual, except in the 
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case of identical twins. Despite the large number of MHC genes expressed, the actual 

frequency of functional alleles is lower than expected. 

  

Each individual in the population has a characteristic set of MHC genes. In 

particular, each human cell expresses six MHC class-I alleles (one HLA-A, -B, and -C 

allele from each progenitor) and 6-8 MHC class-2 alleles (one HLA-DP and -DQ, and one 

or two HLA-DR from each progenitor, and some combinations of these). As MHC genes 

are inherited co-dominantly, a heterozygous human inherits one paternal and one maternal 

haplotype, each containing three class I and three class II loci. The type and variant MHC 

molecules do not vary in the lifetime of the individual; the diversity in MHC exists at the 

population level. While the general architecture of the MHC superfamily appears relatively 

conserved within each class of vertebrates, the number of either class I or II loci varies 

substantially among species. For instance, at least 17 class II loci are expressed in cichlids 

(Malaga-Trillo et al., 1998), whereas no more than three class I loci have been found in 

salmonid species (Miller & Withler, 1997). 

 

2.2.3.1 Thymic selection 

 

The MHC variability is correlated with the diversity of the T-lymphocyte  receptors 

which in turn determine the disease and parasite resistance, and thus may influence the 

long-term survival probability of populations. Each T lymphocyte (also called T-cell) has 

its unique receptor (TCR) that binds to the MHC antigen complexes. During T cell 

maturation in thymus, TCRs are functionally formed and checked by positive and negative 

selections. When passing through positive selection, only cells with a T cell receptor that 

are able to bind MHC class I or II molecules with at least a weak affinity survive. In 

negative selection, thymocytes with high affinity for self peptides or MHC die by induced 

apoptosis. This mechanism prevents autoreactivity towards self-proteins, though it is not 

absolutely precise (Woelfing, Traulsen, Milinski, & Boehm, 2009).  

Both thymic events shape an individual’s T cell repertoire. As a result, positive 

selection eliminates T-cells with low or no MHC-antigen affinity while negative selection 
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eliminates those with high affinity, leaving only T-cells with an optimal affinity (Ashton-

Rickardt & Tonegawa, 1994). 

Because different MHC molecules present distinct proteins to T cells, it can be 

advantageous for an individual to express more, rather than fewer, MHC molecules. This 

would increase immunological resistance by increasing both the diversity of antigens 

presented and expansion of the T-cell repertoire preserved during positive selection.  

  On the other hand, a maximum number of MHC molecules would cause depletion 

of too many TCRs in negative selection. In fact, the number of MHC molecules expressed 

in any individual is relatively limited (Borghans, Noest, & De Boer, 2003).  

  

It is generally thought that there is a trade-off between increasing antigens 

presented and T-cell depletion resulting in the maintenance of multiple MHC loci and 

prevention of further duplication of MHC loci. At some point, increasing the number of 

MHC molecules expressed should cause a loss of T-cells as negative thymic selection 

exceeds positive selection (Lawlor, Zemmour, Ennis, & Parham, 1990). From this point of 

view, it would not be advantageous to possess maximum variety of MHC alleles.  

Nowak and his colleagues (1992) proposed that it may be very costly to have a very 

large number of different MHC molecules on every single cell and proposed that natural 

selection might favor individuals with an optimal number of loci and an optimal level of 

MHC heterozygosity. 

A contrary opinion is given by the experimental study of Borghans and colleagues 

(2003). They used a simulation approach that revealed that several hundred alleles would 

be required to cause T-cell depletion. Such very high levels of allelic diversity are not 

observed in nature, suggesting that thymic selection is not the limiting factor of an 

individual’s MHC diversity.  

 

As described above, individual MHC class I and II face a different spectrum of 

pathogens. This ability is believed to be mainly related to the sequence variation among 

MHC alleles in the antigen binding site (ABS; also named antigen recognition sites or 

ARS, and peptide binding region or PBR). Alterations in antigen-binding sites allow 

binding of a wider array of antigens. The antigen-binding sites show high levels of 
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variation in the number of alleles and also in sequence deviation between alleles (A. L. 

Hughes & Yeager, 1998).  

 

2.2.3.2 Causes of MHC variability 

 

Genes within the MHC region show a high level of polymorphism, although the 

evolutionary forces that shape such high polymorphism have not been precisely defined 

yet. Using nucleotide sequence data from ABS, it is suggested that observed MHC 

polymorphism has arisen through processes of balancing selection. 

 

Balancing selection 

 

It is generally assumed that the evolutionary process that generates diversity by 

shaping patterns of MHC nucleotide is balancing selection. Balancing selection acts in 

such a way that multiple alleles in a population are maintained above mutation rate 

frequencies. This balanced polymorphism appears to be related to a selection for -self/non-

self discrimination, specifically to the peptide-binding function of MHC molecules. To 

provide information about the effects of balancing selection in the MHC region, the rates 

of synonymous (those that do not result in protein change, ds) and non-synonymous 

(protein changing, dn) substitutions at peptide-binding sites are detected using dn/ds test. 

The test is based on the ratio of non-synonymous (protein changing) to synonymous (those 

that do not result in protein change) nucleotide substitutions per non-synonymous and 

synonymous site. As synonymous mutations have no effect on amino-acid composition 

they seem to be effectively neutral. Non-synonymous mutations, on the other hand, change 

amino-acid composition and therefore are more likely to be under selection. Under the 

influence of negative (purifying) selection, deleterious non-synonymous mutations are 

selectively eliminated. For example, purifying selection is expected to act against 

mutations that have deleterious effects on protein structure by causing changes to 

functionally important amino acid residues or to gene expression by altering regulation (A. 

L. Hughes et al., 2003).   
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 Under neutrality theory, the rate of synonymous nucleotide substitution exceeds the 

rate of non-synonymous substitutions (ds>dn) (A. L. Hughes & Nei, 1988). The evidence of 

purifying selection was confirmed for the duplicated Xenopus laevis genes (M. K. Hughes 

& Hughes, 1993).  

Conversely, beneficial non-synonymous substitutions will be retained by selection and 

result in dn>ds. This approach leads to the assumption that if balancing selection favors 

diversity at antigen-binding sites of MHC genes, advantageous non-synonymous mutations 

will be retained and high ratio of non-synonymous to synonymous substitutions will be 

observed. Several studies confirm this as they demonstrate that ABS display more non-

synonymous than synonymous substitutions (Bernatchez & Landry, 2003). Application of 

dn/ds tests across many vertebrate species confirms the effect of balancing selection in the 

MHC region (A. L. Hughes & Nei, 1989; Slade & McCallum, 1992). 

Balancing selection can lead not only to the maintenance of multiple allelic lineages in 

populations, but also to increased persistence of allelic diversity over long time periods 

relative to neutral genetic variation (Richman, 2000). This observation is termed trans-

species evolution of polymorphism and it has been identified in many taxa including 

salmonids (Miller & Withler, 1997), rodents (Musolf, Meyer-Lucht, & Sommer, 2004) or 

pinnipeds (Hoelzel, Stephens, & O'Brien, 1999).  

 

Three types of balancing selection have been suggested to explain extreme diversity in 

MHC genes in humans and vertebrates: 

 

1. Heterozygote advantage 

2. Frequency-dependent selection (including rare-allele advantage and the moving-target 

hypothesis) 

3. Sexual selection (including the inbreeding avoidance hypothesis) 

 

 All three adaptive hypotheses are functionally significant in relation to MHC- 

dependent mating preferences. 
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2.2.3.3 Mechanisms maintaining MHC diversity 

 

Heterozygote advantage 

 

As MHC genes are expressed co-dominantly, contributions of both parental alleles are 

expressed in the phenotype where they do not overpower each other. According to the 

biological function of MHC, different allelic products bind different arrays of peptides. 

Taking this into account, MHC heterozygotes present more types of antigens than 

homozygotes, increasing the probability of successful immune response. From a biological 

perspective, the concept of heterozygote advantage assumes benefits from parental 

diversity. Advantage arising from choosing MHC-dissimilar mates would result in MHC-

heterozygous offspring that may have enhanced immunocompetence in terms of higher 

resistance to infectious diseases.  

In case of defense against multiple pathogens, heterozygous individuals are able to 

present a wider range of pathogen-derived antigens due to a larger number of MHC 

molecules, hence increasing the relative fitness of MHC heterozygotes compared with 

homozygotes (A. L. Hughes & Nei, 1989). This is also expected because MHC alleles 

resistant to one infectious agent are susceptible to others, suggesting that heterozygotes 

may be particularly resistant to co-infections of parasites showing the opposite or 

reciprocal resistance profiles (Apanius et al., 1997). Because resistance is allele specific, 

studies using only one or a few pathogens may not be able to differentiate between the 

fitness of heterozygotes or homozygotes if both carry resistant alleles. Thus, heterozygote 

advantage can arise only in the context of infections by multiple pathogens.  

In heterozygote advantage, the term ‘overdominance’ (heterozygote superiority) 

seems to be an efficient mechanism promoting MHC variability. If the allele A is 

associated with pathogen resistance, then heterozygous genotype AB in progeny has a 

higher fitness and is more resistant than both parental AA and BB genotypes. This 

assumption is based on the background of pathogen-driven heterozygous advantage 

described above. Consequently, MHC heterozygotes have higher fitness than either 

parental homozygotes, especially when multiple pathogens/parasites are present, hence, the 

offspring will be better prepared for unpredictable interactions in the future generation.  
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The overdominant selection hypothesis was supported by Hughes and Nei’s study 

(1988) which focused on nucleotide substitutions in antigen-binding sites of the MHC. As 

different MHC molecules have specific ABS motifs, higher variety at ABS assumes the 

ability of binding a broader array of antigens. The study found an enhanced 

nonsynonymous rate of codon substitution (dn>ds), mainly in the regions encoding the ABS 

of the molecule.  

 

Research testing the MHC-heterozygote advantage hypothesis in humans has 

almost exclusively examined resistance to viral infections. One study, focused on the 

hepatitis B virus, indicates that being fully heterozygous in the MHC is advantageous for 

viral clearance (Thio et al., 2003). Another study, on the human immunodeficiency virus 

(HIV), suggests that HIV positive MHC heterozygotes progress to AIDS more slowly than 

homozygotes (Carrington et al., 1999).  

Laboratory experiments in mice have shown that MHC-heterozygous mice have 

greater survival when faced with multiple infections e.g. Salmonella, Lysteria (Penn, 

Damjanovich, & Potts, 2002), Salmonella enterica, Theiler’s murine encephalomyelitis 

virus (McClelland, Penn, & Potts, 2003) and that they had a faster clearance rate of 

parasites (Heligmosomoides polygyrus) (Behnke & Wahid, 1991) than homozygotes. 

However, experimental tests involving chickens with single infections show no evidence of 

heterozygote advantage to a single pathogen or parasite species, indicating that resistance 

to infections is co-dominantly expressed (Apanius et al., 1997).  

To examine whether genetic diversity in MHC and non-MHC microstellite loci is 

associated with health, Lie et al. (2009) observed symptoms of infectious diseases reported 

by participants over a four-month period. Heterozygosity was estimated at microsatellite 

markers at loci within and outside the MHC. Microsatellites within the MHC are being 

used to infer levels of MHC diversity, as they typically show evidence of selection acting 

on the MHC loci to which they are linked. Authors concluded that individuals with higher 

allelic diversity at the HLA-DRB1 locus reported fewer symptoms, however, no 

correlation between MHC and non-MHC heterozygosity and health was found. 
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Frequency-dependent selection 

Maintained MHC polymorphism is often associated with host-parasite co-

evolution. As each MHC allele differs in resistance to a particular parasite, it is thought 

that populations with high MHC diversity have better chance of survival than populations 

with low diversity. This also assumes that the most resistant allele will be preferred and 

spread through the population.  

 

Frequency-dependent selection occurs when a certain allele or genotype is favored 

at one frequency but disadvantaged at another. This hypothesis also requires that parasites 

are able to adapt to host genotypes. When parasites are present, then a host with the most 

common genotype has a higher chance of being infected than a host with a rare genotype. 

Penn and Potts (Penn & Potts, 1999) have suggested that if MHC diversity is maintained 

by evolving parasites then MHC-dependent mating preferences enable hosts to provide a 

“moving target” against rapidly evolving parasites that may escape recognition by common 

immune genotype (the moving target or the Red Queen hypothesis). Such parasite-

mediated selection is suspected to drive MHC diversity through rare-allele advantage. This 

mechanism assumes that in a population, a host possessing rare (new) allele initially has an 

advantage because of higher resistance against parasites. In response, the rare allele 

becomes more common and spreads through the population and pathogen pressure will 

favor such the strain that is able to evade recognition by these common alleles. This 

situation results in a high number of parasite-resistant individuals with common alleles and 

a pathogen strain adapted on these alleles. A strain which arises by mutation increases in 

frequency until another rare allele occurs and reduces the number of adapted parasites. As 

a consequence, this selection process repeats itself in next generations, so in the case of 

MHC, one host of the MHC allele is favored at certain time in one environment and 

selected against another. This negative frequency-dependent selection gives a selective 

advantage to rare MHC alleles and can explain the high degree of MHC polymorphism 

found in the population. In a mate choice context, a choosing sex, mostly possessing 

relatively common MHC alleles, should favor individuals with a dissimilar, rare MHC 

genotype in order to have an offspring with rare alleles. When a rare allele provides 
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protective immunity against invading pathogens, such benefit has the effect on the carrier 

as well as on the offspring.  

 

Sexual selection 

 

Sexual selection theory proposes that some characteristics are maintained in the 

population because they are favored by opposite sex even though these characteristics may 

be detrimental to an individual and decrease its fitness. Such characteristics are favored if 

the enhancement of mating success outbalanced their detrimental effects. 

The view that sexual selection operating within populations is one of the 

mechanisms of evolution was first pointed out by Charles Darwin (Darwin, 1859). This 

mechanism stands on two related principals: the first called intersexual selection (also 

known as 'mate choice' or 'female choice') is a tendency of members of one sex to 

preferentially choose as mates certain members of the opposite sex; the second, intrasexual 

selection (also known as 'male–male competition'/'female–female competition') defined the 

tendency of members of one sex to compete with another for access to members of the 

opposite sex (Buss DM, 1986).  

Intersexual selection is observed in the MHC-dependent mating preferences. 

Conventionally, females are considered the choosier sex because of their excessive 

reproductive investment in offspring (Trivers 1972). However, humans have a resource-

based mating system and men also invest substantially in offspring.    

 From sexual selection arise two types of benefits – direct and indirect. Males 

provide to the female or her offspring food, shelter or protection from predators. In the 

case of MHC genes, enhanced immunity in males will ensure better parental care because 

the parent would not be restricted by his health status. These direct benefits could have a 

great impact on female fitness. On the other hand, through mate choice females receive an 

indirect benefit in the form of increased genetic properties that enhance fitness of resulting 

progeny (Roberts et al., 2005). Indirect benefits are not restricted only to female choice 

though; both sexes can confer their survival or reproductive advantages by choosing 

partners with traits that reflect genetic complementarity or genetic quality. Genetic quality 

can be defined on the basis of the contribution a gene variant (allele) or genotype (alleles) 
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makes to an individual’s fitness. Accordingly, an individual has higher genetic quality 

when possessing an allele or genotype that increases its fitness. This can be realized by two 

ways – either through good genes (additive effects on fitness) or compatible genes (non-

additive effects on fitness). Both components increase fitness in a different way – a good 

gene independently of the architecture of the remaining genome; a compatible gene only 

within a specific genotype (Neff & Pitcher, 2005).  

 

Good and compatible genes 

 

Individuals can favor a potential sexual mates who exhibit traits indicating ‘good 

genes’. These beneficial genes may be consequently reflected in better genetic quality of 

progeny so that individual’s indirect fitness benefits result via the genotype of offspring. 

Brown and his colleagues proposed that genetic quality may be defined as heterozygosity 

at certain loci (Brown, 1997). If one of the costs of sex is genetic load of deleterious, 

recessive alleles it would be plausible to choose a mate so as to increase heterozygosity in 

offspring and reduce the negative effects of these alleles. It is also assumed that genetically 

diverse offspring will better face unpredictable interactions (e.g. infections). Concerning 

this, he proposed that heterozygosity should be correlated with the expression of condition-

dependent male traits and that females should value heterozygosity in their offspring and, 

under some conditions, in their males. In this case, sexual selection may provide 

heterozygote advantage.  

Hedrick and Thompson (1983) pointed out that in human populations 

heterozygosity of the MHC is more frequent than expected by chance. As sexual 

reproduction gives the chance to react flexibly to a continuously changing environmental 

selection pressure such as co-evolving parasites, some authors have interpreted this as a 

result of sexual selection: MHC heterozygotes may, on average, have a selective advantage 

under pathogen pressure (A. L. Hughes & Nei, 1988). 

Accordingly, in order to produce more viable progeny, a female need not only 

assess the quality of males’ genes, but must also take into account how well they 

complement her own genes in order to ensure a heterozygous offspring. Such 
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complementary preferences usually favor males with a dissimilar genotype (Potts, 

Manning, & Wakeland, 1991). 

 

Disassortative mating 

 

In the context of mate choice, the term ‘disassortative mating’ is often used. 

Whereas the Hardy-Weinberg model assumes one particular mating system based on 

random mating, disassortative mating is a form of sexual selection in terms of preferential 

pairing of phenotypically dissimilar individuals. If individuals mate disassortatively with 

respect to the MHC, they maximize heterozygosity of their offspring, either as a 

mechanism of inbreeding avoidance or maximizing the number of MHC alleles in 

offspring so they can recognize a wider array of antigens (Penn & Potts, 1999). This was 

observed in mice, indicating that both sexes prefer MHC-dissimilar mates (Lenington & 

Egid, 1989; Potts et al., 1991). 

On the other hand, studies in natural populations of fish show that maximizing the 

number of MHC alleles does not have to be the goal. A mate choice experiment in 

sticklebacks (Gasterosteus aculeatus) suggests the preseference for optimal MHC diversity 

within individuals. While female sticklebacks with fewer MHC alleles than the population 

average tend to select males with more MHC alleles, females with many MHC alleles 

select males with relatively few alleles (Reusch, Haberli, Aeschlimann, & Milinski, 2001).   

If dissimilarity is more advantageous than being genetically similar one would 

expect that individuals should prefer mates who carry dissimilar MHC alleles and that may 

lead to avoiding individuals with alleles that reduce the probability of offspring abortion. A 

number of studies indicate that there is a high rate of recurrent spontaneous abortion and 

longer interbirth intervals in couples that share HLA antigens (Beydoun & Saftlas, 2005). 

The genetic hypothesis aimed to explain this phenomenon suggests that the fetal loss 

results from homozygosity of recessive lethal or deleterious alleles in gametic 

disequilibrium with HLA antigens (Hedrick, 1988). 
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The inbreeding avoidance hypothesis 

Because of high genetic variability and phenotypic expression, MHC genes can be 

used for kin recognition. Since MHC genes are highly polymorphic, individuals sharing 

MHC alleles are likely to be related (Penn & Potts, 1999). MHC-correlated mate choice 

can function as a good system of recognizing individuals with different MHC genes and so 

these individuals would be preferentially selected to breed with. In the sexual selection 

context, MHC-dependent mating preferences were hypothesized to be the basis of a 

mechanism for kin recognition used to suppress inbreeding (Brown & Eklund, 1994). This 

‘inbreeding avoidance hypothesis‘ indicates that evading an MHC-similar mate would 

decrease the chance of inbreeding through familiarity and the negative fitness 

consequences associated with it. Inbreeding has a negative effect, as it increases 

homozygosity and thus the occurrence of deleterious or lethal alleles.   

 Distinguishing between kin and non-kin can be useful for several reasons. In 

humans, incest can be potentially harmful resulting in genetic defects in the offspring. 

Further, genetically related individuals can be favored in the case of cooperation, for 

example mice prefer to nest with sisters or MHC-similar individuals (Manning, Wakeland, 

& Potts, 1992).  

 

2.3  MHC influence on mate choice 

Concerning MHC – correlated mate choice, there is a question how MHC genes can 

exhibit themselves in the individual phenotype and thus influence mating preferences. 

Previous studies focused mainly on two types of signals modulating human mate 

preferences: chemical (individual’s body odor) and visual (facial attractiveness). 

 

2.3.1 MHC and body odor 

 

On account of the enormous polymorphism at MHC loci it is unlikely that in 

humans two unrelated individuals possess the same MHC haplotypes. Apart from HLA 
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haplotypes, each individual also differs in ‘body odor signature‘. It is hypothesized that 

MHC glycoproteins play a role in creating unique body odor, making the MHC a suitable 

olfactory marker in terms of mate selection and kin recognition. In other words, chemical 

signals that provide information about the individual‘s genes involved in 

immunocompetence serve as a potential link between the MHC and mate choice. Several 

studies led to the conclusion that the individual‘s characteristic body odor signature is 

partly determined by their inherited MHC alleles (Jacob, McClintock, Zelano, & Ober, 

2002; Roberts, Gosling, Carter, & Petrie, 2008; Wedekind, Seebeck, Bettens, & Paepke, 

1995). Unlike the immune function of MHC molecules, their influence on body odor 

remains unclear. Several hypotheses have been proposed for how MHC genes can 

influence body odor. 

 

MHC molecules provide odorants themselves 

First, while soluble MHC molecules occur in body liquids as urine, saliva and 

sweat (Wobst et al., 1998), they may influence odor directly by whole MHC proteins in the 

body fluids (Landry, Garant, Duchesne, & Bernatchez, 2001). 

Most research has been conducted on rodents, indicating that mice recognize the 

MHC identity of potential mates via chemosensory cues. Yamazaki and his colleagues 

(1979) initially found that mice can be trained to distinguish odors of MHC-congenic mice. 

In the experiment, they used a Y-maze in which mice were trained to enter alternative 

chambers scented by an airflow through odor boxes occupied by MHC-congenic mice. 

 This study has been replicated with wild-derived house mice (D. Penn & W. K. 

Potts, 1998a). Penn’s study has shown that wild-derived mice can be trained to detect the 

odors of mice that differ genetically only in the MHC region. Further, they found that wild-

derived mice can, without training, distinguish the odors of mice that differ genetically 

only at one classical MHC locus. 

It has been demonstrated that urine is the strongest and most effective odor source 

in rodents. Both mice and rats can distinguish individuals that are genetically identical 

except in the MHC region (Brown, Singh, & Roser, 1987; Yamazaki et al., 1979). 

On the other hand, the hypothesis about urine odorants effecting body odor seems 

unlikely because MHC molecules are large, involatile proteins. Furthermore, denaturation 



30 

 

of urine proteins does not change the ability to distinguish MHC-mediated odors by mice 

(Singer, 1993). In humans, urine seems to be a minor communicative source compared to 

axillary odor.  

Because MHC glycoproteins are transmembrane molecules, they must be treated 

with proteases before transferring to body fluids where they become available for 

perception by another individual. This proteolytic cleavage transforms the structure of 

shedded MHC fragments so the peptide-binding site is no longer functional. This argues 

against MHC molecules themselves being chemosignals. 

 

The carrier hypothesis 

Secondly, it has been suggested that MHC molecules might associate with smaller 

volatile molecules, in an allele-specific way, and transport them from the blood into the 

urine (Singh, 2001).  

 

The peptide hypothesis 

 The third hypothesis proposes that MHC molecules bind to allele-specific subsets 

of peptides, and their metabolites such as carboxylic acids, may be a potent source of 

volatile odorants (Singer, Beauchamp,  & Yamazaki, 1997). MHC class I molecules, which 

are expressed in nearly all nucleated cells, bind peptides that are highly evolutionary 

conserved, hydrophilic, and derived from hydrophobic proteins, whereas class II-bound 

peptides are generally more conserved than their source proteins and significantly less 

conserved than class I-bound peptides. Supporting the hypothesis, a study by Singer et al. 

(1997) found that relative concentrations of volatile carboxylic acids were characteristic of 

the urinary odor of different MHC-congenic mouse strains. These acids may be metabolic 

by-products of MHC-bound peptides or microbial flora. Accordingly, research on 

stickleback fish also endorses the peptide hypothesis. In the experiment, modified peptides 

were added to the water flow channel coming from male sticklebacks. The results suggest 

that peptides form part of the MHC-related odor signals that female sticklebacks evaluate 

in their behavioral mate choice (Milinski et al., 2005). 

Whether MHC peptide ligands themselves can function as sensory stimuli in the 

context of pregnancy block was tested in mice (Leinders-Zufall et al., 2004). In this 
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experiment, recently mated female mice return to estrus after exposure to the urine of a 

male genetically different from the stud male (this paradigm is known as the Bruce effect).  

 

The microflora hypothesis 

Fourthly, MHC genes may influence odor indirectly to control the production of a 

commensal bacterial flora specific to each individual (Schellinck, Brown, & Slotnick, 

1991), although the evidence for this idea is inconsistent. For example, Toivanen et al. 

(Toivanen, Vaahtovuo, & Eerola, 2001) concluded that composition of the fecal microflora 

of mice varies among MHC-congenic strains. 

Interestingly, it was shown that pregnant female mouse odortype is influenced by 

the MHC genes of the fetus (Beauchamp & Yamazaki, 2005). This finding indicates that 

odorants are produced endogenously. 

 

It is worth noting that the individual hypotheses are not mutually exclusive. Recent 

studies indicate that a combination of the peptide and microflora hypotheses seems to be 

the most likely explanation, e. g. MHC-bound peptides are metabolized and made volatile 

by microbes (Boehm & Zufall, 2006). 

Taken together, MHC-mediated odorants are produced endogenously and 

transported by a protein carrier, although commensal microflora may be necessary to 

amplify or make these odorants perceptible.  

 

2.3.1.1 Genetics of chemoperception 

 

However, human chemical communication is not well understood. Most MHC-

correlated odor studies have worked on individual’s axillary odor. This part of human body 

has mainly one type of odor-producing glands: the apocrine glands. In the axillary area, the 

protein carriers bind and transport odorants to the axillae where the metabolic activity of 

skin bacteria transforms them to volatile odorous compounds. 

It still remains unclear how an individual can detect MHC-mediated odors. An 

increasing number of studies examine the possibility that MHC-linked olfactory-like 

receptors (OR) may be somehow involved in the perception of odors (Ehlers et al., 2000; 
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Younger et al., 2001). It is thought so because high sequence homology between the 

olfactory receptor-gene family and regions of the MHC class I was described (Janssen & 

Zavazava, 1999). Olfactory receptors in vertebrates are expressed in two anatomically and 

functionally different organs within the nose: the main olfactory epithelium and the 

vomeronasal organ (a chemical sensory system mainly used to detect pheromones). In 

general, ORs expressed in the main olfactory epithelium are believed to recognize 

environmental odors (conscious odor perception), whereas ORs expressed in the 

vomeronasal organ are believed to recognize odors such as pheromones (subconscious 

odor perception) (Younger et al., 2001). High sequence homology between the olfactory 

receptor-gene family and regions of the MHC class I was described. 

In mice, vomeronasal sensory neurons in the basal layer can be stimulated by MHC 

class I ligands independently on MHC haplotype (Leinders-Zufall et al., 2004). Data also 

suggest that the vomeronasal organ in mice detect both nonvolatile and volatile stimuli. 

 

2.3.2 MHC and mate preferences according to genetic compatibility 

 

It is assumed that mating preferences may also play a role in extreme MHC 

polymorphism in some species (Penn & Potts, 1999). Genetic diversity in MHC genes has 

been associated with mate preferences in mice (D. Penn & W. Potts, 1998); (Yamazaki et 

al., 1976); (Eklund, 1997), birds (Freeman-Gallant, Meguerdichian, Wheelwright, & 

Sollecito, 2003), fish (Milinski et al., 2005), sand lizards (Olsson et al., 2003) and in 

humans (Wedekind & Furi, 1997); (Thornhill, Gangestad, Miller, Scheyd, McCollough & 

Franklin 2003; (Roberts et al., 2008).  

Association between MHC and mate choice was first tested in as far back as 1976 

in mice. Yamazaki and his colleagues (Yamazaki et al., 1976) discovered evidence for 

MHC- disassortative mating preferences in strains that differ genetically only in the MHC 

genes. These preferences occurred in the case of male mice that favored MHC dissimilar 

females. Following experiments in mice have found somewhat mixed results, some were 

consistent with Yamazaki’s initial results (Beauchamp, Yamazaki, Bard, & Boyse, 1988; 

Potts et al., 1991) whereas some did not find any preferences (Manning, Potts, Wakeland, 
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&  Dewsbury, 1992a). The mice studies of Yamazaki et al. also indicated that recognizing 

individuals with different MHC genes is mediated by odor cues. Interestingly, it was found 

that mice can learn the odor of their parents and avoid mating with mice having their 

parent’s particular MHC-determined odor type (chemosensory imprinting).  

In humans, behavioral studies based on either MHC odor or mating preferences 

have investigated genetic MHC diversity in two ways. First, they focused on MHC 

heterozygosity of potential mates (Thornhill, Gangestad, Miller, Scheyd, McCollough & 

Franklin, 2003; Wedekind, Seebeck, Bettens, & Paepke, 2006; Roberts et al. 2005a); 

secondly, they compared MHC similarity/dissimilarity between choosing an individual and 

potential mate (Santos, Schinemann, Gabardo, & Bicalho Mda, 2005; Wedekind et al., 

1995). Mate preferences for genetic dissimilarity or heterozygosity are not mutually 

exclusive, and both can contribute to the maintenance of high level of polymorphism 

observed at MHC loci.         

 There are two distinct approaches to research design in testing MHC dissimilarity, 

specifically in the rating procedure that have been used. The first approach is based on a 

balanced rating design in which the fix number of odors collected from MHC-similar and 

MHC-dissimilar individuals is selected for each rater. Concretely, six odor samples were 

rated (3 similar, 3 dissimilar) in Wedekind (1995) and Roberts (2008). On one hand the 

sensitive method can be disadvantageous because it requires a large set of donors per one 

rater to ensure sufficient genetic variability.       

 The second approach is called the correlational approach in which all raters are 

presented with a number of samples, either six (Jacob et al., 2002; Wedekind & Furi, 1997) 

or ten (Thornhill, Gangestad, Miller, Scheyd, McCollough & Franklin, 2003). Judgments 

are made on rating a scale and then correlated against the number of shared alleles between 

odor rater and donor. The main advantage is higher order correlations that allow analysis 

of the degree of preferred dissimilarity.        

Much attention has been given to the two main aspects associated with mate 

preferences–body odor and facial attractiveness. The following sections give a general 

overview of published findings based on MHC-correlated human mate preferences.  
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2.3.2.1 Preference for MHC heterozygosity 

Heterozygosity refers to having multiple alleles, or versions, of a gene. Specifically, 

heterozygosity of HLA would mean more alleles to fight against a wider variety of 

diseases and better survival rates in an environment with diverse diseases.  

Heterozygosity and body odor attractiveness 

Thornhill et al. (2003) studied the relationship between HLA heterozygosity and 

sexual attractiveness detected in scent, in addition to disassortative preferences. 56 men’s 

shirts and 48 women’s shirts worn for 2 nights’ sleep were smelled by the opposite sex and 

rated on a 10 point scale for their pleasantness, sexiness and intensity. Raters included 65 

women who did not use hormone-based contraception and 77 men, all were genotyped in 

their HLA-A, -B, and -DRB loci. Changes of women’s preferences for heterozygosity 

across menstrual cycle were observed. In agreement with studies in other species, a 

correlation between male scent attractiveness and heterozygosity at the HLA-B locus was 

found. Furthermore, the results suggested that women’s preference for the scent of MHC-

heterozygous men was stronger outside of the fertile phase of their cycle. In contrast, they 

found no correlation between female heterozygosity and attractiveness of their body odor. 

 Wedekind et al. (2006) examined possible effects of MHC heterozygosity on odor 

intensity. Previous studies indicated that there is a strong link between odor intensity and 

perceived body odor attractiveness or pleasantness, with general tendency to rate intense 

odors as less pleasant. This study used the data and experimental method from their 

original paper (Wedekind et al., 1995). Thirty-eight men genotyped for their HLA-A, -B 

and –DR loci, were asked to wear T-shirts for two consecutive nights. Odor samples rated 

by women were divided into two groups – MHC similar and MHC dissimilar. They found 

that body odor of homozygous men was judged more intense by MHC-dissimilar female 

raters, but not by MHC-similar raters. The authors discussed the results with following 

explanations: according to the Zahavi’s hypothesis (1975), the intensity of a signal may 

indicate genetic quality in terms of overall health and vigor, so only individuals with good 

health could afford to produce stronger signals that are more expensive to produce or 
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maintain. Secondly, unpleasant odors tend to be considered intense so they can be rated as 

more intense independently of odor content. 

Heterozygosity and facial attractiveness 

  There is a common assumption that facial attractiveness plays a crucial role in 

human mate choice. Facial characteristics are thought to advertise good genes to potential 

mates (Penton-Voak et al., 2001) and thus may provide information about individual health 

status and developmental stability. The traits which significantly contribute to facial 

attractiveness are fluctuating asymmetry (Penton-Voak et al., 2001) and visible skin 

condition (Jones, Little, Burt, & Perrett, 2004). These features partly reflect the phenotypic 

and genetic condition of individual and so they are apparently detectable by others. 

Fluctuating asymmetry (FA) is any departure from perfect bilateral symmetry (in our case 

in face). In general, asymmetry is assumed to signal low resistance to disease and 

susceptibility to parasites, both of which are undesirable heritable traits (Zaidel & Cohen, 

2005). Any deviation from perfect symmetry can be considered as genetic disadvantage in 

mate choice context. Fluctuating asymmetry reflects ability to deal with stress, both 

environmental and genetic, during ontogeny (Thornhill, Gangestad, Miller, Scheyd, 

McCollough & Franklin, 2003).  

  FA in traits can arise by genetic deviations (e. g. mutations, homozygosity). 

According to this, individuals with better genetic quality should be favored as they better 

resist environmental and genetic difficulties. It was shown that males with low levels of 

fluctuating asymmetry have higher mating success across multiple species and taxa 

(Moller & Thornhill, 1998). Most researches investigate whether naturally varying 

asymmetry measured on computerized faces is correlated with attractiveness judgments. 

As such, several studies indicate that symmetry predicted attractiveness (Grammer & 

Thornhill, 1994; Little, Burt, Penton-Voak, & Perrett, 2001; Scheib, Gangestad, & 

Thornhill, 1999). In contrast to these findings, Kowner’s study found very small 

associations between the degree of facial symmetry and attractiveness (Kowner, 1996), 

suggesting that although symmetry appears to contribute to facial attractiveness, its relative 

effect could be small. 
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 Roberts et al. (2005a) examined the possibility whether heterozygosity may be 

displayed in facial attractiveness. They found no correlation between heterozygosity and 

measures of facial symmetry; however, FA was positively correlated with perceived 

healthiness of skin.  

 

 Skin condition may be another direct visual cue to mate quality and thus influence 

attractiveness judgments (Jones et al., 2004). As facial skin is sensitive to any harmful 

environmental influences these would reflect in skin immunity. According to observed 

heterozygote advantage in resistance to infectious diseases, it is thought that MHC 

heterozygous individuals should be preferred for healthier skin reflecting pathogen-free 

condition. 

 

Association between facial attractiveness and MHC heterozygosity can be 

explained through fluctuating asymmetry. It is assumed that if MHC heterozygosity causes 

low levels of FA then faces of MHC heterozygotes should be found more attractive. 

Thornhill et al. (2003) tested facial preferences for MHC heterozygosity but no significant 

correlation between facial attractiveness (judged from photos) and FA was found.  

Roberts et al. (2005a) tested the effect of heterozygosity and levels of MHC 

similarity on facial preferences. They presented women with facial images of ninety-two 

men genotyped at three HLA loci and asked them to rate the photos for attractiveness. 

Faces of men heterozygous at all three MHC loci were rated more attractive than faces of 

MHC homozygotes, and this effect was independent of the level of MHC-similarity 

between the female rater and male target. They also suggested that skin appearance could 

potentially mediate the effect of MHC heterozygosity on attractiveness because perceived 

healthiness of facial skin was positively correlated with attractiveness ratings and MHC 

heterozygosity. Further, they did not find a correlation between FA and MHC 

heterozygosity. 

The second study examining the effects of heterozygosity on face perception was 

carried out by Lie et al. (2008) who used facial images of 160 participants (both male and 

female) and compared preferences based on genetic diversity using 12 microsatellite 

markers situated within the MHC region (including HLA-A, -B and -DRB1) and another 
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11 microsatellite markers at non-MHC loci. Male and female images were rated for facial 

characteristics (attractiveness, averageness, symmetry, masculinity/femininity) by opposite 

sex raters. The results have shown that preference for heterozygosity is specific to the 

MHC region. Women rated faces of MHC heterozygous men as more attractive. No such 

preference was found in males. Another study giving negative results was carried out in 

South African volunteers in 2007 by Coetzee et al. (2007). Photographs of 59 females were 

shown to 59 males, and rated for attractiveness and perceived health. All participants were 

genotyped at HLA-A and –B loci. The authors tested preferences only for women’s faces 

and found no relationship between attractiveness judgments and MHC heterozygosity. 

These results are in agreement with Lie et al. (2008). 

 

2.3.2.2 Preference according to MHC dissimilarity 

 

Dissimilarity in the MHC refers to the difference between the numbers of alleles 

shared by two individuals. Studies based on mate choice show preferential a shift towards 

dissimilar HLA alleles. The fact that this pattern is more specific in the MHC compared to 

the rest of the genome supported molecular research of European American couples 

(Chaix, Cao, & Donnelly, 2008). Pairing with an MHC dissimilar mate seems reasonable 

because mating of two related individuals would result in inbreeding which can be harmful 

to the offspring since it would result in a greater amount of genetic homozygosity thus 

increasing the chances of recessive mutations. A more diverse MHC, then, should mean a 

better immune system. 

Dissimilarity and body odor attractiveness 

The first experiment exploring the relationship between body odor and MHC 

similarity in potential mates was done by Wedekind et al.(1995). Forty-nine women (18 of 

them were pill-users) and 44 men were typed for their HLA-A, -B and –DR. The women 

were asked to smell male odors captured on T-shirts worn by males. Each woman rated T-

shirts of six men; three of them were worn by men who were dissimilar to the rating 

woman's MHC and three worn by men who were more similar to it. Women not using 
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contraceptive pills rated the odors of MHC-dissimilar men as more pleasant than those of 

the MHC-similar men. In contrast, women using the contraceptive pills preferred the smell of 

MHC-similar men. This led to the conclusion that MHC affects mate preferences and that 

oral contraceptives can interfere with this.   

This initial study was followed up a couple of years later with a similar study by 

Wedekind and Furi (1997), in which they repeated their experimental procedure from tests 

conducted in 1995 to investigate whether odor preferences are shaped by certain mates’ 

MHC allele combinations or heterozygosity. This time, the gender of the target subject was 

not taken into account. In total 58 women and 63 men, all genotyped at three MHC loci, 

were asked to score the odor of six T-shirts worn by the same 4 males and 2 females. As in 

their previous study, among women not using contraceptive pill (but not in pill users), the 

pleasantness ratings correlated negatively with the number of shared alleles. This result 

shows that MHC similarity or dissimilarity certainly plays a role in mate choice. The 

observed preferences would increase heterozygosity in the offspring, without producing 

specific combinations in the MHC. 

Jacob and colleagues (2002) collected six odor samples (T-shirts) that were rated by 

forty-nine women (all of them were non-pill users) for four attributes including 

pleasantness. Apart from previous studies using rating on a scale, females were asked to 

choose a sample which they would most and least like to smell. The study examined 

choices within the range 0-7 allele matches; the results show that females prefer rather an 

intermediate number of MHC alleles over either zero matches or identical MHC. 

Moreover, they found a higher woman‘s preference for the smell of donors carrying the 

same HLA alleles as the smellers inherited from their fathers but not their mothers. 

Another T-shirt study was conducted by Thornhill et al. (2003). In this experiment, 

raters consisted of both men and women. When men did the rating, preference for 

women’s scent was correlated with MHC-dissimilarity among raters. In contrast, they 

found no evidence that men’s scents were preferred by women with dissimilar MHC 

genotypes. 

A South American study (Santos et al., 2005) first used a different technique of 

odor sampling. Instead of T-shirts, participants wore for five days a necklace with a sachet 

that was made of absorbent cotton. In addition, urine samples were also collected. 29 male 
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and 29 female Brazilian students represented raters, all were genotyped at HLA-A and -B 

loci. Each sample was judged as either pleasant, indifferent or unpleasant. Only preference 

for MHC dissimilarity in women smelling male sweat odors was found. However, methods 

used in this study have been criticized for several reasons (Havlicek & Roberts, 2009). 

First, the effect of hormonal contraception usage was not taken into account, though it was 

shown that it may influence odor preferences (Wedekind & Furi, 1997; Wedekind et al., 

1995). Secondly, as samples were rated after 4 days, they might go through microbial 

changes and thus the sample quality could change. 

 

 

Dissimilarity and facial attractiveness 

      Only three studies performed experiments searching for an association between 

perceived facial attractiveness and HLA allele sharing. Thornhill’s comprehensive study 

(2003) found no effect of MHC allele-sharing on facial attractiveness. Such negative 

results can be due to large heterogeneity in ethnicity within this sample (participants were 

Caucasian, Hispanic, African American, Asian, Native American ethnicities).   

 A following study on this topic was performed by Roberts et al. (2005). The authors 

presented facial images of 75 men previously typed for three HLA loci to 92 female raters. 

Each woman scored images of three MHC-similar and three MHC-dissimilar men in the 

mating context (whether short-term and long-term mates are equally preferred). For short-

term and long-term relationships, faces of MHC-similar men were rated as more attractive. 

This is contrary to most odor studies that found preferences for MHC dissimilarity or for 

an intermediate level of similarity.        

 Diverse gender preferences have recently found Lie et al. (2010) suggesting that 

dissimilarity influences male, not female partner preferences. In this study, MHC and non-

MHC microsatellite loci were observed in forty-seven men and thirty-two women took. 

Ratings involved potential dependence on the mating context. Results indicate a male 

preference for the faces of MHC dissimilar females regardless of mating context.  
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2.3.3 Moderating effects on mate preferences 

 

Two main factors could moderate the findings observed in the previously reviewed 

studies: the menstrual cycle phase and hormonal contraceptives. This section explains why 

these interacting variables should be taken into account in human mate preferences. 

Changes across the menstrual cycle 

 

The menstrual cycle is under the control of the endocrine system which causes 

hormonal fluctuations, especially estrogen and progesterone, throughout cycle phases. 

Events occurring during the menstrual cycle can be divided into 3 phases: (1) the menstrual 

phase, (2) the follicular phase, and (3) the luteal phase (Guilliams, 2001). The menstrual 

phase is caused by a sudden reduction in estrogen and progesterone and lasts for 

approximately the first 5 days of the cycle. The follicular phase lasts from days 6 to 13 in a 

28- day cycle. It is during this phase that the developing follicle increases its secretion of 

estrogens. Consequently, estrogens are the dominant ovarian hormones during this phase 

of the menstrual cycle. The luteal phase of the menstrual cycle is the longest in duration, 

lasting from days 15 to 28 in a 28- day cycle. It is the time between ovulation and the onset 

of the next menses. After ovulation, luteinizing hormone secretion stimulates the 

development of the corpus luteum. The corpus luteum then secretes increasing quantities 

of estrogens, progesterone, and relaxin. If fertilization and implantation do not occur, the 

rising levels of these hormones will decrease to their initial, lowest levels when the cycle 

begins. During the whole cycle estrogen and progesterone levels fluctuate, with higher 

levels in the luteal and lower levels in the follicular phase.  

 

Evidence indicates that various mate-related preferences and behavior change 

across the menstrual cycle (Gangestad & Thornhill, 2008). In particular, female 

preferences (e.g. features they find most sexually attractive) are distinct in the fertile phase 

compared to other phases. For example, naturally cycling (i.e. non-pill-using) women are 

more attracted to the scent of symmetrical men (Gangestad & Thornhill, 1998), to men 

with masculine faces (Little, Jones, & DeBruine, 2008), and to men who display 

competitiveness and dominance (Gangestad, Garver-Apgar, Simpson, & Cousins, 2007; 
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Gangestad, Simpson, Cousins, Garver-Apgar, & Christensen, 2004) in the fertile than in 

the nonfertile phase of their menstrual cycle. These preferences in the fertile period could 

signal a shift towards individual genetic quality. 

Similarly, shifts in female MHC-related preferences were associated with cycle 

phase. Studies in mice found that the strength of the tendency to prefer MHC-associated 

odors was influenced by the state of estrus. In mice, estrus refers to the phase when the 

female is sexually receptive, ovulation may occur and estrogen levels reach the highest 

peak. Reversely, in metoestrus phase hormonal levels subside. In particular, Egid and 

Brown (1989) have found that estrous females preferred the odors of MHC-dissimilar 

males whereas among metestrous females no such preference was found. However, this 

observation is not consistent with a study performed by Ehman et al. (Ehman & Scott, 

2001) who did not support the hypothesis that females use urinary odors as a means to 

identify genetically related individuals for communal nesting, or that females show a 

preference for urinary odors of MHC-dissimilar males. 

In humans, researchers Anja Rikowski and Carl Grammer (1999) have found positive 

relationships between body odor and facial attractiveness if female odor raters were in the 

most fertile phase of their menstrual cycle.   

In previously discussed studies (Roberts et al., 2008; Wedekind & Furi, 1997; 

Wedekind et al., 1995) the researchers tested normally cycling (non-pill using) women 

during the follicular phase of their menstrual cycles. They identically rated odors of MHC-

dissimilar men as more pleasant than odors of MHC-similar men, supporting the 

hypothesis that menstrual cycle phase (estrogen/progesterone levels) may influence 

attractiveness judgments related to MHC. The effect of menstrual cycle related to MHC 

(using within-subject design) has not been tested yet. 

 

Effects of oral contraceptives 

 

The possibility that pill use may disrupt preference for dissimilarity was initially 

found by Wedekind et al. In Wedekind’s studies (Wedekind et al. 1995; Wedekind and 

Füri 1997), contraceptive pill users on average preferred the odors of MHC-similar men 

whereas non-pill users preferred the odors of MHC dissimilar men. Because of the effect 
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of hormonal contraception, in pill users estrogen and progesterone levels remain high 

regardless of cycle phase. As a result, in the follicular phase of women using the 

contraceptive pill the concentration of these hormones does not decline and in pill users’ 

follicular phase does not actually occur. 

           

  The first empirical work following changes in preference related to oral 

contraceptive use was conducted by Roberts et al. (2008). They tested the effect of 

hormonal contraceptives by comparing preferences before and after several months of pill 

use. Each female rater attended two sessions. During the first session all women were in 

the follicular phase and no women were taking the pill. After 3 months when the second 

session took place, half of the raters were already taking the contraceptive pill. The results 

have shown a preferential shift in pill users but not in a control group (represented by non-

pill users).  

 

Preference shift in pill users can be explained by the mechanism of action of the 

pill. Wedekind speculated that steroids administered by the pill physiologically simulate 

pregnancy (Wedekind et al., 1995). Such pregnancy-mimicring effect of hormonal 

contraception leads to a shift in preference during pregnancy towards familiar odors, 

because relatives would most likely help in offspring care. Compared to MHC mate 

choice, the pill could change preferences for familiar body odors. This can possibly affect 

the stability of an already existing pair in which the woman started pill use. 

Another possible explanation is that the relationship between MHC-similarity 

preference and pill use is a consequence of preference for MHC heterozygosity. It was 

shown that individuals who are heterozygous share more alleles, on average, with other 

individuals in the population (Roberts, Hale, & Petrie, 2006). When women tend to choose 

heterozygous men then they increase the chance of allele sharing. This can result in 

preference for MHC similar genes. 

 

 

Because of the effect of hormonal contraception, estrogen and progesterone levels 

in pill users remain high regardless of cycle phase. As a result, in the follicular phase of 
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women using the contraceptive pill the concentration of these hormones does not decline. 

If increased hormonal levels influence mate preferences we can expect the same effect in 

non-pill using women (in their luteal phase) as well as in pill-using women. Supporting 

this idea, Thornhill et al. (2003) detected greater preference for heterozygotes in the luteal 

phase when hormonal levels correspond to pill use state. 
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3 Aims of the study 

 

The main aim of this study was to test potential MHC-similarity mate choice 

preferences in odor, facial and vocal modalities. Because MHC similarity is known to 

influence the attractiveness of human odor and facial appearance, we tested whether these 

attractiveness judgements depend on the level of shared HLA alleles or allelic groups.  

 In particular, we focused on different MHC-related preferences among pill and non-

pill users. Previous findings suggest that hormonal contraception may disrupt 

dissasortative mate preferences (Wedekind et al. 1995; Wedekind and Füri 1997; Roberts 

et al. 2008). As far as body odor rating is concerned, we expected preferential shift towards 

MHC dissimilarity in naturally cycling women and reversed shift among pill users.  

In facial ratings, MHC assortative preferences were found (Roberts et al. (2005), 

that means women’s preference for the  faces of MHC-similar men was expected. For the 

first time, a correlation between the MHC and vocal attractiveness was tested. 

Furthermore, we investigated whether women’s preference for odor, facial and 

vocal attractiveness depends on their menstrual cycle phase. We tested women in follicular 

and luteal phases of their cycle, assuming that women in the follicular stage are more 

sensitive to stimuli, thus will demonstrate a preferential shift. 
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4 Research design and methods 

 

Recruitment was carried out from February 2009 to June 2010 in collaboration with 

the Transfusion Unit at the Institute of Hematology and Blood Transfusion placed at 

Karlovo namesti. All research participants consisted of male (targets) and female (raters) 

blood donors.  The HLA data were obtained from 2 ml blood samples obtained from 

donors. Each donor blood sample was genotyped at three HLA loci (A, B and DRB1).  

Recruitment was carried by advertisement or word of mouth. All participants were 

informed about the aims of the study and what their participation would comprise. 

Subsequently, they were asked to sign the informed consent.  

4.1  Participants 

Overall 146 subjects (80 men and 66 women) agreed to take part in the study but 

only 51 men and 52 women finally participated. 29 men and 14 women could not 

participate for different reasons so they were excluded. 

Targets 

Targets represented 51 male non-smoking blood donors aged between 19 and 46 

years (mean age: 30.16 years). All 51male participants provided facial photos and vocal 

recordings, 49 men provided also axillary odor samples. They were reimbursed 400 CZK 

per odor donation.  

Raters 

Initially, raters consisted of 66 female blood donors. Fourteen women were 

excluded for irregularities in their menstrual cycle. We typed 52 women for their HLA-A,  

-B and -DRB1, 37 of them attended both sessions. Among raters, 23 women were pill-

users and 29 women represented non-pill users. The mean age of raters was 29.02; in 

particular the mean age of pill users was 27.26 and 30.41 in non-pill users. Raters were 

asked about their relationship status, menstrual cycle phase and type of hormonal 

contraceptive use. All information needed were provided before the beginning of rating 

procedure. 
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HLA-typing 

HLA typing was performed at the DNA National Reference Laboratory in 

collaboration with RNDr. Marie Dobrovolna.  

From each donor 2ml of venous blood was collected using vacuettes lined with 

EDTA (Merck) to prevent clotting. Genomic DNA was typed at three key MHC loci 

(HLA-A, -B, and –DRB1), by polymerase-chain reaction using sequence-specific primers 

(PCR-SSP, supplied by Abbott). 

HLA typing was done in following steps: 

1) DNA isolation- we distributed 350µl venous blood treated with EDTA (0.5 M 

EDTA pH 8) to 2ml labeled microfuge tube and placed the sample together 

with DNA isolation kit (Genovision) on the isolator for automated DNA 

isolation. The procedure depends on the tendency of DNA to bind to silica 

surface of the magnetic beads in the presence of a chaotropic solution.  

The first step was an addition of lysis and binding solution that results in a 

complete cell lysis and the DNA is released. DNases are denaturated and 

inactivated. Further, magnetic beads are mixed with the sample, resulting in a rapid 

binding of DNA to the beads. The magnetic beads with the immobilized DNA were 

collected by applying a magnetic force. The solution with the unbound components 

was removed and discarded. The magnetic beads were resuspended in washing 

solution. At the end the DNA was eluted from magnetic beads by addition of low 

salt buffer and thorough mixing. 

 200µl isolated DNA was stored for long term storage at -20C
0
. 

2) Genotype analysis was performed at high resolution level. To detect specific 

HLA alleles we used Sequence based typing (SBT) method and Polymerase 

Chain Reaction with sequence-specific primers (PCR-SSP) technique for 

determining the order of the nucleotide bases. 

Generally, DNA sequence-based method involve locus-specific PCR amplification 

of exons 2 and 3 (for HLA class I genes), or exon 2 (for HLA class II genes). To 
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determine the order of nucleotides cycle sequencing was performed. The genes of 

interest were amplified in a PCR amplification mixture using a hot-start DNA 

polymerase (Abbott). Into 0.2ml PCR tube we pipetted for HLA class I: 16µl PCR 

reaction mix (Abbott), 80ng DNA, 0.3µl Taq polymerase (Abbott) and filled H2O 

into 4µl. 

For HLA class II: 8µl PCR reaction mix (Abbott), 40ng DNA, 0.1µl Taq 

polymerase (Abbott) and filled H2O into 4µl. The PCR amplifications were 

performed in the DNA Engine PTC-200/ C100TM /BIORAD thermocycler (MJ 

Research). Presence of PCR products was visualized by agarose gel electrophoresis. 

The products were examined under UV illumination and documented by 

photography. 

The resulting PCR amplicon was treated with 3µl Exo-Sap (Abbott), a 

combination of Exonuclease I and Shrimp alkaline phosphatase, to remove 

unincorporated PCR primers and deoxyribonucleotide triphosphates (dNTPs). 8µl 

of sequencing mixture (specific for particular kits-HLA classes) was added into 

reagent tubes. The mixture contained exon specific primers, nucleotides dNTP, 

fluorescence labeled primers dNTP and reaction buffer. We added 2µl of repurified 

PCR product and mixed by pipetting. The tubes were inserted into thermocycler 

and processed by SEQFA program. Samples were kept in freezer. 

  Purifying and separation of sequencing products followed. Three grams of 

Sephadex (GE Healthcare) were dissolved in 36ml chromatography water (Merck) 

to create solution. Cells of Multi Screen desk were filled with the solution and 

centrifuged for 60 second at 2000g/RT. The sample was pipetted in the middle of 

each cell on Sephadex and centrifuged again (60s/2000g/RT). To each cell 15µl 

formamid was added, the desk covered by septum.  

All DNA sequences were detected on an automated fluorescent DNA 

sequencer (ABI 310, ABI 3130, ABI 3500) and the data were processed with an 

allele typing software program (SW AssignTM ) based on comparing tested sequence 

with IMGT/HLA Sequence Database (Robinson et al., 2003). As a result we 
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determined concrete alleles of tested HLA loci on four digits nomenclature level 

(Marsh, 2003). Each HLA allele is assigned a letter (or letters) which designate the 

locus (e.g. A, B, DRB1). This letter is followed by a sequence of numbers (e.g. 

A*03:01:01:01). HLA alleles are reported at four-digit level, the first two digits 

describe a group of alleles. The third and fourth digits specify a synonymous 

concrete allele. Final alleles were specified by excluding rare HLA alleles 

according to The Allele Frequency Net Database (Gonzalez-Galarza, Christmas, 

Middleton, & Jones)  

4.2  Stimuli 

Sample collection took place in five days-7., 13. and 14. January and 17. and 18. 

February 2010 in the room at Faculty of Science. During these sessions male donors 

provided three types of stimuli: odor samples, facial photos and vocal recordings. 

 To avoid nervousness from an unfamiliar environment, before starting the testing 

men were asked to complete questionnaire about their lifestyle and health condition. 

Subsequently, vocal recording and taking photos was done.  

4.2.1 Odor samples 

 

Sample collection 

At the end of initial session when vocal and facial stimuli were taken men were supplied 

with a package for sampling odors. This package contained: 

Three cotton pads Ebelin (DM, one to each armpit plus one extra) 

Silk patch Omnisilk (Hartman, 1 cm wide to fix the cotton pads) 

White cotton t-shirt, washed in water with no washing powder 

50 ml plastic bottle with non-perfumed shower gel Neutral (Sara Lee) 
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Guidelines and schedule of odor sample collection 

Schedule for male participants was planned for three consecutive days in a week 

following the sessions. Body odor samples were collected by use of cotton pads worn for 

12 hours in both armpits under standard hygienic, food and behavioral restrictions. This 

procedure has been successfully used in previous studies (Havlicek & Lenochova, 2006) 

and appeared to be superior compared to T-shirt method as it avoids environmental 

contamination and restricts odor source localization to the armpit. 

 Food restrictions (so-called donor diet) were scheduled for three days; behavioral 

restrictions were planned on the second and third day. Donor diet included avoiding 

smoking, drinking alcohol beverages, eating food containing onion, garlic, pepper, vinegar, 

fermented milk products, sour cabbage, mature cheeses, red meat, and radish. Concerning 

behavioral restrictions, men were further asked to avoid excessive physical activity (e.g. 

jogging), sex with a partner and sleeping with a partner or a pet in the same bed. The list of 

restrictions is similar to those used in most of previous studies (e.g. Thornhill, Gangestad, 

Miller, Scheyd; Havlicek & Lenochova, 2006) 

On the first day participants were on donor diet and didn’t use any perfume 

products antiperspirants or deodorants. Instead, they were allowed to use unscented a 

shower gel (Neutral, which we supplied).       

 On the second day food and behavioral restrictions continued. In the evening 

participants took a shower using unscented shower gel and fixed the cotton pads into both 

armpits using the silk patch. For the next 12 hours men were wearing white cotton t-shirt 

underneath the clothes.        

 The third day after 12 hours wearing male donors took the cotton pads off and put 

them into zip-lock plastic. Samples were afterward delivered either to Faculty of Science 

or Faculty of Humanities. Provided odor samples were identified with code number and 

immediately frozen. Almost all men returned the samples early in the morning so the 

stimuli could be frozen immediately. In 3 cases was a later delivery by that time samples 

were kept refrigerated. Each participant filled out a questionnaire about following food 

restrictions. 
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Odor samples were stored frozen until testing procedure ongoing until the end of 

May 2010. This method has shown no negative effect on subsequent subjective hedonic 

ratings (Lenochova, Roberts, & Havlicek, 2009). One hour before rating odor samples 

were kept at room temperature to defrost. We obtained two odor pads (R and L axilla) 

from each donor which were further cut into halves and put into 500 ml number-coded 

glass vials. When needed odor samples were manipulated using tweezers to avoid other 

odor contamination.   

 

4.2.2 Facial photos 

  

Image acquisition of the men’s faces was carried out under standard light 

conditions using a Nikon D40X digital camera from the distance of 1.5 m with the white 

background. Camera was set up under the same conditions: shutter 8, time 1/125 s and 

focus distance 50 mm. Men were instructed to pose naturally and look directly at the 

camera. Participants were photographed first with their own hair style; secondly a hair 

band was used to pull hair off their forehead. Each man’s face was photographed twice in 

both hairstyles. In both cases no subject wore visible jewellery, glasses or spectacles. Men 

were asked to have their facial hair shaven. Finally we had two photo sets including 2 

photos from each hairstyle shooting. From each set, the most appropriate picture was 

chosen.          

 Subsequently each color image was digitally masked so that only the face was 

visible and the background was modified to a uniform grey color. These changes removed 

potentially confounding information about hair style or color. For these purposes Adobe 

Photoshop CS3 program was used.  
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4.2.3 Vocal recordings 

 

 Each participant obtained a standard text excerpt on neutral topic (historical views 

on the origin of the rainbow). The extract used for the rating was not highlighted. Subjects 

read a text aloud to a microphone 20cm distant from a mouth. Text excerpt has been 

successfully used in previous vocal attractiveness research (Jacobs, Smyth, & Rogers, 

2001). The vocal record was approximately 2min long.  To get the best sound level of all 

recordings we turned up the volume for 3dB. For the final rating only one identical 

sentence from the middle of text (170-198 word) was chosen to avoid initial nervousness. 

Each vocal stimulus was 10-15sec long and presented to women in a digital form. Voice 

recordings were processed using Sound Forge Pro 10.0 program. 

 

4.3  Experimental design 

 

  Raters only consisted of women, 23 were pill users and 29 were non-pill users. In 

total fifty-two female raters took part in our experiment. Each woman attended two 

sessions; non-pill users attended one in the follicular (day 10-14) and one in the luteal 

phase (day 20-25). Occurrence of ovulation was assessed by commercially available 

ovulation kit Test 99 which is based on LH surge. Pill-users sessions were scheduled 

analogously. The first session took place on 24.-25.5. 2010, the second session was on 7.-

10.6.2010. 

Before starting the first session women were contacted to supply their menstrual 

cycle data. According to their menstrual cycle phase an ideal rating date was assessed that 

means raters were first invited between 8
th

 and 14
th

 day of their cycle (follicular phase) and 

second between 17
th

 and 25
th

 day in their luteal phase. Thirteen women with menstrual 

cycle irregularities were excluded. In one case woman by return found out she had been at 

the first trimester during rating. These facts reduce number of normally cycling women. 

Accuracy of menstrual phase assessment was confirmed using RapiClear test which each 
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women obtained after testing. The menstrual phase was assessed from the latest menstrual 

period before testing and ovulation term. Results were sent by email.  

Randomly selected half of raters was invited for the first session in their luteal 

phase and in the follicular phase for the second session. The second half of raters attended 

the sessions in the opposite order. Among twenty three pill-users 16 women were in their 

luteal phase and 7 women in their follicular phase in the first session. In this group 

preferences were not expected to fluctuate.      

 The same approach was used in the non-pill-users group. Out of twenty-nine 

normally cycling women 12 of them were in luteal phase of their menstrual cycle and 9 

women were in follicular phase in the first session. Thirteen women were in luteal and nine 

in follicular phase in the second session. Of this group, only 14 women attended both 

sessions, in the first session nine women were in luteal phase and five women in follicular. 

In the second session the numbers were on the contrary. 

 

Rating procedure  

All rating was carried in the laboratory at the Faculty of Science. The odor rating 

session took place in a ventilated room, with no background odors. We tried to keep stable 

room temperature and air humidity using air-condition. Due to high outdoor temperature 

during the second session the average temperature was higher than during the first rating 

session. The average room temperature during the first session was 23°C with 47% relative 

air humidity. In the second session the average temperature was 26% with 49% relative air 

humidity. 

Raters were invited at the same daytime for both sessions due to possible circa dial 

fluctuations in olfactory senses and bacterial action on odor samples.  
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Odor samples 

According to previous studies, subjects are able to rate up to 20 odor samples 

during one session. To minimize potential habituation odors were rated in two sets. Forty-

nine odor samples were divided into two groups (A and B, Tab. 1) according to 

homozygosity so in each group was similar representation of homozygotes (that means six 

homozygotes per group).  Each woman rated samples only from one group- A or B. 

Group A 26 samples 1
st
 half  13 samples 

2
nd

 half  13 samples 

Group B 23 samples 1
st
 half  12 samples 

2
nd

 half 11  samples 

 

Tab. 1 Sample distribution into groups A and B. 

 

We obtained two odor pads (from R and L axilla) from each donor which were 

further cut into halves. This means that totally we had four odor samples from each donor. 

Each half of odor pad was used for rating for two days and was kept in a freezer overnight. 

This procedure allowed each woman to get fresh odor samples from the same donor for 

both sessions. 

 

Vocal recordings 

Vocal recordings were divided into groups according the same principle as odor 

stimuli. Two sets of recordings were designed into group A and B (identically as in odor 

samples). As ratings of vocal recordings is highly time consuming raters assessed only 

stimuli taken from same individuals as odors they rated. Group A contained 26 samples, 

group B consisted of 25 samples. Ratings first half of vocal recordings were carried during 

the break after the first set of odor samples. The second half was rated after the second set 

of odor samples. Recordings were presented on laptops in random order using Rater 

program. Laptops were equipped with headphones (TEAC). 
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Facial photos 

  All 51 facial images were presented to female participants on laptop screen with 

1024 x 768 resolutions. Previous studies found that raters are able to do this task within 15 

min. which assures a relatively high level of vigilance. We used presenting software 

ImageRater 1.2 specifically developed for these purposes. The software is saving the 

collected data in a MySQL database. Women rated the attractiveness of these faces using a 

seven-point rating scale. Rating of images was carried during the break together with first 

half of vocal recordings. 

Session procedure was following: 

  As our project targets mate preferences, prior to the ratings female participants 

watched first half of short excerpt (4 min.) from a romantic movie to make the context 

more mate-choice related. During the first session, females watched the excerpt from a 

movie called Out of sight (directed by S. Soderbergh, 1998), during the second session 

they watched a movie Love actually (directed by R. Curtis, 2003). Subsequently, they rated 

one half (10 samples) of the odor sample set (from one assigned group A or B). Each 

woman rated all kind of stimuli on 7-point scale (1= very pleasant, 7= very unpleasant) for 

attractiveness. Number 4 as a middle value was termed as neutral.  

Women further rated first half of voice recordings, all images and watched second 

half of romantic movie. Rating of second odor sample set and second half of voice 

recordings followed. During a break between odor ratings coffee and mineral water was 

served to raters as a help for olfactory regeneration. Rating time was not restricted but 

usually total time spent in the lab was one hour.  

Apart from rating samples women were given questionnaires about their lifestyle, 

sexual activities, altruism and relationship satisfaction. Data from these questionnaires are 

not included in my diploma thesis. 
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4.4  Data analyses 

Correlation approach and within-subject design were used to compare ratings with 

HLA allele-sharing. We analyse preferences using both women and men as the units of 

analyses. MHC similarity of each dyad was computed as the total number of alleles shared 

across the three MHC loci (i. e. individual woman who rated particular man). We 

computed similarity in two different ways: i) sharing concrete alleles and ii) shraring allele 

groups. Similarity scores ranged from 0 to 5 in concrete alleles and from 0-6 in allelic 

groups.The correlations between attractiveness ratings (for each modality separately) and 

number of shared alleles (or allelic groups) were computed for each woman. Similarly we 

computed correlations of attractiveness ratings and shared alleles (or allelic groups) for 

each men when rated by particular group of women. Two groups of women judged 

attractiveness- pill users and non-pill users.  

Obtained coefficients were compared with random expectation (r=0) using one-

sample t-test. The null hypethesis expected no preferences for MHC 

similarity/dissimilarity. All data were analyzed using Statistica Version 7.1 software. 
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5 Results 

 

Overall fifty-two women rated samples taken from 51 men. Figure 1 shows the 

number of shared allelic groups between men and women. The most often they shared one 

allelic group at A, B or DR loci, the least often they shared all six allelic groups.    

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Distribution of shared allelic groups between men and women at A, B and DR loci. 
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Figure 2 shows the number of shared concrete alleles at A, B and DR loci between 

men and women. They shared one concrete allele the most often and five alleles the least 

often. None of the dyads shared all six alleles at three typed loci. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Distribution of shared concrete alleles between men and women at A, B and DR 

loci. 
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5.1  A woman as a unit of analysis 

 

5.1.1 Correlation between attractiveness and similarity of concrete HLA alleles 

 

For each woman were computed the correlations between attractiveness ratings (for 

odor, facial and vocal modalities separately) and number of shared alleles or allelic groups. 

From all three tested variables, mean preference for MHC dissimilarity (negative 

correlation) in faces only significantly differed from expected value (zero). This testing 

was carried regardless of hormonal contraceptive use, 52 women ratings were included. 

The number of women in the subsequent analysis is lower because some women attended 

only one of the sessions. In addition, the correlation was found when comparing similarity 

of concrete alleles (Tab. 2) and also allelic groups (Tab. 5). In case of concrete alleles, 

women preferred MHC dissimilar faces in both follicular (t44=-2.134; p=0.038) and luteal 

(t43=-2.017; p=0.05) phases of their cycle.  

 

Variables Mean SD t-value df p 

odor 

follic 
0.015 0.220 0.441 44 0,661 

odor lut 0.016 0.238 0.454 43 0.652 

voice 

follic 
0.019 0.186 0.681 44 0.499 

voice lut 0.029 0.238 0.799 43 0.429 

face follic -0.063 0.197 2.134 44 0.038 

face lut -0.058 0.192 2.017 43 0.050 

 

Tab. 2 Mean correlation coefficients between shared concrete alleles and odor, vocal and 

facial attractiveness ratings tested by one-sample t-test. Rating was performed twice, in the 

follicular (follic) and in the luteal (lut) phases of menstrual cycle. The significant 

correlations (p<0.05) are red highlighted. The table shows standard deviation (SD), degrees 

of freedom (df) and p-value (p). 
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Pill use and similarity of concrete HLA alleles 

Concerning hormonal contraceptive use, we tested potential difference between pill 

user and non-pill user preferences for body odor, vocal and facial attractiveness. We tested 

pill user and non pill user group separately; all women were tested in follicular and luteal 

phases of their cycle. No significant correlation between MHC similarity (in concrete 

shared alleles) and odor, vocal and facial attractiveness was found neither in non-pill user 

group (Tab. 3) nor in pill user group (Tab. 4). 

 

 

 

 

 

 

 

Tab. 3 Mean correlation coefficients between shared concrete alleles and odor, vocal and 

facial attractiveness ratings in non-pill user group. Each rating was performed twice, in the 

follicular (follic) and in the luteal (lut) phase of menstrual cycle. The table shows standard 

deviation (SD), degrees of freedom (df) and p-value (p). 

 

Variables Mean SD df t-value p 

odor foli 0.012 0.397 22 0.695 0.695 

odor lut 0.030 0.592 22 0.560 0.560 

voice foli 0.060 1.642 22 0.115 0.115 

voice lut 0.008 0.163 22 0.872 0.872 

face foli -0.06 1.509 22 0.145 0.145 

face lut -0.044 1.076 22 0.294 0.294 

 

Tab. 4 Mean correlation coefficients between shared concrete alleles and odor, vocal and 

facial attractiveness ratings in the pill user group. Each rating was performed twice, in the 

follicular (follic) and in the luteal (lut) phase of menstrual cycle. The table shows standard 

deviation (SD), degrees of freedom (df) and p-value (p). 

Variables Mean SD df t-value p 

odor 

follic 
0.009 0.207 21 0.838 0.838 

odor lut 0.001 0.022 20 0.983 0.983 

voice 

follic 
-0.024 -0.604 21 0.552 0.552 

voice lut 0.052 0.943 20 0.357 0.357 

face follic -0.066 -1.478 21 0.154 0.154 

face lut -0.074 -1.776 20 0.091 0.091 
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5.1.2 Correlation between attractiveness and similarity of HLA allelic groups 

 

Women rated all three modalities in both menstrual cycle phases. By comparing of 

allelic group they shared with men, women preferred dissimilar MHC man faces only in 

their follicular phase (t 44= -2.082; p=0.043) but not in luteal phase (Tab. 5). 

 

 

Variables Mean SD t-value df p 

odor 

follic 
0.004 0.218 0.123 44 0.903 

odor lut 0.011 0.227 0.328 43 0.744 

voice 

follic 
0.04 0.168 1.559 44 0.126 

voice lut 0.034 0.24 0.936 43 0.354 

face follic -0.061 0.196 2.082 44 0.043 

face lut -0.053 0.187 1.874 43 0.068 

 

Tab. 5 Mean correlation coefficients between shared allelic groups and odor, voice and 

face ratings using one-sample t-test. Each rating was performed twice, in the follicular 

(follic) and in the luteal (lut) phase of menstrual cycle. The significant correlations 

(p<0.05) are red highlighted. The table shows standard deviation (SD), degrees of freedom 

(df) and p-value (p). 

 

Pill use and similarity of HLA allelic groups 

In contrast, when we tested correlation between similarity and odor, voice and face 

attractiveness in pill and non pill groups comparing shared allelic groups, two significant 

correlations were found (Tab.6). First, there was a positive correlation between vocal 

attractiveness (t22 =2.736; p= 0.012) and MHC similarity of allelic groups in pill users. 

Second, facial attractiveness correlated with MHC similarity of allelic groups (t22 = -2.268; 

p= 0.034), again in pill user group. No such effect was found for body odor attractiveness. 

Interestingly, observed associations were found in follicular phase of menstrual cycle but 



61 

 

not in luteal phase. No associations to similarity were observed in non pill user group (Tab. 

7). 

 

Variables Mean SD t-value df p 

odor foli 0.005 0.232 0.110 22 0.914 

odor lut 0.034 0.225 0.717 22 0.481 

voice foli 0.089 0.156 2.736 22 0.012 

voice lut 0.030 0.234 0.618 22 0.543 

face foli -0.090 0.190 2.268 22 0.034 

face lut -0.032 0.189 0.814 22 0.425 

  

Tab. 6 Mean correlation coefficients between shared allelic groups and odor, vocal and 

facial attractiveness ratings tested by one-sample t-test. Rating was performed twice, in the 

follicular (follic) and in the luteal (lut) phase of menstrual cycle. The significant 

correlations (p<0.05) are red highlighted. The table shows standard deviation (SD), degrees 

of freedom (df) and p-value (p). 

 

Variables Mean SD t-value df p 

odor 

follic 
0.003 0.209 0.059 21 0.954 

odor lut -0.013 0.231 0.265 20 0.794 

voice 

follic 
-0.013 0.167 0.375 21 0.712 

voice lut 0.038 0.252 0.69 20 0.498 

face follic -0.031 0.202 0.708 21 0.487 

face lut -0.076 0.187 1.856 20 0.078 

 

Tab. 7 Mean correlation coefficients, standard deviation (SD), degrees of freedom (df) and 

p-value (p) in non-pill user group. Each rating was performed twice, in the follicular 

(follic) and in the luteal (lut) phase of menstrual cycle. 
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5.2  A man as a unit of analysis 

 

Second approach has focused on each type of stimuli taken from men. We searched 

for correlations of attractiveness ratings (for each modality separately) and shared alleles or 

allelic groups for each men. Men were rated by pill and non-pill user groups separately. 

Further, the menstrual cycle phase of raters was taken into account. We also tested possible 

negative age effect on attractiveness rating and did not find any significant correlation (Tab 

8). No significant effect was found so we did not test age effect in the subsequent analyses. 

 

  age odor voice face 

age   0.014 0.099 0.0096 

p   0.926 0.497 0.948 

odor 0.014   -0.180 0.154 

p 0.926   0.215 0.292 

voice 0.099 -0.18   -0.07 

p 0.497 0.215   0.633 

face 0.01 0.154 -0.07   

p 0.948 0.292 0.633   

 

Tab. 8 Mean correlation coefficient between odor, vocal and facial attractiveness and men 

age. 

 

5.2.1 Correlation between attractiveness and similarity of concrete HLA alleles 

 

For each man were computed the correlations between attractiveness ratings (for 

odor, facial and vocal modalities separately) and number of shared concrete alleles (Tab. 9) 

or allelic groups (Tab. 10). From all three tested variables only in voices mean preference 

for MHC similarity (positive correlation) significantly differed from expected value 

(t50=2.146; p=0.037). This testing was done by comparing concrete alleles and regardless 
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of contraception use and cycle phase (Tab. 9). When contraception use and the menstrual 

cycle was taken into account, no significant correlation was found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab. 9 Mean correlation coefficients between shared concrete alleles and odor, vocal and 

facial attractiveness ratings tested by one-sample t-test. The significant correlation 

(p<0.05) is red highlighted. Each rating was performed twice, in the follicular (follic) and 

the luteal (lut) phase of menstrual cycle. The raters represented pill (PILL) and non-pill 

(NON PILL) users. Standard deviation (SD), degrees of freedom (df) and p-value (p) are 

shown.  

 

5.2.2 Correlation between attractiveness and similarity of HLA allelic groups 

 

In case of comparison between shared allelic groups, no correlation was found 

regardless of contraception use or menstrual cycle phase (Tab. 10). Even if the difference 

between pill and non-pill users was observed, correlation coefficients did not significantly 

differed from expected value. No correlation was found in tested follicular and luteal 

phase.   

Raters Stimuli Mean SD t-value df p 

ALL odor 0.02 0.167 0.869 48 0.389 

 voice 0.046 0.153 2.146 50 0.037 

 face -0.036 0.18 1.416 50 0.163 

NON PILL odor 0.004 0.206 0.146 48 0.884 

 voice 0.052 0.226 1.641 50 0.107 

 face -0.024 0.266 0.633 50 0.529 

PILL odor 0.019 0.225 0.596 48 0.554 

 voice 0.035 0.255 0.979 50 0.332 

 face -0.064 0.295 1.552 50 0.127 

NONPILL 

follic 
odor 0.018 0.318 0.406 48 0.687 

 voice 0.05 0.3 1.187 50 0.241 

  face -0.04 0.328 0.867 50 0.39 

NONPILL 

lut 
odor -0.017 0.303 0.388 48 0.7 

 voice 0.083 0.305 1.947 50 0.057 

 face -0.009 0.336 0.183 49 0.856 
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 Raters Stimuli Mean SD t-value df p 

ALL odor 0.031 0.168 1.308 48 0.197 

 voice 0.0271 0.163 1.194 50 0.238 

 face -0.041 0.190 1.553 50 0.127 

NON 

PILL 
odor -0.007 0.213 0.241 48 0.811 

 voice -0.009 0.266 0.235 50 0.815 

 face -0.0618 0.246 1.795 50 0.079 

PILL odor 0.052 0.23 1.593 48 0.118 

 voice 0.038 0.254 1.055 50 0.297 

 face -0.058 0.293 1.417 50 0.163 

NONPILL 

follic  
odor 0.016 0.302 0.371 48 0.712 

 voice -0.010 0.336 0.217 50 0.829 

 face -0.054 0.337 1.138 50 0.260 

NONPILL 

lut 
odor -0.045 0.281 1.123 48 0.267 

 voice 0.02 0.336 0.42 50 0.676 

 face -0.077 0.304 1.804 50 0.077 

 

Tab. 10 Mean correlation coefficients between shared allelic groups and odor, voice and 

face ratings using one-sample t-test. Each rating was performed twice, in the follicular 

(follic) and the luteal (lut) phase of menstrual cycle and by pill (PILL) and non-pill users 

(NON PILL). Standard deviation (SD), degrees of freedom (df) and p-value (p) are shown.  

 

Comparison between homozygous and heterozygous men 

To check if the effects of heterozygosity were independent of levels of genetic 

similarity between raters and men, we divided men into group of men who are 

homozygous (at least in one locus) and group of men who are heterozygous.  

Correlation between attractiveness and similarity of concrete HLA alleles 

When odor, voice and facial stimuli were rated by all women regardless of the 

cycle phase or hormonal contraception use, only vocal attractiveness was associated with 

similarity in concrete MHC alleles (t10=3.16; p= 0.01) among homozygous men (Tab. 12). 

In particular, voices of MHC similar men were preferred. This effect was observed only 

when attractiveness of homozygous not heterozygous men (Tab. 11) was rated.  
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 Mean SD t-value df p 

odor 0.0 0.143 0.021 33 0.983 

voice 0.017 0.16 0.625 35 0.536 

face -0.052 0.172 1.804 35 0.08 

 

Tab. 11 Mean correlation coefficients between attractiveness ratings and MHC similarity 

among heterozygous men regardless of the cycle phase and contraception use. The table 

shows mean correlation coefficients, standard deviation (SD), degrees of freedom (df) and 

p-value (p). 

 

 Mean SD t-value df p 

odor 0.052 0.186 0.932 10 0.373 

voice 0.102 0.107 3.160 10 0.010 

face -0.0 0.197 0.003 10 0.998 

 

Tab. 12 Mean correlation coefficients between attractiveness ratings and MHC similarity 

among homozygous men regardless of the cycle phase and hormonal contraception use. 

The table shows mean correlation coefficients, standard deviation (SD), degrees of 

freedom (df) and p-value (p). The significant correlation (p<0.05) is red highlighted. 
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When heterozygous men were rated by pill users, facial attractiveness negatively 

correlated with MHC similarity of concrete alleles (t35=-2.203; p= 0.034) (Tab. 13). Pill 

users preferred faces of heterozygous men who have MHC dissimilar alleles to their own. 

No such correlation was found when men were rated by non-pill users. For similarity of 

concrete shared alleles, no effect of menstrual cycle phase was observed. 

 

 

 

 

 

 

 

 

 

Tab. 13 Mean correlation coefficients between attractiveness ratings and MHC similar 

alleles among heterozygous men rated by pill users (PILL), non-pill users (NON PILL) in 

the follicular (follic) or in the luteal (lut) phase. The table shows mean correlation 

coefficients, standard deviation (SD), degrees of freedom (df) and p-value (p). The 

significant correlation (p<0.05) is red highlighted. 

 

 

 

 

 

 

 Raters  Stimuli Mean SD t-value df p 

NON PILL odor 0.008 0.214 0.23 33 0.819 

 voice 0.041 0.255 0.958 35 0.345 

 face -0.010 0.259 0.232 35 0.818 

PILL odor -0.02 0.201 0.57 33 0.573 

 voice -0.011 0.255 0.256 35 0.791 

 face -0.107 0.291 2.203 35 0.034 

NON 

PILLfollic 
odor 0.021 0.291 0.418 33 0.679 

 voice 0.017 0.312 0.333 35 0.75 

 face -0.045 0.319 0.837 35 0.408 

NON PILLlut odor 0.004 0.297 0.082 33 0.935 

 voice 0.080 0.320 1.508 35 0.141 

 face 0.022 0.337 0.389 35 0.61 
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When homozygous men were rated by non-pill users, voice attractiveness 

correlated with MHC similarity (t10=2.987; p=0.014) (Tab. 14). No such correlation was 

found when men were rated by pill users.  

In contrast to heterozygous men, menstrual cycle phase has an effect on ratings of 

homozygous men. Women in their follicular phase prefer voices of homozygous men who 

also share certain alleles with them (t10=2.899; p= 0.016) (Tab. 14). 

 

 

 

 

 

 

 

 

 

 

Tab. 14 Mean correlation coefficients between attractiveness ratings and MHC similar 

alleles among homozygous men rated by pill users (PILL), non-pill users (NOPILL) in 

follicular (follic) or luteal (lut) phase. The table shows mean correlation coefficients, 

standard deviation (SD), degrees of freedom (df) and p-value (p). The significant 

correlation (p<0.05) is red highlighted. 

 

 Correlation between attractiveness and similarity of HLA allelic groups 

 When all three stimuli were rated by all women regardless of cycle phase or 

hormonal contraception use, the only correlation between vocal attractiveness and 

similarity of allelic groups was found (t10=3.014; p= 0.013) (Tab. 15). It was again when 

women rated homozygous men who shared certain similar allelic groups with them. 

 Raters Stimuli Mean SD t-value df p 

NON PILL odor -0.03 0.166 0.594 10 0.566 

 voice 0.01 0.111 2.987 10 0.014 

 face -0.062 0.320 0.644 10 0.534 

PILL odor 0.112 0.242 1.540 10 0.154 

 voice 0.086 0.208 1.368 10 0.201 

 face 0.038 0.273 0.461 10 0.655 

NON 

PILLfollic 
odor -0.055 0.36 0.504 10 0.626 

 voice 0.217 0.248 2.899 10 0.016 

 face 0.005 0.388 0.045 10 0.965 

NON PILLlut odor -0.043 0.37 0.38836 10 0.706 

 voice 0.082 0.214 1.27029 10 0.233 

 face -0.137 0.373 1.15733 9 0.277 
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However, we found no effect of allelic similarity on preferences for heterozygous men 

attractiveness (Tab. 16). 

 

 

 

 

Tab. 15 Mean correlation coefficients between vocal attractiveness and MHC similarity 

among homozygous men regardless of the cycle phase or hormonal contraception use. The 

table shows mean correlation coefficients, standard deviation (SD), degrees of freedom 

(df) and p-value (p). The significant correlation (p<0.05) is red highlighted.  

 

 

 

 

 

Tab. 16 Mean correlation coefficients between attractiveness ratings and similarity of 

allelic groups among heterozygous men regardless of the cycle phase or hormonal 

contraception. The table shows mean correlation coefficients, standard deviation (SD), 

degrees of freedom (df) and p-value (p). 

 

 

 

 

 

 

 

 

 

  Mean SD t-value df p 

odor 0.072 0.233 1.024 10 0.330 

voice 0.131 0.144 3.014 10 0.013 

face -0.014 0.192 0.249 10 0.808 

  Mean SD t-value df p 

odor 0.0 0.135 0.0 33 0.91 

voice -0.01 0.162 0.353 35 0.726 

face -0.055 0.177 1.863 35 0.0708 
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 When homozygotes were rated, no effects were found considering differences 

between ratings of pill and non-pill users. However, menstrual cycle phase appear to affect 

attractiveness. Women in follicular phase preferred voices of homozygous men who are 

MHC similar to them (t10=2.581; p= 0.027) (Tab.17).  

 

 

Tab. 17 Mean correlation coefficients between attractiveness ratings and MHC similarity 

of allelic groups when homozygous men were rated by pill (PILL) or non-pill (NON 

PILL) users; in the luteal (lut) or in the follicular (follic) phase of menstrual cycle. The 

significant correlation (p<0.05) is red highlighted. The table shows mean correlation 

coefficients, standard deviation (SD), degrees of freedom (df) and p-value (p). 

 

  

 

 

 

 

 

 Raters  Stimuli Mean SD t-value df p 

NON PILL odor -0.009 0.231 0.132 10 0.898 

 voice 0.128 0.191 2.218 10 0.051 

 face -0.08 0.285 0.928 10 0.375 

PILL odor 0.142 0.254 1.854 10 0.093 

 voice 0.127 0.198 2.134 10 0.059 

 face 0.049 0.265 0.612 10 0.554 

NON 

PILLfollic 
odor -0.001 0.37 0.011 10 0.992 

 voice 0.201 0.258 2.581 10 0.027 

 face -0.034 0.379 0.295 10 0.774 

NON PILLlut odor -0.079 0.377 0.697 10 0.501 

 voice 0.138 0.288 1.587 10 0.144 

 face -0.092 0.329 0.922 10 0.378 
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 When heterozygotes were rated, there was no effect of menstrual cycle phase 

on their attractiveness rating. Comparing pill and non-pill users, facial attractiveness was 

negatively correlated to MHC similarity of allelic groups, specifically in pill user group 

 (t35=-2.224; p=0.033) (Tab. 18). 

 

 Raters  Stimuli Mean SD t-value df p 

NON PILL odor -0.026 0.210 0.709 33 0.484 

 voice -0.026 0.273 0.577 35 0.568 

 face -0.050 0.229 1.326 35 0.193 

PILL odor 0.007 0.216 0.200 33 0.842 

 voice -0.012 0.261 0.283 35 0.779 

 face -0.103 0.278 2.224 35 0.033 

NON 

PILLfollic 
odor -0.006 0.273 0.129 33 0.898 

 voice -0.038 0.33 0.69 35 0.495 

 face -0.040 0.329 0.738 35 0.465 

NON PILLlut odor -0.044 0.265 0.957 33 0.346 

 voice 0.002 0.343 0.027 35 0.979 

 face -0.078 0.292 1.610 35 0.116 

 

Tab. 18 The correlation between attractiveness ratings of heterozygous men and MHC 

similarity of allelic groups. The men were rated by pill (PILL) or non-pill (NON PILL) 

users; in the luteal (lut) or in the follicular (follic) phase of menstrual cycle. The significant 

correlation is red highlighted. The table shows mean correlation coefficients, standard 

deviation (SD), degrees of freedom (df) and p-value (p). 
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6 Discussion 

 

The main question we asked was whether there is an influence of MHC similarity 

on mate preferences in odor, facial and vocal modalities and whether these preferences 

differ in pill and non pill users. 

As far as body odor attractiveness was concerned, we asked whether correlations 

would differ significantly from zero in the predicted negative direction. We also 

considered potential moderating factors: pill use and menstrual cycle phase. We did not 

find any significant correlation between the level of MHC similarity and odor 

attractiveness neither in pill users nor in naturally cycling women even when a women and 

a men were used as the unit of analysis. This is consistent with Thornhill et al. (2003) who 

found no significant MHC-correlation though they controlled for the pill use and menstrual 

cycle data. Similarly, Roberts and colleagues (2008) found no significant effect of MHC 

dissimilarity on preferences eventhough contraceptive use and menstrual cyle phase was 

assesed. 

In contrast, our results are not in agreement with several published studies that have 

reported significant effects of MHC dissimilarity on women’s preferences for male body 

odor. Wedekind’s research group (1995) found odor preference for MHC dissimilarity in 

women who did not take oral contraceptives. They confirm this finding in the subsequent 

study where they tested for correlation between the number of shared alleles and 

pleasantness ratings between both sexes (Wedekind & Furi, 1997). Again, they found that 

non-pill users and also men tend to prefer MHC dissimilar mates suggesting that a few 

HLA allele matches are plausible. Jacob et all. (2002), on the other hand, reported that 

intermediate number of MHC matches between smeller and donor is preferred. These 

experiments tested women without a regard to menstrual cycle phase, which modulates 

olfactory perception and thus could affect the results. Methodologically different work by 

Santos et al. (2005) who did find significant correlation between HLA similarities and 

women’s preference for body odor in spite of the fact they did not assessed menstrual cycle 

phase, contraception use and typing HLA class II. Concerning differences in the study 
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design (e.g. odor sampling, the statistical treatment of data) it is questionable to compare 

this study with others. 

  

Our results can be affected by general tendency that weaker body odors are rated as 

more pleasant than intense ones (Wedekind et al. 2006). Because our rating session took 

place in the summer, cumulative ceiling effect could occur due to high temperature. As a 

result, majority of the samples could be perceived as very intense and rather unattractive, 

not showing necessary variation. To test this hypothesis we should collect data about 

perceived intensity of samples which we did not.   

 

Further, our results indicate that MHC dissimilarity is associated with facial 

attractiveness. The number of concrete shared alleles between the female raters and the 

pictured males negatively correlated with facial attractiveness, which is not in contrast with 

previous face studies indicating assortative preferences (Roberts et al. 2005) or with a 

study that found no effect of MHC allele-sharing on facial attractiveness (Thornhill, 

Gangestad, Miller, Scheyd, McCollough & Franklin, 2003). Though, our research supports 

two theories of mate selection which were mentioned previously (chapter 2.2.3.3.). The 

first is disassortative mating theory which suggests that females prefer mates who are 

genetically dissimilar in order to avoid inbreeding and to gain more diverse genes for their 

offspring which may offer better resistance to diseases and infections. The second is the 

good genes theory which states that females should prefer genetic diversity in a mate if it is 

associated with quality. That means that if a mate is of good quality then can provide direct 

resource benefits. Such mates will provide better parental care and will be less likely to 

spread diseases to their partner and offspring. Possessing genes which are dissimilar from a 

partner provides also benefits to possible offspring, e.g. better immune functioning. As 

genetic diversity at MHC is advantageous in immune system, it could be, in broader sense, 

linked to overall health status.   

The fact, that our participants were blood donors should be also concerned. Since 

they have to fulfill strict health criteria, there is a chance that they are healthier than 

average population. Their health condition could subsequently reflect in their facial 

appearance.   
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Against our expectations, we found the effect of MHC dissimilarity on facial 

attractiveness in both follicular and luteal phase of women’s menstrual cycle, suggesting 

that preference for facial attractiveness does not vary across menstrual cycle. Potential 

explanation can be the sample size. Assuming that preferential shift during menstrual cycle 

occurs, our sample size could not be large enough to detect weak changes. Alternatively, 

preference for facial attractiveness may correlate with both direct and indirect benefits 

hence cyclic changes would not occur.  

Further, we found a negative correlation between facial attractiveness and MHC 

dissimilarity in pill users. This contraceptive pill effect is inconsistent with findings from 

odor-based studies which suggested that the pill disrupt dissasortative mating preferences 

(Wedekind, Seebeck, Bettens, & Paepke, 1995; Wedekind & Furi, 1997). It is also against 

the assumption that the pill partly simulates pregnancy and thus the pill users should prefer 

MHC similar mates. Because we found this correlation in shared allelic groups but not in 

concrete alleles, there is a question whether a preference for dissimilarity is not rather 

avoidance of extreme MHC similarity between mates. 

 

Surprisingly, we found positive correlation between vocal attractiveness and 

similarity at allelic groups. Specifically, women in their follicular phase preferred voices of 

men who shared MHC similar genotype. This can be explained by the fact that women’s 

preferences for male traits are enhanced in their fertile phase (that occurs at the end of 

follicular phase)(Gangestad & Thornhill, 2008). Voice and other male sexual 

characteristics are under the control male sex hormones called androgens. Androgens 

(primarily testosterone) are responsible for deeper voice in males. The study of Ahmed et 

al. has shown that androgens have immunosuppressive effects as they consistently protect 

against several types of autoimmune diseases (Ahmed, Penhale, & Talal, 1985). It has been 

argued that voices with more pronounced sexually dimorphic features (e.g. lower pitch in 

male voices) are preferred by the other gender because they may signal a better 

reproductive potential (Bruckert et al.). We assumed that healthy blood donors carrying 

certain alleles can display their quality through high levels of androgens. As a result, 

donors with low-pitched voices should be preferred. From genetic perspective, this does 

not have to be necessarily a preference for MHC similarity between alleles per se but it can 
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be preference for a specific allele. There is the evidence that human MHC haplotypes are 

associated with protection from a wide spectrum of infectious, neoplastic and autoimmune 

diseases (Apanius et al., 97). From this point of view, preferences for certain alleles would 

be advantageous. Specifically, DRB*1302 allele is potentially protective against persistent 

hepatitis B virus and Plasmodia falciparum (Thursz et al., 1995). Further research on this 

field is necessary. 

Because vocal attractiveness judgment positively correlated with MHC similarity 

among homozygotes and not among heterozygotes it is possible that this indicates 

women’s preferences for certain alleles specific for homozygotes.  

 

Furthermore, I would like to discuss potential changes in our research design that 

could be done. The pattern of similarity was tested by high resolution typing at MHC 

region at A, B and DR loci because these are the most polymorphic loci and provide 

diverse enough typing data. We detect a number of shared alleles and allelic groups, 

assuming that determination of concrete shared alleles is more sensitive method. However, 

only comparison of the levels of MHC allelic groups seems to be adequate because of the 

meaning of HLA nomenclature (Listgarten et al., 2008). The first two digits describing 

allelic group correspond to the historical serological antigen groupings. The third and 

fourth digits describing concrete allele subtype correspond to their order of discovery. Our 

approach was to compare different alleles according to their nomenclature. Because there 

is no difference in the biological function between alleles that differ at the subtype level, 

preference for HLA can be aimed at allelic groups and not at specific alleles.  

Because of performing multiple statistic tests the type I errors may occur in our 

results. Applying more strict criteria one would use Bonferonni correction for multiple 

tests. Also diverse statistic analysis could be done. We operated with mean values for each 

rater/stimuli to avoid pseudoreplications. An alternative would have been to use the 

individual ratings in generalized linear models. This allows a control for pseudoreplication 

effects, too, while being more sensitive as well. However, such advanced statistical 

techniques were beyond the scope of this work.  
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We did not control for the specific type of the contraceptives and that can be the 

reason why we did not observed differences related to the pill. Since only oral hormonal 

contraception act on the mechanism described at chapter 2.3.3., different types of 

contraception should be taken onto account (e.g. copper intrauterine device).  

Regarding a man and a woman as a unit of the analysis, both has shown a 

convergent tendency. Women have shown an MHC dissimilarity preferences for men’s 

faces when they were in both follicular and luteal phases of their cycle. This is consistent 

with the results given by the analyses that used a men as a unit of the analysis. There was 

found a preference for the faces of MHC dissimilar men when rated by all women and 

subsequently only by pill users. Specifically, when facial attractiveness was rated by all 

women, MHC dissimilar heterozygous not homozygous men were preferred.  

Consistent tendencies describe preferences for vocal attractiveness. When a women 

was used as a unit of analysis, there was a preference for MHC similar men’s voices in pill 

users who were in follicular phase of their cycle. When we tested a men as a unit of 

analysis, we found general preference for MHC similar men when rated by all women. 

Furthermore, voices of homozygous men when rated by all women and subsequently by 

women in follicular phase were preferred. In both approaches, no significant correlation 

between vocal attractiveness and similarity related to luteal phase of menstrual cycle was 

revealed. 
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7 Conclusion 

Our findings suggest that females MHC-related preferences are more affected by 

visual and vocal cues than by odor cues. When facial attractiveness was tested, the 

negative correlation to MHC dissimilarity was found regardless of menstrual cycle phase 

or hormonal contraception use. Concerning shifts across menstrual cycle phase, we did not 

find any preferential changes in follicular and luteal phase of menstrual cycle. Subsequent 

data analysis revealed a negative correlation between facial attractiveness and MHC 

dissimilarity in contraceptive users. Pill users preferred faces of heterozygous men who 

have MHC dissimilar alleles to their own. 

Interestingly, we found that women in their follicular phase preferred voices of men 

with MHC genotype similar to their own. Our study first tested the correlation between 

vocal attractiveness and MHC similarity. We showed that women preferred voices of men 

who posses MHC genotype similar to their own and were homozygous at least at one 

MHC loci. We concluded that in blood donors, voice can be more androgen dependent 

than other modalities. As a consequence, women could prefer men with specific alleles 

similar to their own and not only certain allelic groups.   

We did not find any evidence of a relationship between MHC similarity and 

preferences for body odor neither in pill users nor in non pill users. 
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