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mate choice driven by variation in immune system genes
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Abstract
The human leukocyte antigen (HLA) is the most polymorphic region of the genome, coding for proteins that mediate human
immune response. This polymorphism may be maintained by balancing selection and certain populations show deviations
from expected gene frequencies. Supporting this hypothesis, studies into olfactory preferences have suggested that
females prefer the scent of males with dissimilar HLA to their own. However, it has also been proposed that
androstenones play a role in female mate choice, and as these molecules inhibit the immune system, this has implications
for the theory of HLA-driven mate preference. This review will critically analyze the findings of studies investigating
olfactory preference in humans, and their implications for these two contrasting theories of mate choice.
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Introduction
Evidence from molecular studies of the major histocompatibility complex (MHC) termed human leukocyte antigen
(HLA) in humans1 has meant that the concept that variability at the HLA is maintained by balancing selection is now
almost unanimously accepted.2 Both pathogen and nonpathogen linked models for the mechanism by which this
polymorphism is maintained have been proposed. The
two models overlap greatly in that they both assume that
a female will prefer to mate with males whose genes
confer the greatest competitive advantage on her offspring.3
The nature of the genetic haplotype best able to confer competitive offspring affects the potential decisions made with
regard to mate choice, and therefore has important bearings
on the conclusions that may be drawn from studies of
olfactory-driven mate choice. This paper will review the evidence relevant to potentially desirable HLA haplotypes, and
its implications for theories of olfactory-driven mate choice.

both animal and human studies5 – 9 (see Piertney and
Oliver,10 for a review). However, their ﬁndings have
proved inconclusive with regards to the most desirable
MHC haplotype. Studies in semi-free populations of mandrills with little migration found strong dissassortative
mating,4 whereas in baboons with a higher degree of outbreeding the effect was not found.11 Disassortative mating
results in negative relatedness coefﬁcient between partners.
Ober et al. 6 found that this effect was pronounced among
Hutterites, and suggested that it may be due to their
limited outbreeding, increasing the selective pressure of
ﬁnding non-related mates. Similarly Chaix et al. 7 proposed
that the differences in relatedness coefﬁcient found between
the Yoruba and European population may be a result of cultural factors. Therefore, the effect of HLA disassortative
mating, and subsequently individual female preference
should be taken with the proviso that they are dependent
on context and may vary over time10,12 (see Table 1).

Which haplotype is most desirable?
Mate choice at the HLA
The HLA is one of the areas of the genome best suited for
the genetic study of mate choice,4 and support for discriminative mate choice based on MHC haplotype has come from
ISSN: 1535-3702

In the HLA, alleles show co-dominance,17 with the effect
that heterozygotes are able to respond to a wider array of
non-self pathogenic antigens as they can bind to and
present twice as many foreign peptides compared with
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† She is able to determine the immune genotype of any

Table 1 Summary of HLA mate choice hypotheses
Preferred mate
HLA haplotype

Rationale in terms
of offspring

Dissimilar

Most diverse HLA haplotype

Heterozygous

‘Best of a bad job’ –
high-quality mate able to
provide first-order benefits
and reasonable offspring
quality
Resistant to common
parasites
Ensure the maintenance of
locally co-adapted gene
complexes along with HLA
diversity.
Most diverse HLA haplotype

Rare
Intermediate
heterozygosity

Complementary

References
Wedekind13 and
Wedekind and
Furi14
Brown3

Potts and Slev29
Jacob et al. 15

Trivers16 and
Brown3

homozygotes.18 HLA molecules bind to and present pathogenic cell fragments on the cell surface membrane, where
they are recognized by T-cells.19 A larger repertoire of
HLA molecules therefore theoretically would confer
greater pathogen resistance. It has therefore been proposed
that heterozygotes would be favored by natural selection.
The red queen hypothesis assumes that new combinations
of genes are required every generation to counter currently
dominating parasite.20 A female would therefore beneﬁt
from selectively mating with those who would provide
her offspring with the best immune response to current
parasitic pressures, in combination with her own genes for
immune function.21 There are various theories as to how
this pressure might translate into mate choice.
To produce maximally heterozygous offspring, it has
been proposed that females would preferentially mate
with those most dissimilar to themselves,14,22 which
would theoretically produce offspring with the widest
range of pathogenic antigens. Wedekind and Penn23 also
suggest that by producing an excess of heterozygotes a
population produces a ‘moving target’ against rapidly evolving parasites. However, heterozygosity is not without its
costs as certain HLA combinations are associated with
links to autoimmune disease.13 There are also physical
constraints on the expression of HLA genes. Speciﬁcally,
there is an inverse relationship between MHC diversity
and T-cell repertoire;13 an individual with all the MHC
molecules required to respond to all potential pathogens
would probably have no T-cells left to respond to them
due to self-reactive T-cells.21 There are also density requirements for the cell surface glycoproteins encoded by the
HLA genes.13
Given the potential advantage conferred by HLA variability, it has been suggested that females seek to mate with
those whose genes best complement their own.16 However,
to do this at the level of the HLA3,24 would require that:

† Females have a knowledge of their own immune genes;
† There is a large variation in resistance genes in the
population;

†

potential partner;6
She would also need to make decisions based on ﬂuctuating parasitic pressures.

In light of the complexity of determining the most beneﬁcial
partner, it may be that simple heterozygosity is desirable, as
theoretically, any offspring would be able to respond to the
greatest variety of parasites. Although this strategy may not
produce maximally heterozygous offspring in every case, it
would produce offspring that are more heterozygous on
average.25 A female may share many alleles with her heterozygous mate but a preference for HLA-dissimilar mates
would ensure that she gives her offspring the most diverse
immune system.21 The female would also accrue direct
advantages in that a heterozygous partner would be the
least susceptible to illness and so more likely to be able to
support offspring himself.3,24
Animal studies have found that maximum heterozygosity
is not always desirable as resistance can be recessive26 or
that no heterozygote advantage exists.27 Rather, intermediate numbers of allele matches conferred the greatest
ﬁtness, with females choosing optimal rather than maximally heterozygous partners.15 These intermediate heterozygotes retained locally co-adapted gene complexes, MHC
alleles that had co-evolved with local parasites, yet were
able to respond to a wide array of pathogens, and it has
been proposed that this might also be the case in humans.15
An alternative hypothesis rests on the argument that
pathogens are more likely to have developed mechanisms
to evade the immunity conferred by common HLA genotypes,28 since it is these hosts in which they will most
often ﬁnd themselves.29 As speciﬁc parasites are detected
by speciﬁc HLA molecules, having maximum heterozygosity does not necessarily guarantee immunity from a parasite, as it may be that an individual does not necessarily
possess the resistance allele. By this logic, rare HLA haplotypes should be favored.18,29 However, rare alleles would
only be beneﬁcial if they conferred a resistance that others
did not. Another argument would be that while heterozygosity provides the greatest range of resistance, homozygous
individuals may have higher resistance against speciﬁc
infectious diseases.21 In humans, these hypotheses have
been tested in the context of studies investigating olfactory
inﬂuences on mate choice, which we explore in the next
section.

Olfactory HLA signals
In terms of number and size of sebaceous and apocrine
glands, humans are the most highly scented of all apes,
and it has been suggested that the axillary apocrine gland
aggregation is in fact a scent organ.30 In men, the axillary
apocrine gland is larger, and as such, men are more
pungent than women.31 There is good evidence that
animals choose mates with regard to immune function
through odor32 – 35 and it has been proposed that humans
may also be able to discriminate potential mates based on
HLA-derived odors.21 For body odor to be an effective
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signal, certain criteria must be met: ﬁrst, the signal must be
honest, meaning that, in the case of body odor and the HLA,
scent must be a reliable indicator of immunocompetence;
and second, different individuals must be able to produce
uniquely different odors, so we should all have a unique
odor ‘ﬁngerprint.’14
Twin studies have been used to show that body odor has
a signiﬁcant genetic component,36 and it has been proposed
that the MHC may be able to produce individually unique
body odors.37 Rats have been shown to be able to distinguish between the odors of humans with different HLA
haplotypes.38 Although humans have long been thought
of as microsmatic30 (‘poor smellers’), in fact, the olfactory
system has been shown to be responsive to picograms of
an odorant.39 Gilbert et al. 40 demonstrated that humans
are also extremely sensitive to differences in MHC, and
able to distinguish between the odors of MHC congenic
mice. Such ﬁndings have led to a number of studies into
the responsiveness of humans to olfactory cues, and the
inﬂuence of these cues on mate preference.

Studies into olfactory preferences
Wedekind et al. 22 were the ﬁrst to study the concept of odor
as a secondary sexual trait. Although their initial study has
been criticized on the basis of experimental design,41,42
Wedekind and Füri14 subsequently replicated the results,
altering the experimental design to address some of these
concerns. Wedekind et al. 22 recruited 49 female and 44
male students who were typed at three loci, HLA-A,
HLA-B and HLA-DR. The men were asked to wear a
t-shirt for two days and women were then asked to rate
the odors worn by both MHC-similar men and
MHC-dissimilar men. Both the stage of the menstrual
cycle and whether the women were on an oral contraceptive
pill (OCP) were assessed. The latter control is important,
since it has been proposed that the OCP reverses mate preferences by tricking the body into believing it is pregnant,
leading women to seek similar HLA-based odors (associated with kin) over dissimilar odors (associated with
non-kin).43 Women were then asked to rate the odors
between 0 and 10 for three factors: intensity, pleasantness
and sexiness. Wedekind et al. 22 found that odors from
HLA dissimilar men were rated as more pleasant and
sexier than those of HLA similar men.
Jacob et al. 15 studied odor preferences and HLA matches
across ﬁve loci among the Hutterites, an inbred American
population. Sampling in such small, isolated communities
ensured that the number of HLA alleles was low, which
should increase selection pressure at the HLA. The male
scent samples, again in the form of t-shirts, came from
both Hutterite and non-Hutterite males. No one man was
rated more attractive on the basis of scent than any other
overall; however, individual women varied signiﬁcantly
in whose odor they preferred, tending to choose men
with dissimilar HLA genotypes. Jacob et al. 15 interpreted
their results as suggesting that women are attracted to a
small, intermediate number of HLA matches, which prevents the loss of locally adapted gene complexes and

provides the optimal balance between inbreeding and
outbreeding.
Some investigators have failed to replicate the above
results.44,45 For example, Santos et al. 44 sought to replicate
the ﬁnding of Wedekind et al. 21 and Wedekind and Füri,14
but found no evidence that perceived pleasantness of odor
correlated with HLA-dissimilarity in either men or
women. However, their experiment did not control for
OCP use or menstrual cycle phase. Furthermore, they collected scent from their subjects by having them wear a necklace with a sachet of absorbent cotton. This would mean that
only sweat from the sternum was collected, whereas most of
a healthy person’s body odor is produced by the apocrine
glands of the axillae.30 It is also possible that some studies
reporting negative results lacked statistical power to detect
associations of this type, since the effect sizes reported
tend to be in the small to medium range.
Thornhill et al. 45 found that the commonness of an allele
signiﬁcantly predicted the attractiveness of a scent, consistent with the idea of complementary and heterozygous
mating; as found by Jacob et al.,15 rare alleles were not preferred. However, they found a different result to Jacob
et al. 15 where male heterozygosity was positively correlated
with scent attractiveness. Studies into ﬂuctuating asymmetry, and its presumed links to immunocompetence, have
similarly found that symmetrical men, theoretically those
with the most effective immune defenses, produce the
most attractive odors.45 – 47
Some studies have reported that the scent of
HLA-dissimilar men reminded woman more often of previous partners than that of HLA-similar men,21,48
suggesting that women preferentially mate with men who
share common features at the level of the HLA. The
degree of HLA allele sharing may also inﬂuence behavior
within a relationship; Garver-Apgar et al. 47 found that
women with HLA-similar partners are more likely to
ﬁnd their partners sexually unattractive and to engage in
inﬁdelity. Roberts and Little43 also found differences in
HLA-associated odor preferences between married and
single women. Those women who were married found the
scent of HLA dissimilar men more attractive than single
women. Roberts and colleagues interpret these results as
evidence that women seek attributes in extra-pair partners
as a means to increase heterozygosity in their offspring.
These results are consistent with the hypothesis that
humans discriminate at the level of the HLA with regards
to their partners and seek out a partner with complementary HLA genes to their own. However, it is too early to
reach a ﬁrm conclusion on what would be the most desirable HLA haplotype as studies have shown mixed results.
That said, if women were mating for a rare HLA haplotype,
we would expect to ﬁnd a particularly rare man being more
attractive than others; since this is not the case in any study
thus far, then this theory would seem unlikely. Of the
remaining hypotheses, it is difﬁcult to disentangle the
differences in results as the variation is subtle; whether
women prefer an intermediate amount of matches, choose
partners for speciﬁc MHC combinations or make the ‘best
of a bad job’ with maximally heterozygous men remains
unclear.
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Androstenes as sexual signals of
immunocompetence
An alternative theory suggests that the androstenes, androstenol and androstenone, sex hormones similar in structure
to testosterone, are indicators of immunocompetence.45
Androstenes form a large component of human sweat, with
androstenone producing the characteristic sweat odor while
androstenol produces a musk-like odor.30 Men produce more
androstenes than women and they have an inhibitory effect
on the immune system; it has therefore been suggested that
androstenes are an honest signal of mate quality. Grafen49
elaborated Zahavi’s handicap principles with the strategicchoice model whereby males adaptively allocate energy and
resources between sexual displays (in this case androstenes)
and immunological function.50 The suppression of immune
function due to androgen production satisﬁes this constraint:
males who were ill or immunoincompetent could not fake
such a signal without placing themselves at considerable
risk. Only those with a very ﬁt immune system can therefore
afford to produce large amounts of androstenes and thereby
inhibit their immune system. The production of androstenone
is also highly sexually dimorphic, which suggests that it is
linked to sexual selection.45
The brain retains a pheromone-sensitive region known as
the vomeronasal organ (VNO); previously thought to be vestigial in primates, it has since been reported that the VNO is
functional in humans, responding to pheromones in picogram amounts.39 Information from the VMO travels directly
to the amygdala and the hypothalamus, areas implicated in
sexual behavior.39 Moreover, a pheromone receptor gene
expressed in the olfactory mucosa has been identiﬁed.51
Pheromones are able to produce both short-term and
long-term behavioral changes.39 Female odors have been
shown to produce menstrual synchrony42,52 while male
odors have a regulatory effect on the menstrual cycle,
known as the Whitten effect.53 Responsiveness to androstenone in women also varies during different phases of
the menstrual cycle, reaching its peak at ovulation.39
Pheromones have also been found to inﬂuence behavior in
experimental studies. Both men and women rate stimuli,
such as faces, animals and buildings, as warmer and more
friendly in the presence of androstenol,54 and male faces
are rated as being signiﬁcantly more sexually attractive by
women wearing androstenone-impregnated masks.55
If the attractiveness of a potential mate is indeed related to
androstene production, this would mean that those with the
ﬁttest immune systems would be the most attractive as they
should be best able to produce androstene-derived compounds. This would appear to preclude the hypothesis
that women choose mates with complementary HLA haplotypes to their own, since HLA dissimilarity in itself is
no guarantee of immunocompetence. However, those
who are heterozygous or retain an intermediate amount of
heterozygosity could conceivably satisfy this constraint.

Conclusion
Much of literature has thus far treated these two components of body odor, HLA-derived compounds or

androstene-derived compounds, separately. However,
there is no clear reason why the two should be mutually
exclusive. Much as body odor and ﬂuctuation asymmetry
are posited to work in conjunction, it may be that androstene acts as the primary determinant of mate quality,
acting as an overall signal of mate quality, while
HLA-derived scents provide a ‘ﬁne-tuning’ of the compatibility of a potential partner. This would allow both the
selection of a mate who provides direct beneﬁts,16 and
also one whose HLA genotype provides reasonably ﬁt
offspring. If this were the case, it would be predicted that
studies including sufﬁciently large samples of men should
ﬁnd that the scent of several men, with more effective
immune defenses, would be rated as more attractive,
based on their ability to produce higher levels of androstenes. However, female preferences would be spread
across these more immunocompetent men, as different
women sought different complementary HLA genotypes
with regards to their own. Whatever the explanation, it is
clear that olfactory cues play an important role in mate preference. However, studies assessing both andosterone levels
and HLA haplotypes are necessary in order to clarify
whether one of these mechanisms is dominant, or whether
they act in tandem.
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