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PROBLEM: Polymorphic genes of the human major histocompatibility complex

[MHC; human leukocyte antigen (HLA)] are probably important in determining
resistance to parasites and avoidance of inbreeding. We investigated whether HLA-
associated sexual selection could also involve HLA-linked olfactory receptor (OR)

genes, which might not only participate in olfaction-guided mate choice, but also in
selection processes within the testis.
METHOD OF STUDY: The testicular expression status of HLA class I molecules

(by immunohistology) and HLA-linked OR genes (by transcriptional analysis) was
determined.
RESULTS: Various HLA class I heavy chains, but not b2-microglobulin (b2m), were

expressed, mainly at the spermatocyte I stage. Of 17 HLA-linked OR genes analyzed,
eight were found to be transcribed in the testis. They exhibited varying numbers of
5¢- or 3¢-non-coding exons as well as differential splicing.
CONCLUSIONS: We suggest that testis-expressed polymorphic HLA and OR

proteins are functionally connected and serve the selection of spermatozoa, enabling
them to distinguish ‘self’ from ‘non-self’ [the sperm-receptor-selection (SRS)
hypothesis].
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Humboldt-Universität zu Berlin,
Berlin, Germany
GOTTFRIED DOHR

Institut für Histologie und
Embryologie, Karl-Franzens-
Universität Graz, Graz, Austria

*This article is dedicated to the
memory of Prof. Dr Wilhelm
Burkl, the former Director of the

Institut für Histologie und
Embryologie of the
Karl-Franzens-Universität Graz,

who died on 2 August 2001.

Address reprint requests to

Andreas Ziegler, Institut für
Immungenetik,
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Humboldt-Universität zu Berlin,
Spandauer Damm 130,
14050 Berlin, Germany.

E-mail: andreas.ziegler@charite.de

Submitted 13 September 2001;

accepted 27 September 2001.

AJRI 2002; 48: 34–42
Copyright � Blackwell Munksgaard, 2002

ISSN 8755-8920

� BLACKWELL MUNKSGAARD, 2002



INTRODUCTION

The ability to differentiate between ‘self’ and ‘non-self’
is an essential feature of the vertebrate immune system:
highly polymorphic molecules encoded by the major
histocompatibility complex (MHC) present peptides to
thymus-selected T cells. Following thymic selection,
these T cells are only able to recognize self MHC
molecules complexed with peptides of non-self origin.1

As specific alleles of MHC class I and II loci determine
resistance against various pathogens, including viruses
and parasites, the fittest individuals will be those
exhibiting maximal heterozygosity at polymorphic
MHC loci.2,3 Consequently, animals such as mice4–6

or rats,7,8 but also humans9,10 favor MHC [in humans,
human leukocyte antigen (HLA)]-dissimilar partners.
The avoidance of inbreeding is a likely added bene-
fit.11,12 It has been pointed out that the relative
importance of these two mate-choice strategies prob-
ably depends on the natural population structure of
the species in question.13 For example, females of
three-spined sticklebacks (Gasterosteus aculeatus) do
not seem to care whether a potential mate carries other
MHC alleles than they themselves, but instead prefer
male fish suitable to produce offspring with an optimal
(i.e. usually large) number of MHC class II alleles; as a
rule, males with fewer alleles are considered less
attractive.13 On the other hand, in species such as
rodents or humans, disassortative mating may primar-
ily serve to avoid inbreeding.

There is a large body of evidence supporting the
importance of olfaction in mate choice: in vertebrates,
the degree to which individuals are attracted toward
each other depends on polymorphic loci within their
MHC or closely linked genes.4–10,13 These observations
on animals have been recently extended also to
humans, showing that a human odor was rated the
more ‘attractive’, the fewer HLA antigens were shared
by the provider of the odor and its recipient.14 In
support of a role for olfactory stimulants in choosing
the ‘right’ partner, it has even been demonstrated that
perfume preferences correlate with the individual’s
HLA type.15

In the mammalian species investigated so far,
olfactory individuality is apparently due to MHC
class I proteins, their breakdown products or other
molecules associated with them, which occur in sweat,
urine and serum.9,14,16–18 Within the olfactory epithe-
lium, these odorants are perceived by olfactory recep-
tors (OR), which belong to the superfamily of G
protein-coupled receptors (GPCR). About 1000 typical
OR genes (of the ‘major olfactory epithelium’ type)
have been discovered in rodents, and in man more than
900 OR genes exist, possibly as many as 3% of all
genes. About 60% of the human OR loci are likely to

be pseudogenes with unclear functional status.19,20 OR
genes occur in clusters on most human chromosomes,
and one of these clusters is HLA-linked (Fig. 1).21–24 It
contains 34 typical OR gene sequences, organized into
two subclusters. In addition, five OR loci belonging to
a different GPCR family, the type 1 vomeronasal
receptor genes (V1R)25 are located telomeric, in the
vicinity of the second subcluster (Fig. 1)24 (Horton
et al., unpublished data).

All of the potentially functional OR genes within the
HLA-linked cluster were found to be polymorphic,
resulting in an even higher number of haplotypes for
the OR genes than for the closely linked HLA class I
loci in the panel of HLA homo- or hemizygous cell
lines investigated.23 Ligands for the products of HLA-
linked OR loci are currently unknown. Nevertheless, it
is tempting to speculate that a functional connection
between MHC and linked OR loci may exist.4,21,23,26,27

This idea is supported by the retention of MHC–OR
gene linkage in species that are evolutionarily as
separate as humans and mice.24

Linkage of genes controlling mating preferences is
not uncommon in other phyla. For example, in the
mushrooms Schizophyllum commune and Coprinus
cinereus, the large number of mating type specificities
are the result of tightly linked arrays of genes for
polymorphic pheromone receptors and phero-
mones28,29 which ensure that self-fertilization is pre-
vented, and furthermore allow efficient selection of a
genetically different mating partner. Comparable pro-
cesses operate in several invertebrates as well, where
polymorphic interaction proteins on gametes control
self–non-self recognition, as e.g. in molluscs30 or sea
urchins.31 In addition, a cytosolic molecular complex
typically associated with the provision of antigenic
fragments for presentation by MHC class I molecules,
the proteasome, is involved in preventing self-sterility
of the ascidian Ciona intestinalis.32 A direct role for
MHC genes or MHC-linked loci in reproduction is
also suggested by the demonstration that mouse
oocytes can ‘select’ sperm bearing a foreign MHC
haplotype.33,34 Currently, this observation lacks an
explanation, because there is growing evidence that
spermatozoa do not express MHC molecules,35,36

despite some findings indicating the contrary. How-
ever, it is conceivable that polymorphic, sperm-
expressed products of MHC-linked OR genes might
indirectly, by linkage disequilibrium, signal the MHC
haplotype carried by a spermatozoon.

Self–non-self discrimination appears therefore as the
most important single feature linking the vertebrate
immune system and reproduction. Violation of the
mechanisms ensuring recognition of self and non-self
will lead to autoimmunity or elevated pathogen
susceptibility together with an increased risk of
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Fig. 1. Human chromosome 6 ideogram. In addition to the HLA complex, all identified OR genes in the vicinity of the HLA complex (hs6M1–1

to )10, and hs6M1–12 to –35P, and the five V1R loci (hs6V1–1 to )5)), and their approximate location on the physical map are indicated. For

details, see the article by Younger and colleagues.24
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inbreeding, respectively. Presence of OR transcripts
has already been found in male germ cells of several
mammals, including man, and a role for sperm-
expressed OR, e.g. in chemotaxis, been proposed.37–43

To support the suggestion of a functional connection
between HLA antigens and OR,4,26 we analyzed
whether HLA-linked OR loci were transcribed in
testicular tissue. Furthermore, we investigated the
expression of HLA class I molecules and b2-micro-
globulin (b2m) by male germ cells. The results lead us
to suggest that only those OR will be expressed by
spermatozoa that have successfully passed a testicular
selection step in which self HLA class I heavy chains
participate.

METHOD OF STUDY

For immunohistology, tissues from 15 normal human
testes were cryopreserved or paraffin-embedded. Sec-
tions were immunostained with monoclonal antibodies
(mAb) directed either against different epitopes on
HLA class I free heavy chains (LA45, L31, HC-10,
HC-A2), b2m (BBM.1 and conventional antisera), or
various HLA class I/b2m complexes (W6/32.HL, 87G,
ME-1), including also appropriate control mAb like
W6/32.HK (for details, see Hutter et al., unpublished
data).

In the absence of specific antibodies against OR
proteins, the transcriptional status of OR genes from
the HLA-linked cluster as well as two OR loci from
chromosomes 7 and 17 (hs7M1–2 and hs17M1–20,
respectively) was assessed using multitissue RNA
blots, screening of a cDNA library from testis,
polymerase chain reaction (PCR), and rapid amplifi-
cation of cDNA ends (RACE) procedures on com-
mercial samples of RNA. Sequencing was carried out
using a Model 4000 DNA Sequencer (LI-COR,

Lincoln, NE, USA) instrument. Primers were designed
based on the genomic sequence previously deter-
mined.24 The specificity of the primers was checked
by alignment with all known human OR sequences.
The genomic locations of the 5¢- and 3¢-ends of cDNAs
from OR genes were assigned by aligning the experi-
mentally determined cDNA sequences with genomic
DNA. A list of the primers employed, as well as a
detailed description of all experimental procedures can
be obtained elsewhere23,24 (see also Volz et al., unpub-
lished data).

RESULTS AND DISCUSSION

The presence of HLA molecules within the testis has
already been analyzed in several studies, using
molecular biological methods and antibodies (reviewed
by36), but typically only extratubular expression of
HLA proteins was found (see e.g.44). However, these
results relied on the use of reagents like the mAb W6/
3245 which is known to detect HLA class I heavy chain
(HC) complexed with b2m. It was therefore possible
that free HC, with the possible exception of HLA–E,46

had remained undetected. We employed a panel of
mAb with differential reactivity towards free and b2m-
complexed HC, as well as against b2m (Table I).

The results indicate that conventional HLA class I
HC/b2m molecules, most likely peptide-complexed (see
for example Fig. 2),47 are only present in cells from the
extratubular epithelium, whereas intratubular cells,
including spermatozoa and Sertoli cells, were invaria-
bly unreactive with the respective mAb, e.g. W6/
32.HL. In line with this expression pattern was the
reactivity of b2m-specific reagents which demonstrated
the absence of b2m from seminiferous epithelium, but
strong expression by extratubular cells. However,
different types of free HLA class I HC were found in

TABLE I. Expression of Free and b2m-Complexed HLA Class I Heavy Chains in Testicular Tissue

Testicular tissue

Tubular epithelium

Molecule

Extratubular

epithelium Sgonia Scytes I Scytes II Stids Sperm Sertoli cells

HLA class I HC/ +++ – – – – – –

b2m complexes

b2m +++ – – – – – –

HLA class I HC + +/–a +++ + +/–a – –

Sgonia: spermatogonia, Scytes I, II: first and second order spermatocytes; Stids: spermatids.

Staining intensity: +++, very strong; +, moderate; +/–, about 30% of cells weak.
a Subsets of spermatogonia and spermatids were weakly reactive only with the mAb HC-A2 (anti-HLA–A, –G, –E, some –C, –B73).
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considerable amounts in the more immature cell types
of spermiogenesis, in particular first order spermato-
cytes. It appeared that the staining was not restricted
to the cell membranes, but was distributed throughout
the cytoplasm. This expression pattern was observed
with three different mAb, while HC-A2, the reagent
with the broadest reactivity, exhibited more extensive
staining, which included also some spermatogonia and
spermatids. Spermatozoa and Sertoli cells, on the other
hand, were always negative. It is likely that HC from
the following loci were expressed: HLA–B, –C, –E and
probably also –A (Hutter et al., unpublished data).
Our results confirm earlier studies with regard to
expression of intact, b2m-associated HLA molecules
and b2m, but in addition demonstrate the presence of
various free, polymorphic class I HC in cells from
certain stages of male germ cell development.

To our knowledge, this exclusive expression of free
HLA class I HC in male germ cells has never been
observed in any other human tissue. According to
present concepts, HLA class I molecules can only
perform an immunologically meaningful function
when they are associated with b2m, and occur on the
surface of antigen-presenting cells. Therefore, antigen
presentation does not seem to make much sense within
seminiferous tubules of the normal testis, where

lymphocytes with T cell receptors (TCR) or natural
killer cells with their various receptors (e.g. killer cell
immunoglobulin-like receptors, KIR; leukocyte immu-
noglobulin-like receptors, LIR) are lacking. It has been
pointed out that HC contain a number of epitopes that
allow the molecules to interact with a variety of
different cell surface-expressed ligands:48 TCR, CD8,
KIR, LIR, and CD94/NKG2A, but all these natural
ligands appear to require the intact HLA class I
molecule for interaction, and there is no evidence for
their expression in seminiferous tissue. We regard it
also as unlikely that the pronounced expression of class
I HC in male germ cells is an artifact, because the
results rely on several different reagents and include
appropriate controls. Furthermore, accidental expres-
sion of HLA HC in such large quantities, and at such
defined cellular sites, appears very improbable. There-
fore, it is likely that the expression fulfills another
purpose. As the conserved linkage of MHC and OR
genes suggests a functional connection,4,21,26,27 we
explored the possibility that HLA-linked OR genes
might be expressed in the testis, allowing a possible
interaction with HLA class I HC.

Multi-tissue RNA blots showed clear-cut expression
of hs6M1–16 transcripts in testis, kidney and lungs,
while the analysis of all other OR tested resulted only
in very weak expression in several tissues or no
expression at all. Furthermore, cDNA from only a
single OR gene, hs6M1–32, was obtained by screening
a testis cDNA library. As no other OR transcripts were
found in the library, we decided to analyze testicular
OR expression by RACE with cDNA prepared from
testis RNA. The following OR genes were found to be
expressed: hs6M1–3, –6, –16, –18, –20, –21, –27, and
hs17M1–20. Like hs6M1–32 isolated from the cDNA
library, the transcripts of hs6M1–3, –6, and –20
consisted only of the single coding exon. However,
an entirely different situation was seen with hs6M1–21,
–27, and –18 (OR genes with identical transcriptional
orientation, located on 6p in the order shown,24 see
also Fig. 1): transcripts from these loci occurred in
several different splice variants, and exhibited extensive
5¢ exon sharing among each other. Furthermore, the
most distant 5¢ exon of hs6M1–21 was more than
100 kb away from the coding exon, so that the
unspliced hs6M1–21 transcript is expected to include
five additional OR genes (hs6M1–17, –18, –19P, –20,
and –27,24 Fig. 1). The hs6M1–16 gene was located
directly centromeric of the hs6M1–17 locus, in oppo-
site transcriptional orientation. hs6M1–16 transcripts
contained up to four 5¢ non-coding exons, and up to
two additional 3¢ non-coding exons. Furthermore,
alternative splicing, resembling that identified during
the expressed sequence tag (EST)-database searches,24

was found for the hs6M1–16 gene. These variants are

Fig. 2. Structure of the HLA-A*0201 molecule in complex with a

decameric MAGE-A4-derived peptide as determined by X-ray crys-

tallography at 1.4 Å resolution.47 MAGE-A4 is a protein that is

normally expressed only in seminiferous tubules, where it cannot be

presented to T cells by HLA molecules. However, certain types of

tumors, including melanoma, express MAGE-A4, and a number of

HLA class I molecules like HLA-A2 may present MAGE-A4-derived

peptides to cytotoxic T lymphocytes. As the reported antigenic

complex should be strictly tumor specific, it is considered to be an

ideal target for immunotherapy.
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expected to result in an N-terminally truncated OR
which may be functional.24,49

Therefore, several HLA-linked OR genes are clearly
transcribed in testicular tissue, where some of them
may be subject to most unusual transcriptional control
and splice mechanisms. These results extend those
obtained previously by studying testicular OR gene
expression, and show that more than 50 different OR
genes must be expressed by human testis. In-situ
hybridizations and analysis of samples enriched for
certain tubular cells have shown that OR are primarily
expressed by a subset of spermatocytes and early
spermatids.37–39,41–43 In addition, studies with canine
male germ cells have shown that OR genes are not only
transcribed, but also translated, and are finally
expressed by spermatozoa.38 It appears very likely
that OR fulfill a specific function in male germ cell
development, or act as chemoreceptors on the surface
of spermatozoa.37–39,43 Theoretical considerations
have even led to the suggestion that testis-expressed
OR might become involved in male–male competition
and female choice, and that seminal fluid could contain
substances to which sperm of other males might be
vulnerable.50 Tatsura and colleagues43 have expressed
similar ideas, and they discuss also mouse V1R genes
which they found to be expressed selectively by
spermatids, but not by any other cell type within the
testis.

The parallel expression of polymorphic HLA class I
HC genes and many OR loci within spermatocytes, of
which at least the HLA-linked OR loci are also
polymorphic, has led us to advance the idea that
linkage of HLA and OR genes could have evolved to
play a crucial role during sperm maturation and
fertilization [the ‘sperm-receptor-selection (SRS)
hypothesis’], and favor olfaction-driven mate choice,
too. Our hypothesis assumes that ‘foreign’, but not
‘self’ HLA class I proteins and/or their fragments can
interact with the products of sperm-expressed OR
genes, a condition which will be met only if olfaction-
guided mate choice has brought HLA-different part-
ners (with HLA types ‘W’ and ‘Z’ for simplicity)
together. It is this type of interplay of the products of
closely linked genes which we had in mind when we
suggested that the MHC and linked OR genes might
constitute an ‘Immuno-Olfactory Supercomplex’
(IOS).26

The SRS hypothesis is supported by observations
made in man and various mammals: (1) in spermato-
cytes within seminiferous epithelium of the testis,
different polymorphic HLA class I HC (of ‘W’ type),
but not b2m, are expressed (this study); (2) a large
number of OR genes, including many polymorphic
HLA-linked OR loci, are expressed in these cells as
well, although most likely not the whole set available

for expression in olfactory epithelium37–43 (this study);
(3) the seminal fluid contains soluble intact, b2m-
associated HLA class I molecules (of ‘W’ type);51 (4)
OR can be expressed on sperm;38 (5) HLA class I
molecules (of ‘Z’ type) are expressed in large amounts
on cells surrounding the oocyte, i.e. granulosa cells.52

We postulate that HLA class I HC and OR interact
with each other during spermiogenesis, leading to the
elimination of self HLA-reactive OR and retention of
potentially non-self-reactive OR for expression on
mature spermatozoa. The type of testicular selection
which we envisage will prevent reaction of spermato-
zoa with soluble ‘W’ type HLA molecules within the
seminal fluid, but allow interaction with soluble HLA
molecules (of ‘non-W’ type) within the female genital
tract. For example, HLA-positive granulosa cells52,53

surrounding the HLA-negative oocyte52 might shed
soluble HLA class I molecules (of ‘Z’ type) into the
fluid of the follicle or the fallopian tube, where they
could form a chemoattractive gradient.54 This could
facilitate fertilization of oocytes by HLA-different
sperm, whereas fertilization may be less likely in
partners with related HLA types. Furthermore, soluble
HLA molecules (of ‘W’ type) from the seminal fluid
have the potential to interact, within the female genital
tract, with ‘foreign’ spermatozoa from a copulation
with a second male, because these will most likely carry
OR which have undergone testicular immuno-selection
on HLA class I HC of ‘non-W’ type. This mechanism
might contribute to successful competition of sperma-
tozoa from the first male with those from the second,50

possibly by blocking interaction of the second male’s
spermatozoa with female HLA molecules (of ‘Z’ type).
Soluble HLA molecules in seminal plasma might
therefore be the ‘decoy’ compounds envisaged by
Branscomb and coworkers.50

The SRS hypothesis allows to predict the outcome
for interactions of sperm-expressed OR selected on self
HLA molecules: (1) fertilization of oocytes by sper-
matozoa from an HLA-different partner will be
favored, making the generation of HLA-heterozygous
offspring more likely; (2) fertilization of oocytes by
spermatozoa from an HLA-similar partner will be
discouraged, making the generation of HLA-homo-
zygous offspring less likely; (3) interaction of sperm
with soluble self HLA molecules will be prevented
(clearly a prerequisite for their successful navigation
through seminal plasma filled with self HLA mole-
cules); (4) interaction of foreign sperm with HLA
molecules within the seminal plasma provided by the
first mating partner is very probable, making fertiliza-
tion of the oocyte less likely, and in species without
development of a vaginal plug after copulation, such as
humans, fertilization of the oocyte by sperm from a
second male would be discouraged.
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In reality, the situation will be more complicated
than outlined above, because the mating partners
might share HLA specificities, or even complete HLA
haplotypes. In these cases, it could be that the number
of OR available for interaction with non-self female
HLA molecules is just diminished. The existence of
HLA-homozygous individuals proves of course that an
interaction between gametes with identical HLA haplo-
types can take place. Furthermore, it is very likely that
HLA class I molecules are synthesized in codominant
fashion by spermatocytes, so that the products of
HLA-linked OR genes are most likely not expressed in
a haplotype-specific manner by individual spermato-
zoa. It is therefore improbable that the oocyte can
recognize the sperm HLA haplotype via sperm surface-
expressed OR. Instead, MHC-dependent sperm choice
by oocytes33,34 may be a consequence of the interaction
of polymorphic female- and male-derived proteins
within the fertilized oocyte. The formation and main-
tenance of the sexually fertile dikaryon of C. cinereus
provides an example for such processes.29

How plausible is the SRS hypothesis? First of all, the
hypothesis offers a logical explanation for the intrigu-
ing observation of HLA class I HC expression by
spermatocytes. We have pointed out before that there
is no ‘classical’ immunologic reason for the expression
of polymorphic HC within an immunologically privi-
leged site such as the seminiferous epithelium,
although the expression of HLA–E HC in male germ
cells (but not sperm) has been taken as an indication of
tolerance induction.46 Because there are no cells within
the tubuli toward which tolerance might have to be
developed, and also no cells which could develop
tolerance, we regard our hypothesis as more convin-
cing. A second point in favor of the SRS hypothesis is
that it offers a simple way to integrate the universal
concept of self–non-self recognition, whose importance
in the reproduction of plants and invertebrates can
hardly be overstated, also into vertebrate reproductive
biology. According to the hypothesis, mammalian
germ cells rely for these recognition processes on
proteins, namely MHC and OR proteins, with many
properties typically observed for such interaction
molecules: (1) they are highly polymorphic; (2) some
of them are genetically linked and might evolve in
tandem; (3) they are obligatory membrane-bound
molecules (only OR) with the properties expected of
chemoreceptors; (4) they can occur in soluble form
(only MHC molecules), facilitating the production of
gradients, along which a chemoattracted cell could
migrate. Remarkably, both types of molecules perform
also seemingly unrelated, complex recognition func-
tions within the immune system and olfaction.

Finally, the SRS hypothesis can be put to the test:
(1) immunohistological analysis with OR-specific

antibodies would show which of the OR transcripts
give rise to proteins; (2) immunoprecipitations on
selected cell populations from the testis could be
employed to demonstrate interaction of HLA and OR
proteins; (3) the reactivity of spermatozoa with various
soluble HLA/b2m/peptide complexes could be assessed
by immunohistochemical tests; (4) the chemotaxis of
purified spermatozoa from males with different HLA
types could be investigated with various soluble HLA
molecules or by mucus-penetration tests with material
from HLA-typed women; (5) follicle fluid and fallo-
pian fluid should be investigated with regard to soluble
HLA molecules.

Our hypothesis might also contribute to an under-
standing of a number of observations which so far
lack an explanation. For example, no convincing
explanation has been offered for the retention of
seemingly disadvantageous, autoimmune disease-
associated HLA/OR haplotypes in Caucasians like
HLA–A*0101–B*0801–DR3, in which the linkage
disequilibrium extends as far as HFE (the hemochro-
matosis gene),55 about four megabase pairs telomeric
of HLA-A (Fig. 1). If, however, this haplotype would
ensure complete lack of interaction of HLA–A1 and –
B8 HC with OR that are part of the extended
haplotype, then a selective advantage for OR-bearing
sperm might exist, because they will have the chance
to carry a higher number of HLA-linked OR species,
making them potentially fitter for interactions with
non-self HLA molecules. It is also possible that
unexplained infertility could be related to the HLA–
OR interactions which we postulate, although genes
within the HLA class II region are thought to be
responsible.56

We would also like to point out that the SRS
hypothesis shares a number of features with one of the
central processes in the immune system, thymic T cell
selection. In both selection processes, polymorphic
MHC molecules play a crucial role, finally allowing
cells (T cells, spermatozoa) bearing the molecules
which are the selection targets (TCR, OR) to distin-
guish between ‘self’ and ‘foreign’. Studies on more
primitive vertebrates and their direct evolutionary
ancestors will also tell whether MHC molecules
performed a function initially within the reproductive
or the immune systems. We regard the first possibility
as more likely, but there is currently no hard evidence
to support this suggestion.

In conclusion, MHC-dependent selection of
OR-bearing sperm could support mate choice by
introducing a further safeguard to favor the produc-
tion of MHC-heterozygous offspring. Therefore, we
postulate that mammals (and possibly other verte-
brates as well) have to overcome two selective
barriers to produce offspring: one barrier acts at
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the level of the organism, and includes olfaction-
driven mate choice,4–8 while the other barrier com-
prises of receptors on male germ cells (which we
assume are OR) and potentially interacting ligands
supplied by the female (most likely soluble MHC
molecules). We predict that this interaction will only
function efficiently when the receptors on spermato-
zoa have been immuno-selected in the testis to
disregard self MHC molecules, and are thus able to
respond only when non-self MHC molecules are
encountered. This double barrier would fulfill a most
useful biological function in favoring both inbreeding
avoidance as well as MHC heterozygosity.
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