LHERS PECTIVES

Products of genes within the major histocompatibility
complex (MHC) play a crtical role during immune
recognition, binding self and foreign peptide fragments
for presentation to T lymphocytes!-2. This crucial im-
mune function has led to the widely held view that the
unprecedented genetic diversity of MHC genes results
from pathogen-driven selection that favors either MHC
heterozygotes (heterozygore advantage or overdomi-
nance), or relatively rare MHC genotvpes (negative
frequency-dependent selection). or a combination of
both*7. As discussed below, both rypes of selection can
maintain high levels of genetic diversity®. In studies that
may appear (o suggest an altemnative view, mice have
been shown 10 prefer mates whose MHC is different
from their own, both under laboratory conditions®-11
and in seminatural populations!2. Furthermore, these
MHC-based disassortative mating preferences also
maintain diversity, and are strong enough [0 account
for most of the geneuc diversity observed in Miss popu-
lations!213. However, there has been resistance to
incorporating the consideration of mating patterns into
conventional thinking on MHC genetic diversity, pri-
marily because there has seemed to be litle connection
berween MHC-based mauing preferences and the ac-
knowledged role of MHC genes in immune recognition,
Here, we review the relevant dawa and theories. and
show that both infectious disease ind inbreeding
depression favor the evolution of MHC-based mating
preferences in veniebrate species that. ike many mam-
mals, can detect MHC genotype by smelll+15 [n the
context of cumrent knowledge of how MHC genes in-
fluence disease resistance, individual odors, mating pat-
temns and inbreeding, we develop a4 theoreucal frame-
work for the evolution of MHC diversity in such species.

Overview
Based prmarily on what is known in Mus we
advance the following hvpothesis for the evoluton of
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Evidence from the bouse mouse (Mus) suggests that the
extreme diversity of genes of the major histocompatibility
complex (MHC) resulls from tbree different forms of
selection involving infectious disease (pestilence),
inbreeding (incest) and MHC-based mating (sexual)
preferences. MHC-based disassortative mating preferences
are presumed to have evolved because they reduce
bomozygosity throughout the genome, and particularly
within loci linked to the MHC. Progeny derived from such
disassortative matings would enjoy increased fitness
because of both reduced levels of inbreeding depression
and increased resistance to infectious disease arising from
their increased MHC beterozygosity.

MHC genetic diversity. Pathogen-driven selection favors
genetic diversity of the MHC through both heterozygote
advantage3+16 and frequency-dependent selection™!”
This in turns favors the evolution of MHC-based dis-
assortative mating preferences because such maungs
would preferentially produce MHC-heterozygous
progeny that have increased fitness. MHC-based
mating preferences are possible because MHC poiy-
morphisms strongly influence individual odors!3: such
mating preferences would further increase MHC geneuc
diversity™!12.13 increasing the usefulness of these loci
as markers for kin recognition'$-20. Consequently. the
avoidance of inbreeding (incestuous matings) becomes
an addiuonal selective force favoring
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MHC-based disassortative muating.
Figure 1 outlines the interactions of
these three selective forces that
we propose enhance the diversioy
of MHC genes. Note that only
two of the forces. pathogen-driven
selection and reproductive (sexual)
selection. operate directly on MHC
genes. Selection operating through
inbreeding depression acts in-
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A MHC POLYMORPHISM

directly by favoring MHC-based dis-
assortative mating and, indeed.

depression

pathogen-driven selection can also
act in this way. The relative import-
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Primary selective forces proposed to muintain MHC genetic diversity in Mus. Arrows
vor MHC polvmorphisms, either directly, or
indirectly because they favor MHC-hused disissomative mating preferences. Reproductive
mechanisms such as selective ferulization or selective abortion are viable ajternanves to
mating preferences, but the evidence for these post-mating mechanisms is weak?’,
Furthermore, pre-mating mechanisms will generally be more efficient at preferentially
producing progeny with favored genotvpes, beciuse they avoid the costs associated with
matng and aborted zygotes.

indicate the direction of selective forces that

ance of these three selective forces
in a pamicujar species depends on
many vanables, such as the strength
of the inbreeding load. the strength
of the pathogen load (caused bv
increased susceptibility to infec-
tious disease in animals that are
homozygous for MHC loci relative
to those that are heterozygous) and
the likelihood of inbred matngs.
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Below. we evaluate each of the three selec-
tive forces.

Pathogen-driven selection favors MHC
genetic diversity

The molecular details of how allelic van-
ants of the MHC influence immune respon-
siveness are well established?!-22. In theory,
these immune functions of MHC molecules
lead to o types of pathogen-dependent
selection that increase genetic diversity: hetero-
zygote advantage, or overdominance®*10, and
frequency-dependent selection”!”. It is pro-
posed that MHC heterozygotes have enhanced
resistance to disease because they express
twice as many MHC genes as homozygotes,
allowing them to bind and present a wider
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variety of peptide antigens. Selection s
thought to favor rare MHC genotypes, since
pathogens are more likely to have developed
mechanisms to evade the MHC-dependent
immunirty encoded by common MHC geno-
types. The relative imponance of these mwo
forms of selection is controversial’-2* but
even proponents of frequency-dependent
selection generally accept that heterozygote
advantage can also operate. Unforunartely.
there is as yet no compelling empirical example of
either type of selection operating on MHC genes Both
hypotheses predict associations between MHC geno-
type and resistance to specific infectious diseases; how-
ever, the two main examples, malaria in humans-* and
Marek's disease in chickens™, offer lile support for
pathogen-dependent  balancing  selection. both
strongly favor single MHC huplotypes and therefore
reduce diversity. Although muny attempts to document
MHC—disease associations have failed?=25 4 sutficient
number of examples have been identified® 10 muintain
the viability of both hypotheses.

Figure 2 shows the number of alleles expected for
various population sizes (N, ) and levels of overdominant
selection (), and illustrates that even a level of selection
that is too weak to be detected easily can act o maintin
a significant level of geneuc diversity. For example. a
selection coefficient of s=0.01 ¢can maintain ~-29 alleles
in population sizes (N,) of 10+-10%, but such 2 selection
coefficient could only be detected by sampling thou-
sands of individuals. If pathogen-dependent selection is
this weak, it is not surprising that it has been difficult 10
demonstrate; this consideration, together with the theor-
etical persuasiveness of the MHC overdominance hy-
pothesis, supports the idea that pathogen-dependent
MHC heterozygote advantage operates in verebrares

A

Sexual preferences reduce both pathogen and
inbreeding loads

The pathogen load resulting from MHC heterozygote
advantage represents the reduction in fitness of MHC
homozygotes caused by decreased resistance to disease.
Inbreeding load represents the loss of fitness caused by
homozygosity at loci that have either deleterious re-
cessive or overdominant alleles, Progeny from inbred
matings will suffer reduced fitness when such loci are
present: this is commonly termed inbreeding depression.

FIGA

The mean number of alleles maintained at various levels of symmetnc
overdominant selection (s) and effective population sizes (N,) at a mutation
rate of 107" Values are based on an approximation method developed by
Yokovama and Nei*. (Note that s = 0.01 means, for example, that in a
population starung with 100 MHC homozygotes and 100 MHC heterozygotes.
homozygotes would suffer a single pre-reproductive death while
heterozygotes suffer no monaliry.)

(Note that MHC-dependent pathogen load s a com-
ponent of the inbreeding load.) It is generally accepted
that MHC-based disassortative mating will reduce both
pathogen and inbreeding loads’13.29-30. This is readily
illustrated in the case of MHC overdominance: if MHC
homozygotes have reduced fitness because of increased
susceptibility to disease. then MHC-based disassortative
matng preferences will be favored because of the
higher proportion of MHC-heterozygous progeny pro-
duced relative to random mating expectations.

The case for inbreeding load is similar. Since sharing
highly polymorphic genetic markers is predictive of
kinship!®1?. avoiding mating with animals that have a
similar MHC genotvpe will reduce the likelihood of
matings with relatves (inbreeding)13.29-32. MHC-based
odors may be just one of many kin recognition cues,
although it appears that the MHC has a disproportion-
ate influence on individual odors in rodents. consu-
tuting an estimated 50% of individual differences as
measured by ease of training in olfaction discrimination
experiments!®. Independent evidence that MHC genes
influence kin recognition comes from recent studies of
communal nesting in mice33.

If MHC-based mating preferences act by reducing
both pathogen and inbreeding loads. which of these
two forces is more important? Howard has argued that
MHC-based muating preferences function primarily to
reduce pathogen load because while they are poten-
tially perfect at preventing MHC homozygosity. they are
imperfect at preventing inbreeding®0. However, if the
inbreeding load 15 sufficiently strong, avoiding inbreed-
ing could be the more impomant force in maintaining
MHC diversity. As discussed above, pathogen-dependent
selection acting on the MHC appears to be quite weak.
What is the case for inbreeding depression?

Precise measurements of fitness in inbred popu-
lations are not availuble for any venebrate, but laboratory
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Below. we evaluate each of the three selec-
uve forces.

Pathogen-driven selection favors MHC
genetic diversity

The molecular details of how allelic van-
ants of the MHC influence immune respon-
siveness are well established?!-22 In theory,
these immune functions of MHC molecules
lead 0 wo types of pathogen-dependent
selection that increase genetic diversity: hetero-
zygote advantage, or overdominance*!6, and
frequency-dependent selection”!7. It 1s pro-
posed that MHC heterozygotes have enhanced
resistance 1o disease because they express
twice as many MHC genes as homozygotes.
allowing them to bind and present a wider
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variety of peptide antigens. Selection is
thought to favor rare MHC genotypes. since
pathogens are more likely to have developed
mechanisms to evade the MHC-dependent
immunity encoded by common MHC geno-
types. The relative impomance of these two
forms of selection is controversial”-23 but
even proponents of frequency-dependent
selection generally accept that heterozygote
advantage can also operate. Unfortunately.
there is as vet no compelling empirical example of
either type of selection operating on MHC genes. Both
hypotheses predict associations between MHC geno-
rype and resistance to specific infectious diseases: how-
ever, the two main examples. malaria in humans-! and
Marek’s disease in chickens®. offer little support for
pathogen-dependent  balancing selection. both
strongly favor single MHC haplotypes and theretore
reduce diversity. Although many attempts to document
MHC-—disease associations have failed?>==* 1 sufficient
number of examples have been identified® o mantain
the viability of both hypotheses

Figure 2 shows the number of alleles expected for
various population sizes (N, ) and levels of overdonunant
selection (s), and illustrates that even a level of selection
that 1s too weak to be detected easily can act to muintain
a significant level of genetic diversity. For examiple. a
selection coefficient of s=0.01 can maintain =29 alieles
in population sizes (N,) of 10+-103, but such 1 selection
coefficient could only be detected by sampling thou-
sands of individuals. If pathogen-dependent selection is
this weak, it 1s not surprsing that it has been difficult 1o
demonstrate; this consideration. together with the theor-
etical persuasiveness of the MHC overdominance hy-
pothesis, supports the idea that pathogen-dependent
MHC heterozygote advantage operates in vernebrates.

Jds

Sexual preferences reduce both pathogen and
inbreeding loads

The pathogen load resulting from MHC heterozygote
advantage represents the reduction in fitness of MHC
homozygotes caused by decreased resistance to disease.
Inbreeding load represents the loss of fitness caused by
homozygosity at loci that have either deleterious re-
cessive or overdominant alleles. Progeny from inbred
matings will suffer reduced fitness when such loci are
present; this is commonly termed inbreeding depression,

FIGA

The mean number of alleles maintuined at various levels of symmetnc
overdominant selection (s5) and effecive population sizes (A,) at a mutation
rite of 10 Values are based on an approximation method developed by
Yokovama and Nei# (Note that 5= 0.01 means. for example. that in a
population staming with 100 MHC homozygotes and 100 MHC heterozygotes.
homozygotes would suffer a single pre-reproductive death while
heterozvgotes suffer no mortahty.)

(Note that MHC-dependent pathogen load is a com-
ponent of the mbreeding load.) It is generally accepted
that MHC-based disassortative mating will reduce both
pathogen and inbreeding loads™!3-2%30 This is readily
illustrated in the case of MHC overdominance. if MHC
homozygotes have reduced fitness because of increased
susceptibility to disease. then MHC-based disassortative
mating preferences will be favored because of the
higher propomnion of MHC-heterozygous progeny pro-
duced relative to random mating expectations.

The case for inbreeding load is similar. Since sharing
highly polymerphic genetic markers is predictive of
kinship!®1Y, avoiding mating with anmimals that have a
similar MHC genotvpe will reduce the likelihood of
matings with relatives (inbreeding) >13.29-32. MHC-based
odors may be just one of many kin recognition cues,
although it appears that the MHC has a disproportion-
ate influence on individual odors in rodents. consti-
tuting an esumated 50% of individual differences as
measured by ease of training in olfaction discrimination
experiments!®. Independent evidence that MHC genes
influence kin recognition comes from recent studies of
communal nesting in mice33.

If MHC-based mating preferences act by reducing
both pathogen and inbreeding loads, which of these
two forces is more imponant? Howard has argued that
MHC-based matng preferences function primarily to
reduce pathogen load because while they are poten-
tially perfect at preventing MHC homozygosity. they are
imperfect at preventing inbreeding3?. However, if the
inbreeding load is sufficiently strong, avoiding inbreed-
ing could be the more important force in maintaining
MHC diversity. As discussed above, pathogen-dependent
selection acting on the MHC appears to be quite weak.
What is the case for inbreeding depression?

Precise measurements of fitness in inbred popu-
lations are not available for any ventebrate, but laboratory
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TABLE 2. Patterns of genetic diversification of various genes

Type of gene
Self-incompatibility MHC ‘Average’
Maximum no. of alleles in local populations®P 37d 20¢ 1-3
Transpecies evolution® Yesf Yes# No
Maximum % sequence divergence of allelesP 58f 30h <1
Ratio of non-synonymous: : High High! Low

synonymous substitution rates

4 Data taken from studies with approximately equal sample sizes.
b Figures are the maximums reported in any study.

“Refers to the situation where alleles in one species are more closely related to alleles in other species than to other

conspecific alleles.
dRef. 39, <Ref. 5. fRef. 38. 8Ref. 46. NRef. 47. Ref. 40. Refs 4. 16

genotype-specific. Allele-specific discriminaton meins
that allele @ can be smelled and idennfied in the context
of both homozygosity (aa) and heterozygosity, sy
with allele b (a b), while genotpe-specific discrimi-
nation means that the odor of a b heterozygotes 1s un-
related to that of @ a and & b homozygotes In Fig 3
allele-specific discrimination is assumed: 2Enovpe-
specific system would be less efficient a disciminating
kin from non-kin.

Are MHC-based mating preferences: a general trait of
vertebrates?

The structure of Mus socieny nukes incestuoUs
matngs likely. The low levels of nugrition between

Uus demes*? mean that close relatives sty in close prox-
imity, creating a populaton structure i which a gen-
cucally based Kin-recognition svstem would be very
usetul in avoiding inbreeding. Many other vertebrates have
dispersal patterns that muke both inbreeding and MHC
homozygosity less likelv), reducing the importance
of a geneucally based svstem for avoiding inbreeding,
Ascertaining  the general importance of MHC-based
maung preferences will require further studies of the
MHC in a vanety of other venebrates.

Efforts to find MHC-biased patterns of marriage in
modern human societies have failed2® but, because of
the lugh levels of genenc diversiy within the MHC,
such studies lack sufficient stausucal power to allow
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if SELF avoids matings 50% 100% 100%
withP, /P; or P, /X,
=
FIG

The efficiency of avoiding matings with close kin (1= relatedness) using i single polymorphic locus. Pand X, are alleles at u polymorphic

locus where P, (i = 1-4) are the alleles carried by the parents of SELF

and X, are other alleles
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even reasonably strong mating patterns to be detected.
Modern humans are an unlikely species for odor-based
courtship, since we have relatively feeble powers of ol-
faction. modify our odors with perfume and often bath
daily. We also have other systems for avoiding inbreed-
ing; these include both cuitural mores (incest taboos)?>
and seemingly innate systems, where children reared
together (regardless of their genetic relationship) have
an aversion to romance as adults*®#4. On the other
hand, the billion-dollar perfume industry suggests that
humans are not indifferent to odors during counship.
Even if modern humans mate randomly as regards their
MHC genotype, most human MHC alleles diverged
within populations of our primate ancestors*>. so hu-
mans may still harbor MHC alleles originally selected
through odor-based courtship. If so, this may have im-
munological consequences: binding sites that are sub-
optimal for conferring resistance to etther infectious or
autoimmune disease may have been selected onginally
for their role during countship. This hypothesis 1s con-
sistent with the observation that the frequency of many
autoimmune diseases would be dramaucally reduced if
MHC alleles that predispose to these ailments were
eliminated from the population*.

Conclusions

The ideas and data we present suggest that all of the
selective forces proposed (Fig. 1) do indeed operite on
MHC genes in Mus. In short, both pathogen-driven
selection and MHC-based disassortative mating prefer-
ences favor MHC genetic diversity. MHC-based matng
preferences are favored because they both decreise the
incidence of inbreeding and increase resistance o
infectious disease, by increasing the proportuon of MHC
heterozygotes produced. Consequently. all three selec-
tive mechanisms contribute to MHC genetic diversity
Indirect evidence suggests that the avoidance of in-
breeding may be the more importunt force mn the evol-
ution of MHC-based mating preferences in Mus, bur de-
termining whether this applies generally among other
vertebrates will require further work.
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