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Abstract Major histocompatibility (MHC) molecules are
encoded by extremely polymorphic genes and play a
crucial role in vertebrate immunity. Natural selection
favors MHC heterozygous hosts because individuals
heterozygous at the MHC can present a larger diversity
of peptides from infectious pathogens than homozygous
individuals. Whether or not heterozygote advantage is
sufficient to account for a high degree of polymorphism is
controversial, however. Using mathematical models we
studied the degree of MHC polymorphism arising when
heterozygote advantage is the only selection pressure. We
argue that existing models are misleading in that the
fitness of heterozygotes is not related to the MHC alleles
they harbor. To correct for this, we have developed novel
models in which the genotypic fitness of a host directly
reflects the fitness contributions of its MHC alleles. The
mathematical analysis suggests that a high degree of
polymorphism can only be accounted for if the different
MHC alleles confer unrealistically similar fitnesses. This
conclusion was confirmed by stochastic simulations,
including mutation, genetic drift, and a finite population
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Introduction

The class I and class II genes from the major histocom-
patibility complex (MHC) encode molecules expressed on
the cell surface that present short peptides to T lympho-
cytes. The MHC is extremely polymorphic. For the
classical MHC loci, hundreds of different alleles have
been identified (Parham and Ohta 1996; Vogel et al.
1999). The high rate of nonsynonymous substitutions
within the MHC peptide-binding regions, compared with
normal rates in other regions of the MHC, suggests that
the MHC polymorphism is due to Darwinian selection
rather than to genetic drift and mutation (Hughes and Nei
1988, 1989; Parham et al. 1989a, 1989b; Takahata et al.
1992). MHC molecules have different peptide-binding
motifs and bind a small fraction (i.e., less than 1%) of all
peptides (Kast et al. 1994; Barouch et al. 1995; Ram-
mensee et al. 1999). As a consequence, different MHC
molecules bind largely non-overlapping sets of peptides,
and hosts heterozygous for the MHC can present up to
twice as many peptides from infectious pathogens as
homozygous hosts.

Heterozygote advantage is the simplest mechanism
explaining MHC polymorphism (Doherty and Zinker-
nagel 1975; Hughes and Nei 1988, 1989, 1992; Takahata
and Nei 1990; Hughes and Yeager 1998; Jeffery and
Bangham 2000). Classical papers in population genetics
theory have suggested that heterozygote advantage is
sufficient to account for the polymorphism of hundreds of
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alleles observed at various MHC loci (Maruyama and Nei
1981; Takahata and Nei 1990; Hughes and Yeager 1998).
Poor alleles can persist at low frequencies because they
are then infrequently expressed as homozygotes [which is
a trivial rare allele effect (Apanius et al. 1997)]. The
evolutionary significance of heterozygote advantage is
confirmed by the fact that heterozygotes are better
protected against infectious disease. For instance, MHC
heterozygosity correlates negatively with disease in HIV-
infected patients (Carrington et al. 1999), with HTLV-1
infection in humans (Jeffery et al. 2000), and with
infectious diseases in California sea lions (Acevedo-
Whitehouse et al. 2003). In mouse populations infected
under experimental conditions with several Salmonella
strains and Listeria, MHC heterozygotes were more
resistant to infection than homozygotes (Penn et al. 2002).
Although heterozygote advantage is clearly an impor-
tant selection pressure, several authors have argued that
an additional frequency-dependent selection pressure is
required (Snell 1968; Bodmer 1972; Beck 1984; Potts et
al. 1991; Slade and McCallum 1992; Apanius et al. 1997;
Reusch et al. 2001; Hedrick 2002). It remains controver-
sial, therefore, whether or not heterozygote advantage
alone is sufficient to account for the observed high degree
of polymorphism of the MHC. To address this question,
we developed a novel population genetical model. In
order to focus on the contribution of heterozygote
advantage to MHC polymorphism, the model deliberately
neglects a number of confounding factors. Reflecting the
mechanisms underlying immune protection, we assume
that the fitness of an individual is directly related to the
properties of MHC alleles harbored by this individual.
This is in contrast to earlier models, where the fitness of
heterozygotes is supposed to be unrelated to the specific-
ity of their MHC alleles (Maruyama and Nei 1981;
Lewontin et al. 1978; Takahata and Nei 1990). We argue
that the high degree of polymorphism predicted by these
earlier models is directly related to this unrealistic
assumption. Our results suggest that heterozygote advan-
tage can only account for a high degree of MHC
polymorphism if the fitness contributions of the alleles
are unrealistically similar. In the companion paper
(Borghans et al., DOI 10.1007/s00251-003-0630-5) we
add host-pathogen co-evolution and show that such a
form of frequency-dependent selection naturally accounts
for the observed high degree of MHC polymorphism.

Results

Equilibrium results

To investigate how the number of MHC alleles main-
tained at equilibrium depends upon the fitness of the host
genotype, we have developed a population genetical
model. Formally, the model structure is identical to the
standard model for selection at an autosomal locus (see,
e.g., Nagylaki 1992, pp 47-51). In the model, an allele i
makes a fixed predefined contribution, f;, to the overall

genotypic fitness. Intuitively, the contribution f; corre-
sponds to the fraction of all dangerous pathogens to which
the allele can provide protection. This interpretation
implies that 0<f;<1. Setting f;i=0 means that the allele
does not recognize any pathogen, while the maximum
f=1 means that the allele fully protects the host to all
pathogens. To construct the fitness of a host’s genotype
from the fitness contributions of its two alleles we have to
consider the overlap in the pathogens recognized by the
alleles. Since the fitness contributions, f;, are fractions the
fitness of a heterozygote genotype expressing alleles i and
j equals fi=fi+(1-f)f;. The fitness of a homozygote is
simply f;=f;. These expressions are generalized by adding
a basis fitness f that is independent of the MHC, and by
defining an overlap parameter A. Setting 1=1 yields the
overlap discussed above. Alternatively, one can consider
a simple additive fitness model by setting A=0.

Thus, we consider a set of n alleles at one MHC locus
with fitness contribution 0<f;<1, which are present with
frequency p;. The fitness of a homozygote is defined as
fi=P+f;, while the fitness of a heterozygote is defined as
fiEB+fi+fi~Aff;. The frequency distribution of n MHC
alleles at steady state follows from the requirement that
the marginal fitnesses, w; = > 7| pfyj, should be identical
for all alleles i (see Appendix). Persistence of allele i at
equilibrium requires

fi>

n—1.

f (1)

where f = n/ >or 17! is the harmonic mean of the n

allelic fitness contributions. This shows that the number
of alleles persisting at equilibrium is independent of the
choice of A, and that the basis fitness value j has canceled
(Weissing and Van Boven 2001). Importantly, Eq. 1
implies that coexistence of many alleles requires that their
fitness contributions, f;, have to be very close to one
another (i.e., for large n the ratio (n—1)/n goes to 1). For
example, 20 alleles can only coexist at equilibrium if the
fitness contribution of each allele exceeds 0.95-times the
harmonic mean of the fitness contributions of all 20
alleles. Hence, already the smallest of the fitness contri-
butions has to be close to the harmonic mean, implying
that the fitness contributions cannot differ from another
too much. Additionally, Eq. 1 shows that the critical
fitness contribution increases with the degree of poly-
morphism 7. Thus, the larger the polymorphism one has
to explain with a model like this, the more similar the
required fitness contributions of the alleles.

One can also compute the conditions for the successful
invasion of novel alleles into this steady state (Weissing
and Van Boven 2001; Van Boven and Weissing 2001). In
the Appendix, we derive that a novel, i.e., the n+1t allele
will invade into a steady state polymorphism of n
established alleles whenever it has a fitness contribution
of

n

n—1-

/s (2)

fn+1 >



which is similar to Eq. 1. Thus, for a set of alleles that are
ranked in their fitness contribution f; (such that f;>...>f,),
novel alleles will only be able to invade if their fitness
contribution is sufficiently close to the harmonic mean

fitness contribution f of the n established alleles. We
studied a specific example with fi=(1-s)"!,where s
defines the “steepness” with which the fitness contribu-
tion decreases with the allele number. Solving s from
Eq. 2 gives the maximum s value that is compatible with a
polymorphism of n+1 alleles (see Appendix). The larger
the polymorphism, the smaller the variation in allelic
fitness contributions, i.e., the smaller s (see Fig. la).
Similarly, the larger the degree of polymorphism, the
higher the critical fitness contribution of an invading
allele (see Fig. 1a). Figure 1b depicts the corresponding
frequency distributions of the persisting alleles for various
values of the steepness parameter s. Summarizing, het-
erozygote advantage can only account for a high degree
of MHC polymorphism if the variation in fitness contri-
butions amongst the MHC alleles is vanishingly small.

To check our analysis for arbitrary fitness contribu-
tions of the alleles, we randomly drew large numbers of f;
values from a uniform distribution, 0<f;<1, and solved the
standard model for viability selection at an autosomal
locus [see Nagylaki (1992), pp 47-51] until the steady
state was approached. This confirmed the above results,
as the fitness contributions of the small set of surviving
alleles were unrealistically similar (not shown). Also note
that, although it is difficult to explain a high degree of
polymorphism with this model, the model easily accounts
for a low degree of polymorphism by heterozygote
advantage. According to Eq. 2, a second allele can
always invade a monomorphic population (rn=1), what-
ever the fitness contribution, f>, of the novel allele.

Simulation results

The model analyzed above can at best be an approxima-
tion to the real world, since it assumes an infinite
population size, thereby neglecting processes like muta-
tion and genetic drift. To investigate whether our analysis
also applies to more realistic circumstances, we devel-
oped a stochastic simulation model in which MHC alleles
arise by mutation, and in which the host population size is
finite. The simulation model is again allele based:
individual hosts inherit MHC alleles from both parents,
and the host genotypic fitness depends on the fitness
contributions of both alleles. Mutation occurs at birth with
a probability of 107. A mutation creates a new allele by
randomly drawing a fitness contribution 0<f<1 from a
uniform distribution.

Because we here consider immune protection con-
ferred by MHC molecules, it seems most realistic to
assume that the fitness of an individual determines its
expected life-span. For instance, homozygous hosts tend
to have a shorter expected life-span, and therefore have a
smaller lifetime reproductive success. To study an evolv-
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Fig. 1a, b The MHC polymorphism obtained at equilibrium when
the allelic fitness contributions are of the form fi=(1—s)"'. Panel a
depicts the maximal value of s allowing the coexistence of a given
number of alleles (circles) and the minimal fitness required for a
new allele for successful invasion in the resulting equilibrium
population (squares). The latter approaches the harmonic mean
fitness f when n grows large. Panel b depicts the corresponding
distributions of allele frequencies for n+1=3, 4, 5, 10 and 20 alleles,
i.e., for s=0.38, 0.19, 0.11, 0.02 and 0.005, respectively

ing human population, individuals with maximum fitness
fi=1 were given an expected life-span of 50 years. For
lower fitness values the expected life-span was propor-
tional to the host genotypic fitness, which — like above
— was determined by the fitness contribution of the
alleles. Thus, for homozygotes we set f;=f;, and the
genotypic fitness of a heterozygous host was f;=fi+f~fif;
(i.e., we consider A=1). Because hosts have different
expected life-spans, they have overlapping generations,
which is realistic for the human population that we are
simulating. Simulations were started with 100 alleles with
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fitness contributions 0<fi<l that were drawn from a
uniform distribution and were distributed randomly over
the fixed population size of 10,000 individual hosts. The
individual mortality was set to 1-0.98f;; per time-step to
allow for a life expectancy of 50 time-steps (years) when
fi=1. Each individual that died was replaced by a new
individual whose two MHC alleles were drawn from
two randomly chosen parents. The simulation was
coded in the C-programming language and is available
as Electronic Supplementary Material in the online
version of this article at http://dx.doi.org/10.1007/s00251-
003-0629-y

A typical example of such a stochastic simulation of
our “allele based” model is shown in Fig. 2a. The number
of alleles very rapidly drops from the initial 100 to about
ten, and fluctuates around a polymorphism of approxi-
mately ten alleles for another million years. The small
spikes in the curve represent mutation events. Some of the
mutants will have a high enough fitness contribution f;,
and will invade into the population. Apparently this drives
earlier alleles to extinction; otherwise the degree of
polymorphism would continuously increase. The low
degree of polymorphism approached in these simulations
is in good agreement with the results of the equilibrium
model. The frequency distribution of the alleles present in
the population after a million years is depicted in Fig. 2c.
This also confirms the results of the equilibrium model:
the persisting alleles have high and very similar fitness
contributions.

Our results differ remarkably from those of the
classical study of Takahata and Nei (1990). Based on a
stochastic model that seems to resemble that of the
present study, they predicted a much higher degree of
polymorphism (Maruyama and Nei 1981; Takahata and
Nei 1990). What causes the discrepancy in the predictions
of the two models? In their model, Takahata and Nei
(1990) chose the fitness of homozygotes at random and
set the fitness of heterozygotes to one. Hence, the fitness
of a heterozygote individual does not reflect the MHC
alleles harbored by this individual. It is not surprising that
a model with constant and high heterozygote fitness
values does produce a high degree of polymorphism. In
fact, in such a model any allele will have a high marginal
fitness whenever it is rare (namely the fitness of hetero-
zygote individuals) and, hence, will be able to persist. In
the Appendix, we present a formal proof of this fact: in
the absence of genetic drift, alleles can never go extinct if
all heterozygotes have the same maximal fitness.

To confirm these general considerations, we repeated
our simulations, but now reset the fitness of heterozygotes
to f;=1. Indeed, these simulations yielded a much higher
degree of polymorphism than our allele-based model (see
Fig. 2a, b). We conclude that the large degree of MHC
polymorphism obtained in the Takahata and Nei (1990)
model was a consequence of the unrealistic assumption
that all heterozygotes have the same fitness. Interestingly,
the alleles persisting after one million time-steps in our
allele-based simulations (Fig. 2c¢) come very close to
satisfying the assumptions of the Takahata and Nei (1990)
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Fig. 2a-d MHC polymorphism evolving in stochastic simulations
under varying model assumptions. Panel a is a time plot of the
number of alleles evolving in three different models, while panels
b-d show for each of the models the frequency distribution of
persisting alleles. Panel b corresponds to the Takahata and Nei
(1990) model, where the fitness of all heterozygotes is equal to
one. Panel ¢ depicts the results of our allele-based model (for
A=1). Panel d illustrates the “100 pathogens” extension of the
allele based model, that was made by setting f; =% and
fi = (f, +f; fﬁﬁ)mo. The figure shows one representative simu-
lation; all simulations performed produced similar results

model. In line with the equilibrium analysis above, all
persisting alleles had very similar fitness contributions,
i.e., f>0.965. As a consequence, even the lowest hetero-
zygote fitness was larger than f;;=0.999, a value that is
very close to the f;=1 assumption of Takahata and Nei
(1990). This, however, only holds for the persisting
alleles. The other alleles are not able to persist just
because they induce a heterozygote fitness that is con-
siderably smaller than one.

Lewontin and co-workers (1978) constructed fully
random genotypic fitness matrices, and concluded that a
high degree of polymorphism is only possible if the



fitness difference between homozygotes and heterozy-
gotes is sufficiently large. In our model, in which the
fitness contribution of an allele represents the fraction of
dangerous pathogens presented by an MHC allele, the
maximum fitness difference between heterozygotes and
homozygotes is twofold. To test if larger differences
between the fitnesses of heterozygotes and homozygotes
in our allele-based model could give rise to higher
degrees of MHC polymorphism, we re-interpreted the
fitness contribution f; as the probability that an MHC
allele provides protection to a single pathogen. Defining
the genotypic fitness as the likelihood of surviving k
pathogens, the fitness difference between heterozygotes
and homozygotes becomes larger than twofold and
increases with & (see the legend of Fig. 2 for the formula).
Stochastic simulations with k=100 pathogens lowered the
degree of MHC polymorphism (see Fig. 2a, d). This is
also in good agreement with the results of the determin-
istic model of Eq. 2, because the fitness difference
between high-ranking MHC alleles, i.e., fi~1, becomes
larger when k is increased. Thus, in an allele-based
approach, a large difference between the fitnesses of
heterozygotes and homozygotes is insufficient to obtain a
high degree of MHC polymorphism: one still requires that
the fitness contributions of the alleles are exceedingly
similar.

Discussion

The evolution of polymorphism at the MHC is under the
influence of many different selection pressures, and
heterozygote advantage is only one of them. Our results
establish one simple but important new insight: if
heterozygote advantage were to be the only selection
pressure, it could only explain the observed high degree
of MHC polymorphism if the fitness contributions of the
alleles would be exceedingly similar. This result was
established with the analytical model of Eq. 2, and was
subsequently confirmed with a more realistic simulation
model [see also the companion paper (Borghans et al.,
DOI 10.1007/s00251-003-0630-5)]. The maximum de-
gree of MHC polymorphism that heterozygote advantage
in these simulation models can typically account for is
about ten alleles, and even this degree of polymorphism
requires that the fitness contribution of the worst allele in
the population is relatively high. Thus, to explain ob-
served polymorphisms greatly exceeding ten alleles, one
requires at least one of the additional selection pressures,
e.g., the host-pathogen co-evolution considered in the
companion paper (Borghans et al., DOI 10.1007/s00251-
003-0630-5).

One could argue that evolution leads to a slow
accumulation of novel MHC alleles with very similar
fitness contributions (Lewontin et al. 1978). We think this
is not the case because even MHC alleles from the same
supertype differ greatly in their binding motifs (Barouch
et al. 1995; Sudo et al. 1995; Rammensee et al. 1999), and
small binding-motif differences can lead to large differ-
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ences in protection. For instance, a one-amino-acid
difference in the peptide-binding region of the
DRBI1*1302 allele abrogates its protection to malaria
(Davenport et al. 1995). Protective HLA alleles have been
described for a number of infectious diseases (Van Eden
et al. 1980; Hill et al. 1991; Klein et al. 1994), and the
associated fitness differences are much larger than the
small differences required for explaining the high degree
of HLA polymorphism. The fact that the HLA alleles
expressed in the South Amerindian population are differ-
ent from those in the founder population, while North
Amerindians still express the founder alleles (Parham and
Ohta 1996), also suggests that different MHC alleles
provide different degrees of protection against different
pathogens. Since immunity against dangerous viruses can
be a matter of life and death, small differences in antigen
presentation between MHC alleles can lead to large host
fitness differences, which suggests that the fitness contri-
butions of MHC alleles in the human population are not
sufficiently similar to explain the high degree of MHC
polymorphism by heterozygote advantage selection only.
Remember that even a low polymorphism of 20 MHC
alleles requires that the fitness contribution of the worst
allele is at least 95% of the harmonic mean of the fitness
contributions of the other 19 alleles (see above).

To study MHC evolution, our more mechanistic allele-
based modeling approach seems a major improvement
over the previous models. Our computer simulations
revealed large differences between models drawing ran-
dom uncorrelated genotypic fitnesses (Lewontin et al.
1978; Maruyama and Nei 1981; Takahata and Nei 1990)
and models drawing random uncorrelated fitness contri-
butions of alleles leading to correlated genotypic fitness-
es. Since MHC alleles tend to have quite different binding
motifs, one does expect correlations between genotypes
expressing the same MHC alleles, and we have shown
that these correlations influence the degree of MHC
polymorphism that one expects to evolve under hetero-
zygote advantage selection.

From a biological point of view one could still argue
that the fitness contributions of the various MHC alleles
are sufficiently similar to account for a high degree of
polymorphism. It is now well established that different
MHC alleles provide different levels of protection to
specific pathogens (Van Eden et al. 1980; Hill et al. 1991;
Klein et al. 1994). One could nevertheless argue that by
averaging over many different pathogens the lifetime
fitness contributions of MHC alleles would become very
similar, and hence that heterozygote advantage would be
able to account for a high degree of MHC polymorphism.
Averaging over all pathogens is not the correct procedure
for obtaining a lifetime fitness contribution of an MHC
allele, however. Whenever an allele has poor performance
to one deadly pathogen, hosts carrying that allele would
have a severe fitness cost. Thus, the minimum fitness
contribution of an allele seems a better predictor of its
lifetime fitness contribution than its average fitness
contribution. The experimental fact that hosts heterozy-
gous for the MHC are better protected against infectious
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disease (Carrington et al. 1999; Jeffery et al. 2000; Penn
et al. 2002; Acevedo-Whitehouse et al. 2003) also argues
for significant fitness differences between MHC haplo-
types.

It may seem surprising that our simulation models can
select for very small fitness differences (see Fig. 2). In our
allele-based model the microscopic differences between
the fitness contributions of the various alleles become
macroscopically large because the alleles contribute to the
genotypic fitness of every host in which the allele is
expressed. This is not possible in models where the
heterozygote fitness is not dependent on the fitness
contributions of the two alleles (Lewontin et al. 1978;
Maruyama and Nei 1981; Takahata and Nei 1990).
Whenever the heterozygote fitness depends on the allelic
fitness contributions, the marginal fitness of the alleles is
obtained by summing over all hosts. The marginal
fitnesses have apparently enough variation that small
differences between the fitness contributions of alleles
can be selected for in populations with a finite size and
genetic drift. Finally, one could argue that in our
simulations we have a linear dependence between the
expected life-span of a host and its genotypic fitness.
Indeed, if we had incorporated saturation effects, rather
than a linear dependence, the fitness contributions of
alleles to the expected life-spans would have become
more similar. The same simulation model would then
account for a larger degree of polymorphism. Basically,
this remains in good agreement with our main result: one
obtains a high degree of polymorphism if, and only if, the
fitness contributions of MHC alleles are very similar.
Allowing for saturation effects is a means to make alleles
more similar. However the fact that heterozygotes are
better protected against infectious disease (Carrington et
al. 1999; Jeffery et al. 2000; Penn et al. 2002; Acevedo-
Whitehouse et al. 2003) strongly suggests that the fitness
contributions of MHC haplotypes are not similar enough
to explain a high degree of MHC polymorphism by
heterozygote advantage only.

Acknowledgements We thank Ludo Pagie for critically reading the
manuscript. J.B. was supported by a Marie Curie Fellowship of the
EC program Quality of Life (contract 1999-01548) and C.K. by a
fellowship from the Bioinformatics Program of the Dutch Science
Foundation (NWO PGBMI 015).

Appendix

Standard population genetical theory (Nagylaki 1992)
implies that all alleles i present at equilibrium need
to have the same marginal fitness, w; = Z;;l pifij, where
pi is the frequency of allele i, and f; is the geno-
typic fitness. From this condition one obtains
fi(l—=(1=2f)pi — /1[) :]3-(1 — (l —ﬂ.ﬁ)pj — /If) for all
alleles i and j. Here, f = >_;_, pifi is the weighted mean
allelic fitness contribution. By means of the last identity,
one can express all equilibrium frequencies p; by the same
pi- Summing up the resulting n equations, one obtains

pizl A l_n 1]_‘, 3)
1 —A; n f;

where f =n/ > i f ! is the harmonic mean of the n
allelic fitness contributions. Since the leading term is
strictly positive, the frequency p; is positive if and only if
fi> "7‘1 f This shows that MHC alleles with a too low
fitness contribution f; cannot persist at equilibrium. Note
that this condition for persistence is independent of the
choice of 1 and the basis fitness value B (Weissing and
Van Boven 2001; Van Boven and Weissing 2001).

For a novel allele with fitness contribution f,.; to
invade into an established polymorphism of n alleles, its
marginal fitness has to exceed the marginal fitness of the
other alleles (Weissing and Van Boven 2001). Writing
Wpe1>w;, this yields

> pilfer + = Manifi) > > pilfi +f — M)
j=1 j=1

which can be simplified into
1 —4f;
w1 > fil 1 —p; = ].
St f( P 1 — lf)

Substituting p; from Eq. 5 gives Eq. 2 in the Results.

To obtain Fig. 1, we substitute fi=(1-s)"! into Eq. 2
(Results), where ¢=(1-s); one can test the invasion of the
n+1" allele, and simplify to obtain

'Z’(l_s)izl—(l—s)”

i=0 §

(4)

(5)

> n, (6)
which can be used to solve the critical s for invasion into
any polymorphism of n alleles.

In the asymmetric scenario of Takahata and Nei (1990)
heterozygote genotypes all had a fitness f;;=1, whereas the
homozygote genotypic fitnesses were set to random
values f;=f;. Requiring the same marginal fitness w; =

Z]'.’Zl pifij for all alleles yields p;(1-f)=p;(1-f)) for all j. By
the same procedure one now obtains

11— f
Tal—f (7)

which is strictly positive for0 < f, f; < 1. Since the
marginal fitness of a novel invading allele is one, whereas
that of the established alleles is always smaller than one,
new alleles can always invade, and poor alleles will never
go extinct.

Pi
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