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ABSTRACT Long persistence of allelic lineages, preva-
lence of nonsynonymous over synonymous substitutions in the
peptide-binding region (PBR), and deviation from neutrality of
the expected gene identity parameter F all indicate indirectly
that balancing selection is operating at functional major his-
tocompatibility complex (MHC) loci. Direct demonstrations of
the existence of balancing selection at MHC loci are, however,
either lacking or not fully convincing. To define the conditions
under which balancing selection could be demonstrated, we
estimated its intensity from the mean number of nonsynony-
mous substitutions, K, at the PBR and the mutation rate u.
We compared the five available methods for estimating Kp by
computer simulation and chose the most reliable ones for
estimation of selection intensity. For the human MHC, the
selection coefficients of the HLA-A, -B, -C, -DRB1, -DQBI,
-DQA1, and -DPBI loci are 0.015, 0.042, 0.0026, 0.019, 0.0085,
0.0028, and 0.0007, respectively. This low selection intensity
places severe restrictions on the possibility of measuring selec-
tion directly in vertebrate populations.

Major histocompatibility complex (MHC) genes encode cell-
surface proteins endowed with a peptide-binding region
(PBR) that captures short protein fragments and presents
them to thymus-derived lymphocytes (1, 2). The MHC-
peptide complex is recognized by the T-cell receptor, and the
recognition of foreign peptides sets a train of events into
motion that leads to a clonal immune response against the
parasite from which the peptides are derived. The hallmark
of functional MHC genes is their polymorphism, character-
ized by long persistence of allelic lineages and large number
of nucleotide differences between alleles (3, 4). Some of the
allelic lineages now found in the human population may have
been established as long ago as 85 million years (Myr), before
the divergence of prosimians and anthropoid primates (5).
Other lineages may be younger, but they all predate the
emergence of Homo sapiens. The number of nucleotide
differences between alleles varies depending on the particular
pair of alleles compared but may be as high as 50-60
nucleotides.

The long persistence of allelic lineages suggests the pres-
ence of natural selection, since neutral alleles have a rela-
tively short persistence time, of the order of the breeding size
of a population (6, 7). Balancing selection is also indicated for
the functional MHC genes by the prevalence of nonsynony-
mous over synonymous substitutions in the PBR (8) and by
the deviation from neutrality of expected gene identity (F,
homozygosity) and linkage disequilibrium (see ref. 9). In spite
of these indications, it has proved difficult to demonstrate the
presence of balancing selection at MHC loci experimentally.
Only a few cases of associations between specific MHC
alleles and resistance to parasites in natural populations have
been reported (10-12), and even these are not entirely

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

7184

convincing. It is therefore imperative to estimate the intensity
of the purported selection pressure and thus define the
conditions under which the presence of balancing selection at
the MHC loci could be demonstrable. Here, we use a simple
model of symmetric overdominant selection (13, 14) and the
theory of allelic genealogy (15) to obtain such an estimate.

METHODS AND RESULTS

Estimation of Mutation Rates. Our estimation method re-
quires knowledge both of the mutation rate at the MHC loci
and of the effective population size. In the absence of
selection, the mutation rate is equal to the nucleotide sub-
stitution rate. In the presence of positive (balancing) or
negative (purifying) selection, the substitution rate becomes,
respectively, higher or lower than the mutation rate (7,
15-18). The functional MHC genes contain regions differen-
tially affected by natural selection: substitutions at the syn-
onymous sites of the coding segment are presumed to be
neutral; substitutions at the nonsynonymous sites of the PBR
are either deleterious or advantageous; and substitutions at
the nonsynonymous non-PBR sites are either deleterious or
neutral. Since deleterious mutations do not contribute to the
substitution rate (19), we assume that all nonsynonymous
substitutions actually observed at the PBR sites are positively
selected.

The selection intensity is given by the increase of the
substitution rate at the nonsynonymous PBR site over that at
the synonymous site. A measure of this increase is a param-
eter here referred to as y and defined as the ratio of the
number of nonsynonymous substitutions per site to the
number of synonymous substitutions per site for a given pair
of alleles. In our previous estimates of the synonymous
substitution rates at the MHC loci (20, 21), we did not take
into account the bias of transitions over transversions that
seems to exist at these as well as at other mammalian loci
(22-25). If we correct the estimate for this bias, the synon-
ymous substitution rate at the MHC loci becomes 1.0 x 10~
per site per year. We assume, therefore, that this figure also
represents the mutation rate, u, of the MHC loci, and we use
it to calculate u, the mutation rate per PBR per generation,
from the formula ¥ = ugLg, where g is the generation time
and Lg is the number of nonsynonymous PBR sites. Taking
g = 15 years for primates and Lg = 115 for class I loci (26)
or Lg = 50 for class II loci (27), we obtain u = 1.7 X 10~6 per
PBR per generation for class I loci and 7.5 x 10~7 per PBR
per generation for class II loci.

Estimation of Nonsynonymous Substitution Rates. The es-
timator of vy is given by

KpLs
" KsLp’

Y (1]

Abbreviations: MHC, major histocompatibility complex; PBR, pep-
tide-binding region; Myr, million years; CV, coefficient of variation.
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where Ks and Kp are the mean number of synonymous and
nonsynonymous PBR substitutions, respectively, while Lg
and Lp are the number of synonymous and nonsynonymous
PBR sites, respectively. There are at least five methods of
estimating Kg. The most straightforward method is to esti-
mate Kp directly from the available sequences of MHC genes
(method I). The problem with this direct approach is that
there may be extensive multiple-hit substitutions between
distantly related sequences, and it may not be possible to
infer these accurately from the observed differences. An-
other method is to use only the set of genes that are closely
related and hence have not experienced extensive multiple-
hit substitutions since their divergence from their most recent
common ancestor (method II; see ref. 28). The estimator of
the mean number of nonsynonymous PBR substitutions is
then given by

(m+ KT
— s 2
(1+Kg™*? - (1+ KgK2*! (21

Kg=Kg(m) + |1

where Kg(m) is the mean number of nonsynonymous PBR
substitutions estimated from gene pairs with the number of
synonymous substitutions less than m (Ks < m). The value
of m may be chosen as small as 10. An alternative (method
III) is to use the linear regression between Kg/Lp and Ks/Lsg
of pairs of closely related MHC genes. The fourth method of
estimating Kp (method IV) is based on the relationship of
parameters S and M defined as § = 2N.sand M = N.u, where
N, is the effective population size and s is the selection
coefficient. It has been shown that when S is large and M is
small, Kp is approximately given by the number of alleles (n.)
whose frequencies are higher than a certain critical value
15).

Kp=n. 31

By choosing the critical value of 0.01, n. is obtained, and this
value gives the estimate of Kg. For the use of method IV, the
products of the n. genes must differ by at least one amino acid
residue in the PBR. A fifth method can be used when the
frequencies of the MHC alleles are known (method V). One
can then compute the homozygosity, F, and define its recip-
rocal as the effective number of alleles, n. (14). Although in
general n. < n. the difference becomes small when alleles
under strong selection pressure occur in the population at
nearly the same frequencies. Hence in method V, the mean
number of nonsynonymous PBR substitutions is given by

1
Kp = n.= 7 4]

Simulation. To compare the accuracy of the Kg-estimation
methods, we carried out computer simulations. The assump-
tions underlying the simulation were these: The population in
each generation consists of N, diploid individuals which mate
at random. There are Lg nonsynonymous PBR and Ls
synonymous completely linked sites per locus. The mutation
rate is # = ugLp per PBR per generation and v = ugLs per
synonymous sites of a gene per generation. The state of each
site is represented by an integer. Initially, all sites are at state
0, but randomly occurring mutations change the state, each
mutation increasing it by one number. This notation system
does not allow us to reconstruct the complete genealogy of
any allele, but it enables us to determine the number of
mutational differences between any two alleles. We used this
system to save computer time. We simplified the recording of
the genealogy originally used by Takahata and Nei (18) in the
following way: Assume two alleles and three sites. The first
allele is in states 1, 0, and 2 at sites 1, 2, and 3, respectively;
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the second allele is in states 0, 1, and 2. The origin of the
states at sites 1 and 2 of both alleles is unambiguous, but the
state at site 3 could have arisen either by independent
mutations in the two alleles or by two mutations occurring at
site 3 before the two alleles diverged at sites 1 and 2. We
regard the former possibility as unlikely because when we
compared, by computer simulation, the number of substitu-
tions that actually were observed during the genealogical
process with that inferred from the divergence between the
final products of the process, we found the difference not
significant. (The inferred numbers were obtained after cor-
rection for multiple hits.) Hence, instead of obtaining the
actual number of substitutions, we estimated it from the
number of differences between the alleles.

Selection was incorporated into the program thus: In each
generation we randomly chose pairs of alleles from the pool
of 2N, genes. Alleles differing at nonsynonymous PBR sites
were passed on to the next generation (heterozygote fitness
of W = 1). For each pair of alleles identical at these sites a
random number R was drawn with values between 0 and 1
and compared with a value of W (homozygote fitness of W =
1 — 5). In cases of R < W a copy of the allelic pair was
contributed to the next generation, whereas in cases of R >
W it was not; in both cases, however, the alleles were
returned to the original pool. This process was repeated until
2N, genes of the next generation were obtained. No recom-
bination was allowed between the selected and the synony-
mous sites in a gene.

The values of Kg estimated by the different methods are
generally in good agreement with one another and with the
expected ones (Table 1). Only the Kp values estimated from
method IIT and method IV are slightly larger than expected.
Also, the coefficient of variation (CV) in method III is larger
than in other methods.

The obtained Kp values were then used to estimate . Since
v is known to depend on the mean number of synonymous

Table 1. Five methods for estimating Kp and y

M= Neu Nes Method* Kg' vt
Simulation A
0.1 100 | 8530 3812
I 8.7+27 42 £20
I 11.0 + 54 5.0 +3.1
v 112 +1.4 5729
A" 9.0+ 1.0 4.5 +22
Expected 8.2 4.2
Simulation B
0.01 100 I 7.2+43 124 £ 99
I 69 + 3.1 126 £ 99
I 9.7+x173 13.2 £ 9.6
v 7.4 +08 183 = 22
v 6.6 = 0.6 125 £ 11
Expected 6.2 7.5¢

*Methods I-V are based on the following: I, the all-pairwise mean;
II, the conditional mean, where the number of synonymous sub-
stitutions is less than 10 (see equation 12 in ref. 28); III, the same
conditional mean as in method II, but the K value is obtained by
using the regression coefficient; IV, the number of common alleles
with frequencies greater than 0.01; and V, the effective number of
alleles.

TThe Kp and y values are based on 20 observations, with each
observation made every 8000 and 35,000 generations in simulations
A and B, respectively. The N. was 400 individuals for both
simulations. The mutation rates ¥ = uglp and v = ugLs are
assumed to be 2.5 X 10~5 and 1.0 X 10~4 per PBR per generation,
respectively, in simulation B. The mutation rates in simulation A
were 10 times higher than in simulation B.

#The discrepancy between the expected and simulated y values for
M = 0.01 is attributable to large sampling errors due to small
numbers of N.u and N.v (25).
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substitutions in a pair of alleles of 4N.v, we tested the
reliability of the estimate for two values of N.v, 0.04 and 0.4,
and obtained mean numbers of synonymous substitutions 3.8
+2.6and 9.9 = 4.4, respectively. The simulation showed that
for the mean number of 3.8, yfluctuates greatly and the mean
is larger than expected, whereas for the mean number of 9.9,
very little such skewing occurs (Table 1; see also ref. 25).
Hence it is necessary to use only allelic pairs which differ by
a sufficiently large number of synonymous substitutions. In
the actual data used in the present study, the N.v values are
0.25 or more (see below) and so are suitable for the estimation
of v.

Estimation of Selection Intensity. To estimate the selection
coefficient s, we used the relationship

-3 (51
T
where
K2 vy
§=—= (6]
2
and
M
Ne=—, 7
u
whereby

M—\/ S Y 8
= Vies P V2) el

Table 2 gives the estimates of Kg, 7y, S, and M for seven
functional MHC loci: HLA class1 A, B, and C, as well as class
11 DRB1, DQBI, DPBI, and DQA1. Most Kg estimates based
on methods I, IV, and V are smaller than those based on
methods II and III. The difficulty inherent in method I is to
make an accurate multiple-hit correction of K between
distantly related alleles. In fact, a plot of the number of
nonsynonymous PBR substitutions (even after muitiple-hit
correction by conventional methods) against the number of
synonymous substitutions indicates that the former does not
increase linearly with the latter (28).

The allele frequency data used in methods IV and V are
derived from serological typing, which does not distinguish
all the alleles. Thus, for example, of the six HLA-A2 alleles
differentiated at the nucleotide level, only three are distin-
guishable serologically (30). Moreover, the so-called
“blanks’’ (allomorphs that do not react with any of the
available allomorph-specific serological reagents) may con-
sist of several alleles distinguishable at the nucleotide level.
Because of these two inadequacies, methods IV and V tend
to underestimate the Kp and y values, while methods II and
III give more reliable results.

For any of the five methods, the CV of Kjp is relatively
small, but the CV of y is large if the number of synonymous
substitutions or the values of N.v are small (Eq. 1 and Table
1). Long stretches of DNA sequence must therefore be
compared to obtain reliable estimates of y. For this reason,
we could not use many of the partial sequences available. For
the entire coding region, the observed mean number of
synonymous substitutions at each of the MHC loci is about
10, and therefore the expected value of N.vis approximately
0.25. Under these conditions, there should be no serious
skewing in the distribution of vy (simulation A in Table 1).

As pointed out above, the effective population size, N,
can be inferred from the estimated M and « values. The
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Table 2. Estimates of the mean number of nonsynonymous
substitutions and the relative nonsynonymous substitution
rate (y) in the PBR (Kp)

Method HLA locus Kp Yy S M
I A 16 3.8 690 0.25
B 19 4.7 1200 0.18
C 8.4 1.9 95) 0.36
DRBI 15 5.9 990 0.07
DQBI 12 35 360 0.22
DPBI 43 2.7 35) 0.12
DQAI 5.8 2.0 (48) 0.23
II A 26 6.3 3000 0.09
B 36 9.0 8200 0.02
c 15 34 530 0.29
DRB! 25 9.3 3900 0.01
DQBI 20 6.0 1700 0.08
DPBI 6.8 43 140 0.08
DQAI 13 4.5 550 0.14
111 A 23 5.5 2100 0.12
B 24 6.1 2500 0.09
C 8.8 2.0 (110) 0.36
DRBI 17.8 6.8 1500 0.05
DQBI 14 4.1 570 0.18
DPBI 43 2.7 (35) 0.12
DQAI 8.3 2.8 140 0.22
Iv* A 16 3.8 690 0.25
B 28 6.9 3800 0.07
C 11 2.5 210 0.36
DRBI 15 5.9 990 0.07
V* A 8.8 2.1 110 0.36
B 22 5.7 2000 0.10
C 5.8 1.3 31 0.31
DRBI1 13 4.7 560 0.12

The values in parentheses do not satisfy the assumption VS/M =
100 of the theory of allelic genealogy (15).
*Allele frequency data are taken from ref. 29; frequencies of DQBI,
DPBI, and DQALI alleles were not available.

estimates of M for the class I loci A, B, and C are 0.09, 0.02,
and 0.29, respectively, the average being 0.13. The estimates
of M for the class Il loci DRB, DQB, DPB, and DQA are 0.01,
0.08, 0.08, and 0.14, respectively, with an average of 0.08.
From the estimated values of « for class I and class II loci,
we obtain N, values of (0.8 + 0.6) X 10°and (1.1 + 0.6) X 105,
respectively, with an average of approximately 10°.

There appear to be differences in the intensity of selection
operating at different HLA loci (Table 3). The strongest
selection is operating at the HLA-B locus, followed by
-DRBI, and -A loci; weak selection is operating at HLA-
DQB, -DQA, -C, and -DPBI loci. These differences in
selection intensity correlate well with differences in the
degree of polymorphism among the different HLA loci and
with the trans-specific retention of the polymorphism (30-
35). The HLA-B and -DRBI loci are more polymorphic than
the remaining HLA loci and their alleles are members of very
ancient lineages. Some of the lineages at the DRBI locus, for

Table 3. Estimated selection coefficient (s) based on method II

HLA locus s, %
A 1.5
B 4.2
C 0.26
DRBI 1.9
DQBI1 0.85
DPBI 0.07
DQAI 0.28

The long-term breeding size in the human lineage N, is estimated
as approximately 10° (see text; ref. 28).
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example, have recently been traced to the common ancestors
of prosimians and anthropoid primates who lived some 85
Myr ago (5). This correlation makes sense, since the lineages
could not have persisted for such a long time without selec-
tion. At the HLA-B locus, sharing of allelic lineages with
other primates is not so clear as that at the -DRBI locus
(36-38). The large number of synonymous substitutions
accumulated among HLA-B alleles, however, shows that the
mean divergence time of alleles at this locus is more than 15
Myr, and the longest divergence time is more than 30 Myr.
Such a long persistence time is also consistent with strong
selection operating at this locus.

DISCUSSION

Selection operating at MHC loci is often described as strong,
without ‘‘strong’’ being precisely defined. The estimation
methods used in the present study indicate that even at the
HLA-B locus, which appears to be under the strongest
selection pressure, the selection coefficient is <5%. Al-
though selection which effects more than 1% difference in
viability can significantly influence the fate of a gene on an
evolutionary time scale, it in fact places severe limitations on
attempts to estimate the intensity of selection experimentally
or by observation. Here, we consider the possibility of
detecting changes in genotype as well as gene frequencies
caused by viability selection (see refs. 39-41 for detecting
other types of selection).

We studied two estimators of a selection coefficient. Let H
and F be the proportions of hetero- and homozygotes before
selection in generation 1 (where H + F = 1), and denote their
relative viability by 1 and 1 — s, respectively. After selection,
the proportion of heterozygotes H' becomes H/(1 — sF).
Hence by determining the genotype frequencies, we obtain §;
= (H' — H)/(H'F) as an estimator of s. Alternatively, we can
use the gene frequency change through generations for esti-
mating s. If we denote the frequency of the ith allele at the
tth generation by p;(t), the increment of p;(¢) in a generation
is given by Api(t) = sp{®)[F — p{))/(1 — F). The second
estimator of s is then given by S, = Api(#t)/[p:t + 1)F —
{p)¥1.

In an actual population, all gene and genotype frequencies
can be subjected to genetic drift. The smaller the population,
the larger the effect of genetic drift. In addition, gene and
genotype frequencies are estimated by taking a sample from
a population, and the sampling may obscure the effect of
selection unless the sample size is sufficiently large. Thus, the
reliability of the estimate of s depends not only on its
magnitude but also on the number (N.) of breeding individ-
uals in the population and the sample size (n). To examine the
statistical properties of S; and §,, we conducted computer
simulations. We assumed that there are only two segregating
alleles in a population and that the size (N, = 10%) is large
enough for selection to predominate (s = 0.05). For each set
of parameter values, we repeated the simulation 10¢ times and
computed the probability (P) that S; or §; lies within = 10%
of the true s value. The initial allele frequency [ p(0)] of one
of the two alleles was set as 0.01 or 0.2. Since selection is less
efficient for rare alleles, neither the S; nor the S, estimator
worked well for small p(0). If the population is at equilibrium,
S, cannot be used. A third estimator, S3, based on the
reduced gene frequency variance, could be developed for the
equilibrium condition. However, our simulation shows that
the reduction in variance induced by selection is small and
requires large sample size as well as the passage of several
generations to allow reliable estimates of selection.

A statistically significant P value for S; and §; estimates
can be attained only when n is large (at least 1000). In this
case, S is a slightly better estimator than S,: For n = 1000,
P equals 0.05 for the S; estimator, whereas it equals 0.033
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when the S>-based method is used. For n = 9000, the S;-based
P value increases to 0.18. Nevertheless, this value is still too
small to make reliable estimates of s.

When there are more than two alleles segregating in a
population, the detection of selection becomes even more
difficult. As the number of alleles (k) increases, the F value
becomes smaller. The reduction of F is inversely proportional
to k, so that selection becomes as weak as s/(k — 1). Since
there are more than 10 alleles at any of the functional MHC
loci in most vertebrate populations, the frequency data from
a natural population may not be suitable for estimating the
selection intensity.

The prospects are somewhat improved when observations
are made over successive generations. Suppose that we take
the arithmetic mean of each estimator based on observations
over ¢ generations. The P value can then be high. For
example, if s = 0.05, n = 5000, p(0) = 0.2, and ¢ = 20, then
P = 0.47 for S, estimator (cf. P = 0.12 with ¢ = 1) and the 90%
confidence interval of the estimated s ranges from 0.03S5 to
0.060. We may note, however, that the required condition is
not realistic for most vertebrate species.

It could be argued that the estimate of <5% is an average
selection coefficient and that virulent or new parasites may
exert a stronger, experimentally measurable, selection pres-
sure. Plasmodium falciparum is one of the most devastating
human parasites. In the population, however, in which pos-
itive association between malaria and MHC has been re-
ported, the selection coefficient with respect to the MHC
genes has been estimated to be of the same order as that given
in our own calculations (42).

If a selection coefficient of less than 0.05 is sufficient to
maintain polymorphism for long periods of time, then selec-
tion at other loci, which do not show any sign of trans-specific
polymorphism, must be much weaker than that of the MHC
loci. And if it is so difficult to estimate the intensity of
balancing selection at the MHC loci from frequency data, it
will be even more difficult, if not impossible, at other loci. In
such cases, indirect evidence based on DNA sequence dif-
ferences may be the only possibility for obtaining reliable
estimates of selection.
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