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ABSTRACT: There is great interest in the use of single-
nucleotide polymorphisms (SNPs) and linkage disequilib-
rium (LD) analysis to localize human disease genes. The
results suggest that the human genome, including the
major histocompatibility complex (MHC), consists
largely of 5- to 200-kb blocks of sequence fixity between
which random recombination occurs. Direct determina-
tion of MHC haplotypes from family studies also demon-
strates similar-sized blocks, but otherwise gives a very
different picture, with a third to a half of Caucasian
haplotypes fixed from HLA-B to HLA-DR/DQ (at least 1
Mb) as conserved extended haplotypes (CEHs), some of
which encompass more than 3 Mb. These fixed haplotypes
differ in frequency both in different Caucasian subpopu-
lations and in Caucasian patients with HLA-associated
diseases, complicating disease susceptibility gene localiza-
tion. The inherent inability of LD analysis to “see” DNA
fixity beyond three markers contributes to the failure of

SNP/LD analysis to define in detail or even detect CEHs
in the MHC and probably elsewhere in the genome. More
importantly, the use of statistical analysis, rather than
direct haplotype determination and counting, fails to
reveal the details of haplotype structure essential for gene
localization. Given the oversimplified picture of the MHC
(and probably the rest of the genome) provided only by
SNP/LD-defined blocks, it is questionable whether this
approach will be of great help in disease susceptibility
gene localization or identification. Human Immunology
67, 73–84 (2006). © American Society for Histocompat-
ibility and Immunogenetics, 2006. Published by Elsevier
Inc.
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ABBREVIATIONS
CEH conserved extended haplotype
HBsAg hepatitis B surface antigen
HLA human leukocyte antigen
LD linkage disequilibrium
MHC major histocompatibility complex

PCR polymerase chain reaction
PV pemphigus vulgaris
RFLP restriction fragment length polymorphism
SNP single-nucleotide polymorphism
T1D type 1 diabetes

INTRODUCTION
There has been considerable interest in the use of single-
nucleotide polymorphisms (SNPs) to map and identify
human disease genes, particularly those determining sus-
ceptibility to complex diseases [1–3]. These SNP poly-
morphisms occur, on average, every 290 bp of genomic

DNA [4] and form haplotypes that are often deduced
from studies of the DNA of many individuals by linkage
disequilibrium (LD) analysis. These haplotypes identify
islands of nucleotide sequence stability (blocks) between
which meiotic crossing over occurs (and occurred histor-
ically) as “hotspots.” The blocks are operationally defined
by strong LD (D= near 1) between the outermost defining
SNP pairs and a greater than 19-fold ratio of strong to
weak LD (D= significantly ! 1) among all internal
pairwise comparisons [2, 3]. With this definition, these
studies have determined that the vast majority of such
blocks are between 5 and about 200 kb in size [1],
although the possibility of occasional, larger blocks (up
to 804 kb) has also been suggested [5]. It is essential to
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note that there has been much debate in the literature
with respect to the best criteria for establishing blocks.
Not stressed, but sometimes found, is LD between blocks
that may define stretches of fixity of up to 500 kb on
38% of chromosomes [1]. Remarkably, a relatively small
number (two to four) of SNP haplotype variants account
for 80–95% of all observed chromosomes [1] and are
found in all human populations studied, although rela-
tive frequencies vary [2].

The human major histocompatibility complex (MHC)
on chromosome 6 has been studied intensively. It is of
great interest because it contains highly polymorphic
genes that determine immune function, susceptibility to
a remarkably large number of complex diseases, and the
outcome of tissue transplantation. We and others have
used pedigree analysis and a direct observational ap-
proach, an extension of the counting methods proposed
by Smith and co-workers [6, 7], to determine population
MHC haplotype composition from family studies. One
simply counts the number of observed similar (identical
or near-identical for HLA-B, complotype, and HLA-DR/
DQ) haplotypes (conserved extended haplotypes or
CEHs) in any specified group of families to define dif-
ferences in MHC haplotype frequencies in populations
that differ in ethnicity or in disease state (association
studies), or to determine whether DNA conservation
extends to intervening or nearby polymorphic loci. In the
case of a disease, the haplotype composition of chromo-
somes occurring in patients in the families is compared
with the composition of all other chromosomes occurring
in those families, thus providing family control haplo-
types [8, 9]. For these purposes, as well as for showing
that the fixity of these similar haplotypes is statistically
significant by LD analysis, simple "2 statistics suffice
[10, 11].

The present article describes pedigree-determined
HLA specificity- and allele-defined MHC haplotypes in
Caucasian subjects of several different ethnicities and
those in one particular Caucasian ethnic subgroup and in
patients with two different MHC allele-associated dis-
eases. The conclusions drawn from these studies are then
compared with those based on the SNP/LD-defined
structure of the human genome, including such studies
in the MHC.

METHODS
Subjects
Nuclear families of normal Caucasian subjects, or of
patients with type 1 diabetes (T1D), pemphigus vul-
garis, gluten-sensitive enteropathy, ragweed allergy, der-
matitis herpetiformis, multiple sclerosis, or congenital
adrenal hyperplasia, or of patients who were HBsAg
vaccine nonresponders or had other immune or autoim-

mune disorders were studied and reported previously [8,
12–20]. Disease haplotypes were those occurring in a
patient. There were 353 T1D haplotypes, as well as 61
Ashkenazi Jewish pemphigus vulgaris (PV) patient hap-
lotypes. Normal family control haplotypes were those
not occurring in a patient [8, 9, 21] and totaled 2000
normal Caucasian haplotypes (including a subpopulation
of 195 normal Ashkenazi Jewish haplotypes). All MHC
haplotypes were defined by their HLA-A, HLA-B, com-
plotype, and HLA-DR specificities. PV is a blistering
autoimmune disease known to be associated with HLA-
DR4 (DRB1*0402) in Ashkenazi Jews [14].

LD Analysis
For the analysis of two-point, three-point, four-point,
and five-point LD, 86 pedigree-determined haplotypes
for which high-resolution HLA-DRB1, -DQA1, and
-DQB1 alleles, as well as HLA-A, HLA-B, and complo-
type specificities, were available, were randomly paired
to create 43 “people.” We did this so that the data we
analyzed would correspond to unphased data from people
as normally used for LD analysis. Allelic LD was defined
as D # Pij – (pi · qj), where Pij is the frequency of the
gamete carrying the ith allele of one locus and the jth
allele of another locus, and pi and qj are the frequencies of
the ith and jth alleles of the two loci [22, 23]. To
calculate LD involving two, three, four, and five loci (D),
we used a standard method [24]. Normalized LD (D=)
was calculated as suggested by Lewontin [25].

HLA Typing
Peripheral blood mononuclear cells of patients, their
parents, and their siblings were analyzed for HLA-A, -B,
and -DR specificities [26] and haplotypes were deter-
mined by segregation analysis. For some haplotypes,
HLA-A, HLA-B, HLA-Cw, HLA-DRB1, HLA-DQA1,
and HLA-DQB1 alleles were determined by polymerase
chain reaction (PCR) amplification of genomic DNA and
dot–blot analysis using sequence-specific oligonucleo-
tide probes [27] or by PCR and sequence-specific prim-
ers [28, 29]. In all instances, specific allele assignments
to CEHs corresponded to those reported [30]. MHC
complement haplotypes (complotypes) were determined
as described previously [31].

RESULTS AND DISCUSSION
The MHC comprises more than 3 Mb of genomic DNA
on human chromosome 6p21.3. Figure 1 illustrates only
a few of the genetic loci of this region: HLA-A, HLA-
Cw, HLA-B, C2, BF, C4A, C4B, HLA-DRB3, $4, and
$5, HLA-DRB1, HLA-DQB1, and HLA-DPB1. Studies
over the past several decades of genes within the human
MHC have yielded a picture of polymorphism and
genomic structure that in some ways coincides with that
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generated from the more recent studies using SNPs and
yet is far more diverse and complex.

The point of agreement between the two approaches
lies in the occurrence in the MHC of small fixed blocks
of DNA around which meiotic recombination occurs and
has occurred historically. The first of these to be de-
scribed was the complotype [32], a region of approximately
75–120 kb (its size varies among individual chromo-
somes) designated by its BF, C2, C4A, and C4B alleles in
that (arbitrary) order. The complotype SC01, for exam-
ple, contains BF*S, C2*C, C4A*Q0, C4B*1. Other
blocks in the MHC comprise alleles of the closely situ-
ated genes for HLA-Cw and –B, as well as those for
HLA-DR and -DQ (including DRA, the various DRB
loci, DQA1, and DQB1). It should be pointed out that
the MHC allele-defined blocks are far more polymorphic
than the SNP haplotype-defined blocks. For example, in
Caucasians there are 14 protein- and RFLP-defined com-
plotypes [33] with a frequency of 0.02 or higher. Formal
LD analysis derived from the study of MHC alleles,
microsatellites, and SNPs [30, 34] in populations of
unrelated individuals supports the presence of HLA-
Cw/B and HLA-DR/DQ blocks, but, surprisingly, com-
plotypes were not detected [34].

At least a third of common (frequency % 0.01) control
European Caucasian MHC haplotypes are fixed from
HLA-B through the complotype to HLA-DR/DQ [10,
30], a distance of more than 1 Mb. If one includes rarer
HLA-B, complotype, and HLA-DR/DQ haplotypes (at
least 5 independent examples in the 2000 control hap-
lotypes (frequency % 0.0025)) presented here, fixed hap-
lotypes account for a little more than half of all Caucasian
MHC haplotypes. Moreover, these conserved extended
haplotypes (CEHs) [10] or, as subsequently designated,
ancestral haplotypes [35], occur at widely differing fre-
quencies not only in the major human ethnic groups, but
even within subsets of those populations. Furthermore,

virtually all of the MHC allele–disease associations in-
volve marker alleles of CEHs.

The essential quality of a CEH is the fixity of its DNA
over at least 1 Mb of MHC DNA. Historically, this has
been defined by serologic HLA-B, complotype, HLA-
DR, and HLA-DQ specificities [10]. With technological
refinements, it is clear that, if a specificity is determined
by multiple DNA-defined alleles, CEHs carry only one
(or, unusually, at the most a few) of these alleles [36].
Moreover, intervening DNA manifests identical or near-
identical sequences [37–39, for example] without appar-
ent recombination. In addition, different HLA-A alleles
are usually relatively fixed on specific CEHs. There is
little difficulty in applying these criteria in defining
CEHs with a frequency !0.01 in a population. Our
population of 2000 normal Caucasian haplotypes has 15
such common CEHs with a minimum of 20 independent
instances each. The problem arises with the lower-
frequency CEHs (31 possible CEHs with frequencies of
0.0025–0.0095). These clearly need to be studied in
more detail before one can be certain of the fixity of their
DNA, although almost all have restricted HLA-A vari-
ation. Finally, the ability to identify CEHs depends
heavily on the study population. For example, the CEH
[HLA-B55, SB45, DR6] occurs only twice in our 2000
normal Caucasian haplotypes (0.001), yet has a frequency
of 0.12 among non-Jewish patients with PV [17].

Because the MHC contains many genes affecting im-
mune function and some individual CEHs may extend
over 3 Mb from at least HLA-A to HLA-DPB1 (around
0.1% of the human genome), it is not surprising that
CEHs provide genetic markers for susceptibility for a
large number of (mostly autoimmune) diseases. For ex-
ample, in studies of Caucasian patients with T1D, it was
initially noted that HLA-B8, -B18, and -B15(62) were
markedly increased in frequency [40, 41]. Later, it was
demonstrated that HLA-DR3 and -DR4 were strongly

FIGURE 1 Map of the MHC indi-
cating a few of its genes. Distances are
drawn to scale (see legend), but these
may vary at many locations in different
haplotypes as a result of limited poly-
morphic DNA insertions, deletions, or
gene duplications. Gene locations were
taken from the Sanger Institute MHC
consensus gene list (http://www-
.sanger.ac.uk/HGP/Chr6), and the dis-
tance (in megabases, Mb) from an ar-
bitrary point telomeric (T) to HLA-A
to the region centromeric (C) to
HLA*DPB1 is indicated.
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associated [42, 43]. Still later, the complement alleles
BF*F1, C2*B, and C4B*3 were found to be associated.
All of these markers belong to collections of MHC spec-
ificities/alleles (at that time not considered to be neces-
sarily haplotypes) referred to as supratypes [44]. In family
studies of T1D patients, it was demonstrated that, in
fact, all of these allotypes are markers for CEHs [8] or
ancestral haplotypes [45].

In all instances in which intervening DNA on indepen-
dent examples of CEHs has been studied, it has been
identical or has manifested highly restricted variation [10,
37–39, 46–52], including SNPs [53, 54]. Wherever an-
alyzed, each CEH carries a specific allele (or, at most, a few
closely related specific alleles) determined from DNA [30].
As an extreme example, the [HLA-B38, SC21,
DRB1*0402] CEH exhibits limited variation in many of
its recognized elements: HLA-B38 may be HLA-B35, and
SC21 may be SC31 or (rarely) SC20. Alternatively, there
may be three closely related CEHs: [HLA-B38, SC21,
DR4], [HLA-B38, SC31, DR4], and [HLA-B35, SC31,
DR4]. Variability on CEHs is often greatest in microsat-
ellite loci, which are both hypermutable, owing to “slip-
page,” and more susceptible to incorrect allele assignment
than standard MHC alleles. Functional identity of specific
CEH homozygotes, as in the lack of the mixed lymphocyte
reaction [55, 56], the lack of an immune response to
HBsAg [15], or MHC-determined serum immunoglobu-
lin deficiencies [20, 57–59], presumably reflects structural
identity of the MHC susceptibility genes involved that are
within the fixed DNA region. For more details about
CEHs, see a recent review [30].

To illustrate dramatically the remarkable diversity of
human MHC haplotypes and to demonstrate how this
varies sharply among patients with different MHC-
associated diseases and different subethnicities, consider
HLA-DR2-, -DR3- and -DR4-carrying MHC haplo-
types directly observed in Caucasian family studies in
Boston (Figure 2). Table 1 provides the key to Figure 2
and outlines the composition of CEHs with a frequency
of !0.02 in any of the four populations described earlier.
HLA-A specificities occurring with a frequency %0.22
(arbitrary cutoff) on individual instances in the normal
population of each of these haplotypes, as well as further
allele and specificity data, are also provided.

A conclusion easily drawn from Figure 2 is that specific
CEHs (solid color from HLA-B to HLA-DR representing
at least 1 Mb of genomic DNA) and their fragments
(smaller, similarly colored segments) differ markedly in
frequency on DR2, DR3, and DR4 haplotypes in all the
study groups. Thus, there is clear evidence for the common
but variable fixity of genomic DNA well beyond the usual
200 kb or so maximum for SNP/LD-detected blocks. A
second obvious point is that these high-frequency CEHs
and their fragments constitute a large part of all of the

Caucasian haplotype groups studied (including the approx-
imately 50% of normal Caucasian MHC haplotypes with
HLA-DR1, -DR5, -DR6, -DR7, or other HLA-DRs, not
shown). It is also clear that there is variation in the number
of common CEHs carried by different HLA-DR haplo-
types, with HLA-DR4 having the most diversity, and
HLA-DR3, the least.

The differential diversity of CEHs and their restricted
diversity among ethnic subgroups such as Ashkenazi
Jews compared with general Caucasians are also obvious.
The [HLA-B38, SC21, DR4] CEH (including its varia-
tions), for example, has a frequency of 0.133 on normal
Ashkenazi haplotypes, 0.543 on Ashkenazi PV haplo-
types, and 0.012 on general Boston Caucasian haplo-
types. Most of the last were from Ashkenazi controls. It
is of interest that [HLA-B38, SC21, DR4] has an in-
creased frequency among T1D haplotypes [8], contrib-
uted mostly, again, by Jewish patients. This suggests
that this CEH carries susceptibility genes for both T1D
and PV. In contrast, [HLA-B8, SC01, DR3] has frequen-
cies of 0.09 among general control haplotypes, 0.04
among control Ashkenazi, and 0.18 among T1D haplo-
types, and was not found at all among the Ashkenazi PV
haplotypes. Thus, this CEH carries a susceptibility gene
for T1D but not PV. The CEH [HLA-B8, SC01, DR3]
is most common in the British Isles and has its highest
normal frequency (0.22) among our Irish haplotypes
(data not shown). It also carries susceptibility for a re-
markable array of autoimmune diseases.

The well-known increased frequency of HLA-DR3
and -DR4 markers in our T1D patients is accompanied
by frequency increases in specific CEHs: [HLA-B8,
SC01, DR3], [HLA-B18, F1C30, DR3], [HLA-B62,
SC33, DR4], [HLA-B60, SB42, DR4], among others
(Figure 2). The specificities in bold type include the
previously noted markers for T1D. Most (&70%) of the
DR4 haplotypes are DRB1*0401 and carry HLA-
DQB1*0302. The paucity of HLA-DR2 haplotypes in
T1D patients seen in Figure 2 involves a proportional
marked decrease in the frequency of the protective CEH
[HLA-B7, SC31, DR2]. From these observations we can
conclude that those CEHs that are increased in frequency
in patients, even when they occur in the general popu-
lation, carry genes for susceptibility to T1D, whereas
those that are decreased carry “protective” alleles.
Whether or not different CEHs carry different true sus-
ceptibility alleles is not known, but it is certainly not the
case in this common complex disease that there is only
one set of haplotype markers for susceptibility. Similarly,
the two CEHs that mark susceptibility to PV in Euro-
peans have largely different marker alleles.

It is further evident from Figure 2 that the DNA
fixity of CEHs often extends through HLA-A. This is
manifested by the common (%0.22) occurrence of one or
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FIGURE 2 Directly de-
termined MHC haplotypes
carrying HLA-DR2, -DR3,
and -DR4, showing their
HLA-A, HLA-B, complo-
type, and HLA-DR specific-
ities. The four populations
of haplotypes are: normal
Caucasian control haplo-
types (n # 2000), Caucasian
T1D (n # 353), Ashkenazi
control (n # 195), and Ash-
kenazi PV (n # 61). The
ordinate for each haplotype
population is the decimal
fraction of the total popula-
tion of those haplotypes.
The key to the color coding
and more information on
the CEHs involved are given
in Table 1. Because some
HLA-B specificities (e.g.,
B44, B35, B62) are, at this
level of typing, shared by
two or more CEHs, we have
assigned these freestanding
specificities to a CEH on the
basis of the HLA-A or -C
allele (not shown) with
which they occur on that
particular haplotype [30,
49, 52]. The complotype
SC31 is on around 40% of
normal Caucasian MHC
haplotypes and is shared by
several CEHs. It can be sub-
divided at the molecular
level, with each CEH with
SC31 carrying only one of
three subsets of DNA re-
striction fragment length
polymorphism (RFLP)
markers [33], but this has
not been done for most of
the haplotypes shown. SC31
is considered only part of
the respective CEH when it
occurs with the appropriate
HLA-B or HLA-DR speci-
ficity or allele of that CEH.
Colors shown here but not
included in Table 1 repre-
sent fragments of CEHs
bearing HLA-DR1, -DR5,
-DR6, or -DR7 or lower fre-
quency CEHs.
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two HLA-A specificities characteristic of each CEH.
Thus, 82% of our normal [HLA-B8, SC01, DR3] CEHs
carry HLA-A1, 43% of [HLA-B38, SC21, DR4] carry
HLA-A26, and about 65% of [HLA-B7, SC31, DR2]
carry either HLA-A2 or -A3. This HLA-A,-B fixity is
preserved in many of the HLA-A,-B fragments of CEHs
(Figure 2). Even minor frequency HLA-A specificities on
CEHs are characteristic of specific CEHs and probably
reflect subpopulation differences (unpublished observa-
tions). Also not shown is the fact that fixity on some
CEHs extends at least from HLA-A through at least
HLA-DP [60, 61], a distance of 3.2 Mb.

Because virtually all the MHC markers of common
complex diseases are components of fairly high-frequency
CEHs [8, 62–65], there is a problem in localizing MHC
susceptibility genes. As one can see from Figure 2, there
is little specific enrichment of CEH fragments in patients
with T1D that can be used in susceptibility gene local-
ization. In fact, no MHC susceptibility gene for complex
disease has been definitively identified [66]. Thus, the
large regions of fixity on marker CEHs may be an im-
pediment, rather than an aid, to susceptibility gene
localization. On the other hand, fragment analysis has

been useful in roughly localizing susceptibility genes for
PV [14, 17], asthma in ragweed pollen allergy [18], IgA
deficiency [51, 67–69], myasthenia gravis [65], and
gluten-sensitive enteropathy and dermatitis herpetifor-
mis [19].

Whether fragment analysis is useful in susceptibility
gene localization also depends partly on whether there is
only one marker CEH in a patient population and
whether this is relatively infrequent in the background
population. Because it is usually the whole CEH rather
than its individual alleles that marks susceptibiity to
T1D, it is misleading to use the odds ratios of any of the
component alleles as guides to susceptibility gene local-
ization or identification. Thus, in our T1D data, the
allele with the highest odds ratio is BF*F1 at 8.5 (HLA-
DRB1*0301, HLA-DQB1*0201 and HLA-DRB1*04,
DQB1*0302 have odds ratios of around 4.5 each) [66].
Neither we nor anyone else has claimed that this means
that the MHC T1D susceptibility gene is or is closest to
BF.

Recently, there have been statistical approaches to
assessing fixity in the MHC. In a study involving mark-
ers at 14 MHC loci in 50 CEPH families [34], no LD

TABLE 1 HLA-DR2-, DR3-, or DR4-containing CEHs with a frequency of 0.02 or higher in at least one of the
specified (Fig. 2) populations of Caucasian subjects

HLA-Aa CEH
  Gen
Caucb

    T1D 
Gen
Cauc 

Ashk 
Jewish 

PV
Ashk 

Jewish HLA alleles 
       

A3, A2         B7, SC31, DR2  0.069 0.015 0.005 — HLA-A*0301/0201, B*0702, DRB1*1501 

A1         B8, SC01, DR3  0.086 0.183 0.036 — HLA-A*0101, B*0801, DRB1*0301 

A30  B18, F1C30, DR3 0.006 0.077 0.005 — HLA-A*3001, B*1801, DRB1*0301 

A26 B38, SC21, DR4 0.012 0.041 0.133 0.543 HLA-A*2601, B*3801, DRB1*0402 

A2 B44, SC30, DR4 0.026 0.020 0.010 — HLA-A*0201, B*4402, DRB1*0401 

A2 B62, SC33, DR4 0.010 0.044 0.005 — HLA-A*0201, B*1501, DRB1*0401  

A31 B60, SC31, DR4 0.009 0.035 — — HLA-A*3101, B*4001, DRB1*0401 

A2 B62, SB42, DR4 0.005 0.029 — — HLA-A*0201, B*1501, DRB1*0401 

aHLA-A specificities shown are those that have a frequency of at least 0.22 on independent examples of the indicated CEHs among these normal haplotypes. See
Yunis et al. [30] for other alleles of these CEHs.
bFrequency of each CEH in 2000 normal family control Caucasian haplotypes. Gen Cauc, general Caucasian; Ashk, Ashkenazi.
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blocks beyond HLA-C/B and HLA-DR/DQ were found,
not even among the complement genes, for which there
are no well-documented crossovers. In another study,
“extended haplotype homozygosity” analysis [70] used
family studies and many markers, but not counting.
Their data suggest that small blocks found in the MHC
do not differ significantly in structure from the rest of
the human genome. However, the results of haplotype
determination were not particularly fruitful. Only a
small fragment, at best, of the [HLA-B8, SC01, DR3]
CEH, the most common CEH in northwestern European
populations, was detected. Although the CEH [HLA-B7,
SC31, DR2] was recognized, no other common CEHs
were detected. On the other hand, haplotype-specific LD
(i.e., presupposing the existence of some, but clearly not
all, specific CEHs) was detected when HLA-B was used
as an anchor in a study of more than 600 unrelated
subjects in the United Kingdom [11]. Haplotypes were
deduced as “surrogate extended haplotypes.” Some such
assignments did not correspond to haplotypes that oc-
curred commonly or even at all among our 2000 normal
Boston haplotypes (there were no instances of HLA-
B*1402, DRB1*1101 or A*2501, B*1801, DRB1*0301)
and a number of the tumor necrosis factor SNPs were
incorrectly assigned [53]. Because the method depends on
prior knowledge of CEHs [10] and is subject to errors in
allele assignments to CEHs, it is of limited utility.

What is the reason for the discrepancy between the
rich and complex but directly determined view of a
portion of the human genome based on family studies
and the rather simple picture of similar SNP haplotypes
with similar frequencies in all populations as small
blocks separating regions of diversity generated by fre-
quent meiotic crossing over? One possible explanation is
that the MHC is completely atypical of the rest of the
genome. This cannot be the reason, because both SNP
haplotype analysis and MHC allele multiple-locus LD
analysis produce the same small block results as in the
rest of the genome [34, 70]. Moreover, the MHC has
been studied far more intensively than the rest of the

genome. It may, in fact, be considerably less atypical
than some might imagine. Furthermore, SNP analysis of
human sperm has revealed the same kinds of blocks
separating regions of frequent crossing over in the MHC
as elsewhere in the genome [71, 72]. However, this is not
at all the same as assessing the extent of fixity of DNA
at the population level. We have dealt elsewhere with
discrepancies between the hotspots detected in sperm
meioses and those postulated from ancient recombina-
tions by haplotype analysis [36]. In any case, in our view,
it is likely that the large stretches of fixity of CEHs
reflect the recent explosion of human populations [73]
and, perhaps, population bottlenecks.

One might reasonably ask, given the high frequencies
of CEHs, why these have not been detected by LD
analysis. The curious answer is that they simply have
been ignored. A quarter-century ago, two-point and
three-point LD analysis first produced suggestive evi-
dence that was not followed up. Table 2 outlines some
HLA-A, -B and HLA-B, -DR specificity pairs exhibiting
significant positive LD published previously [74]. Note
that the pairs shown are parts of CEHs or predominant
HLA-A markers for some of the CEHs presented in Table
1. They were not interpreted as DNA fixity at a time
when natural selection was considered the likely basis for
LD [75] and population stratification was also considered
likely. “Young mutations,” migration, and inbreeding
[74] were considered other possible but unlikely expla-
nations. Three point (HLA-A, -B, -DR) LD analysis
revealed the presence of population-characteristic signif-
icant combinations [76]. Somehow, this previous litera-
ture and the considerable MHC CEH literature (the
references in this article are illustrative, not exhaustive)
have been largely avoided by the investigators who ana-
lyze SNP/LD throughout the genome.

Why have these larger stretches of DNA fixity been
ignored by many investigators? To help clarify the prob-
lem, consider LD analyses for the components of [HLA-
B8, SC01, DR3] among the 43 control “people.” The
frequency (by pedigree analysis) of the [HLA-B8, SC01,

TABLE 2 Frequencies of HLA-A-B and HLA-B-DR LD pairs in relation to frequencies of selected CEHs
carrying HLA-DR2, -DR3, or -DR4a

LD pairs Family study and counting

HLA-A HLA-B Nl HF HLA-B HLA-DR Nl HF CEH Nl HFb HLA-A dec fract
A3 B7 0.028 B7 DR2 0.046 [HLA-B7, SC31, DR2] 0.069 A3: 0.37
A1 B8 0.064 B8 DR3 0.070 [HLA-B8, SC01, DR3] 0.086 A1: 0.82
A30 B18 0.017 B18 DR3 0.018 [HLA-B18, F1C30, DR3] 0.006 A30: 0.36
A2 B44 0.065 B44 DR4 0.013 [HLA-B44, SC30, DR4] 0.025 A2: 0.76
A26 B38 0.019 B38 DR4 0.041 [HLA-B38, SC21, DR4] 0.012 A26: 0.68

a Adapted from Bodmer and Bodmer [74] and compared with our CEH dataset. The population studied was in London, UK. The family studies were in Boston.
b Nl HF, normal haplotype frequency (of 2000 normal haplotypes in our dataset); dec fract, decimal fraction of independent examples of the specified CEH among
the 2000 normal haplotypes.

79MHC Haplotype Structure



DR3] CEH in this dataset was 0.197, of which 70%
carried HLA-A1. There were no other instances of
HLA-B8 or the complotype SC01. There was a single
example of (HLA-DRB1*0301, DQA1*0501, DQB1*
0201) without the other markers of the complete CEH
and 19% of additional DQA1*0501 (almost all with
DRB1*11) and 7% of additional DQB1*0201 (all with
DRB1*0701), reflecting the fact that these markers are
components of other small blocks. As demonstrated in
Table 3, when D= was calculated for more than two
markers, D= was decreased, and when calculated for more
than three markers, significance was lost. The reason for
this is the mathematical necessity to correct for lower-
order (HLA-A/B, HLA-B/DR, HLA-DR/DQ, etc.) LD.
This made sense when the three-point analysis was first
applied to the MHC [77] and there was no requirement
that the marker alleles even be on the same chromosome.
If, however, fixity on one chromosome is the basis of LD
in the whole subject (clearly the case), the necessary
correction will remove the relevant supporting evidence.
These considerations partly explain the distribution of
SNP haplotype-defined blocks and the failure of this
approach to “see” CEHs. The validity of multipoint LD
calculations has been challenged before, and the problem
appears to be “general to any kind of analysis of multi-
dimensional interactions” [78]. A solution that avoids
but does not completely correct this problem is now
commonly used and involves sequential (“sliding”) pair-
wise LD analysis.

Other problems with LD analysis have been described,
including the dependence of the LD statistic on the
degree of polymorphism of the tested markers [23, 25,
79]. We cannot address all LD technical details here, but
one point is clear to us. It is unlikely that these problems

with LD analysis can be overcome simply by improving
statistical methodology. There have been a number of
cautionary publications about the use of SNP/LD analysis
[4, 80–82], and others have suggested technical solu-
tions to some general problems [83]. Furthermore, the
null hypothesis for LD analysis is that there is random
meiotic crossing over between small blocks and that
there is a direct and simple linear relationship between
the distance between two genetic loci and the extent of
LD. Figure 2 reveals clearly that this null hypothesis is
false for the MHC. Others have shown this theoretically
[84]. Although not stressed in their publications, the
null hypothesis has also been shown to be false by
SNP/LD analysis [1, 2].

Even if it were capable of better recognizing large
stretches of fixity, SNP/LD analysis cannot in itself reveal
the details of haplotype composition, including the na-
ture of CEHs, nor the sizes of fragments of CEHs.
Therefore, in the absence of intact CEH/CEH fragment
analysis [30], SNP/LD analysis is unlikely to be a great
aid in complex disease susceptibility gene localization.
Direct haplotype determination within a small genomic
region such as the MHC allows one to detect fixity of
stretches of DNA of any size directly and unequivocally
and independently of assumptions. LD analysis cannot
make this important distinction. In fact, at least for the
MHC, it is this fixity of DNA that is responsible for
significant observed LD, even when it occurs in frag-
mented blocks.

The MHC haplotype sequencing project [85] is a step
in the right direction. Eight consanguineous MHC hap-
lotype homozygotes were chosen for sequencing with
complete sequences for HLA-A3, -B7, -DR2 and HLA-
A1, -B8, -DR3 already reported [86]. The list more or

TABLE 3 Linkage disequilibrium (D=) among the alleles of the CEH [HLA-B8, SC01, DR3]

HLA-A HLA-B HLA-DRB1 HLA-DQA1 HLA-DQB1 D= p No. points

1 0201 0.282 !0.05 2
1 0501 0.488 !0.05 2
1 0301 0.505 !0.05 2
1 8 0.706 !0.01 2

8 0301 0.701 !0.01 2
8 0501 0.851 !0.01 2
8 0201 0.935 !0.01 2

0301 0501 1.000 !0.01 2
0501 0201 0.554 !0.01 2

1 8 0301 0.490 !0.01 3
1 8 0501 0.509 !0.01 3

8 0301 0501 0.611 !0.01 3
8 0301 0201 0.564 !0.01 3

1 8 0301 0501 0.116 n.s. 4
1 8 0301 0201 0.158 n.s. 4
1 8 0501 0201 0.188 n.s. 4

8 0301 0501 0201 0.040 n.s. 4
1 8 0301 0501 0201 0.058 n.s. 5
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less corresponds to that of common CEHs reported by us
[10]. Once the sequencing of the present single instances
of each haplotype is complete, the project faces the far
more daunting task of resequencing multiple indepen-
dent examples of each CEH to define microvariation on
each CEH as well as population representation. These
goals are not currently very practical.

One could argue that cost and the difficulties of
family studies are prohibitive compared with studies of
random individuals. In fact, the limited information
from LD analysis of two unrelated subjects yields four
limited and guessed haplotypes, whereas the study of
three individuals in a family (mother, father, child)
yields, in general, four definitive haplotypes, no matter
whether SNPs, allotypes, specificities, or alleles are used
to define the haplotypes. An advantage of protein allo-
types, serologically defined specificities, and nucleotide
sequence-defined alleles using cloned DNA over statis-
tically determined SNP haplotypes is that for all of the
former, phase is automatically assigned, whereas SNP
haplotypes are statistically estimated. At best, well-
designed SNP/LD studies of unrelated individuals ap-
proach the accuracy of pedigree-determined haplotype
studies only when conducted within regions of “low
haplotype complexity” similar to HLA-Cw/B, complo-
type, or the HLA-DR/DQ block [87]. Higher-order fix-
ity is usually beyond the capability of the methodology.

We believe that the problem with SNP/LD analysis is
the statistical nature of the approach rather than the use
of SNPs. Although most SNPs tend to be less informa-
tive than many recognized MHC alleleic differences in
terms of allele frequencies and the number of common
alleles, they serve potentially useful purposes. For exam-
ple, it would be of interest to know the extent of varia-
tion of SNPs on individual examples of the same CEH.
We would predict that such variation is minimal. It
would also be of interest to know whether any SNPs or
SNP haplotypes are CEH- or CEH variant-specific or
common to many CEHs.

There are approaches to disease susceptibility gene
localization suggested by and consistent with the exis-
tence of CEHs and their fragments. As applied to the
MHC (a possible model for other less well-studied parts
of the genome), if the MHC susceptibility gene is reces-
sive, the existence of a protective CEH in a patient must
be explained. Its presence in a patient could represent a
mutation or gene conversion at the susceptibility locus or
a historical crossover between the elements of the CEH
and the susceptibility locus. The latter would constitute
localization information [88].

The haplotype distributions in Figure 2 and the con-
clusions that can be drawn from them do not require any
assumptions, including whether or not the examined
populations are in genetic equilibrium (no major modern

population is in genetic equilibrium). It is these directly
determined, highly varied MHC haplotypes of varying
length, rather than the relatively unvaried short SNP/LD
haplotypes common to all populations and guessed at by
maximum likelihood statistical methods, that are the
genomic reality. It is the observed haplotypes that must
be the basis of any rational approach to gene localization.
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