
Am J Hum Genet 36:1159-1171, 1984

A Locus on Chromosome lip with Multiple Restriction Site
Polymorphisms

DAVID BARKER,1'2 TOM HOLM,1 AND RAY WHITE1

SUMMARY

We have discovered and characterized a new polymorphic locus on
chromosome lp, DJJS12, defined by an arbitrary genomic DNA segment
cloned in the plasmid pADJ762. Four different polymorphic restriction
sites with minor allele frequencies greater than 5% are revealed by
Southern hybridization of this probe and its derivatives to digests of
human DNAs. These include two MspI sites, a TaqI site, and a BclI
site. The frequencies of the common haplotypes at this locus have been
determined in a Utah population. Significant linkage disequilibrium has
been demonstrated to exist between some pairs of polymorphic sites.
A molecular map of this region has been determined, and the polymorphic
sites have been localized. Comparison of physical separation with degree
of linkage disequilibrium reveals an interesting case where an MspI site
and a TaqI site that are separated by 6.8 kilobases (kb) show a greater
degree of disequilibrium with each other than they do with two poly-
morphic sites located between them. One of the two interior sites is a
BclI site that is approximately 0.2 kb away from the TaqI site but shows
the same degree of disequilibrium with the TaqI site as with the MspI
site 6.7 kb away. Although there is significant linkage disequilibrium
at this locus, there are four major haplotypes with frequencies of 5%
or greater, and the polymorphic information content (PIC) of this locus
is .64.

INTRODUCTION

The development of a reliable and useful human linkage map depends on thi
identification of about 300 highly polymorphic genetic markers evenly spaces
throughout the genome [1]. A significant number of DNA probes revealing re
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striction fragment length polymorphisms have been identified [2] since this approach
was proposed [3] for generating a comprehensive set of genetic markers. The
most common form of restriction length polymorphism is caused by base-pair
variation resulting in presence or absence of a recognition site for a particular
enzyme. We have demonstrated that variation at restriction sites containing the
CpG dinucleotide is significantly greater than at other sites [4]. Variation resulting
in a series of alleles of different lengths such as has been demonstrated at the
insulin [5], zeta-globin [6-8], Ha-ras-1 [9, 10], and immunoglobulin lambda
light-chain [ 1 1 ] loci and one arbitrary locus [ 12] appears to be relatively uncommon.
This result is unfortunate from the standpoint of development of genetic markers
for linkage studies since the maximum polymorphic information content (PIC)
as defined in [3] is 0.375 for a two-allele system, while the range of PICs for the
known multiple-allele length polymorphisms mentioned above is from 0.36 to
0.85.

In principle, small DNA regions including several polymorphic sites may serve
as highly polymorphic loci if the alleles are not in complete linkage disequilibrium
[13]. In this case, the sites define a series of haplotypic combinations that may
be considered as multiple alleles, since recombination over distances of the order
of 10 kb is expected to be negligible. An excellent example of such a system in
human DNA has been provided by the study of polymorphic restriction sites in
the vicinity of the beta-globin gene cluster [14-16]. At that locus, although the
number of different haplotypes observed in several different human populations
was significantly smaller than expected, reflecting substantial linkage disequilibrium
within two clusters of adjacent polymorphic sites, a much smaller degree of
linkage disequilibrium was observed between the two clusters [14]. The result,
in Mediterranean populations, is three major haplotypes with frequencies of .05
or greater. Another example is the immunoglobulin mu chain switch-like region
that has been shown to contain five different polymorphic SstI sites, defining at
least 25 different haplotypes [17]. Very little linkage disequilibrium was observed
at this locus; however, the relative physical location of the polymorphic sites is
currently unknown. In our present study, a locus with four dimorphic restriction
sites has been characterized with respect to the relation between the physical and
population genetic association of the sites. We demonstrate that the degree of
linkage disequilibrium is not always a monotonic function of physical separation.
Our results support the view that loci with multiple restriction site polymorphisms
can be valuable genetic markers since polymorphic sites that are physically very
close can show a number of haplotypes.

MATERIALS AND METHODS

Southern Transfers and Hybridization

At early stages of this work, Southern transfers [18] of human DNAs were performed
as described in [ 19] and [20] with DBM paper. Subsequently, we have used Genescreen .
(NEN), Genatran (D&L Filter, Woburn, Mass.), or 0.45 pim, pharmaceutical grade Zeta-
pore" from AMF-CUNO (Meriden, Conn.) to produce reusable Southern blots, employing
a modification of the protocol recommended by NEN for Genescreen". Agarose gels
containing 2.5-5 jig of restricted human DNA per lane are washed for 30 min in 0.2 N
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NaOH, 0.6 M NaCl to denature the DNA. The pH is neutralized by subsequent washing
in 0.5 M Tris, pH 7.5, and 1.5 M NaCl for 30 min. The gel is then placed on a sponge
immersed in a reservoir of 25 mM sodium phosphate buffer, pH 6.5, with two layers of
Whatman 3MM paper between the surface of the sponge and the gel. A piece of membrane
cut to the size of the gel and prewet in the phosphate buffer is placed on top of the gel,
and this is covered with two pieces of Whatman 3MM paper followed by a stack of
absorbent pads. After at least 12 hrs of transfer, the membrane is removed, washed briefly
in 2 x SSC (SSC is 0.15 M NaCl, 0.015 M sodium citrate), and baked at 80'C for at
least 1 hr. The membrane is then washed at 650C in 0.1 x SSC, 0.5% sodium dodecyl
sulfate (SDS) for 1 hr. This washing step is important for the elimination of nonspecific
binding of radioactive DNA in the subsequent hybridization. The washed filter is subsequently
prehybridized for 2 or more hrs in 5 x SSC, 10 x Denhardt's solution (Denhardt's
solution is 0.02% bovine serum albumen, 0.02% Ficoll 400, and 0.02% polyvinylpyrollidone
360), 50 mM sodium phosphate buffer, pH 6.7, 500 Rig/ml sonicated denatured salmon
DNA (Sigma, St. Louis, Mo.), 5% dextran sulfate, and 50% formamide at 420C. Probes
were labeled by nick-translation as described [4] and hybridized with the filters in 5 x
SSC, 1 x Denhardt's, 0.02 M sodium phosphate, pH 6.7, 100 pg/ml sonicated denatured
salmon DNA, 10% dextran sulfate, and 50% formamide for 20-30 hrs at 420C. The filters
were washed twice at a maximum stringency of 65°C in 0.1 x SSC, 0.1% SDS for 30
min, blotted dry, and exposed to Kodak X-AR5 film backed by a Dupont Cronex Lightning-
Plus Intensifier. Following exposure, radioactive probe bound to the filter was removed
by washing in 0.4 N NaOH at 45°C for 30 min, followed by neutralization in 0.1 x SSC,
0.5% SDS, 0.2 M Tris, pH 7.5, at 45°C for 30 min and then prehybridized before reuse.

Subcloning

The 5.5-kb and 3.3-kb EcoRI fragments of phage JA76 [21] were isolated from low-
melting-point agarose and ligated with EcoRI-digested and phosphatased pBR325 [22]
DNA to produce the subclones pADJ762 and pADJ765, respectively. These segments
were further dissected to obtain probes appropriate for the mapping of polymorphic sites.
The plasmids 762PP3 and 762BB3 were produced by complete digestion of pADJ762 with
PstI or BamHI, respectively, followed by religation. A 550-bp PstI fragment of pADJ762
was ligated with PstI-cut pBR322 to form plasmid 762PSC5-24. This fragment is distin-
guished from a second Pstl fragment from pADJ762 of similar length in that it contains
both an MspI and a TaqI site as predicted by the partial digest mapping results described
below. Probe 765BB5 was constructed by double digestion of pADJ765 with BamHI plus
BglII followed by religation. Probes 765PR1 and 765PR2 were isolated from the products
of religation of pADJ765 DNA partially digested with PstI. The collinearity of these
segments with pADJ765 was confirmed by partial digest mapping of the PstI and BamHI
sites in pADJ765 and the two derivatives. The probe mp762MRS carries both terminal
MspI-EcoRI fragments of pADJ762 cloned into the AccI site of the Ml 3 single-stranded
phage vector mp8 [23]. This clone was constructed by circularizing the EcoRI insert
fragment of pADJ762, digesting the ligated product with MspI, isolating the appropriate
junction fragment, and ligating it with phosphatased AccI-digested mp8.

For all of the constructions described, restriction enzymes and T4 DNA ligase were
obtained from commercial suppliers and used under recommended conditions. Alkaline
phosphatase from calf intestine was used to remove fragment-terminal phosphates. Cloning
in the Ml3mp8 vector was carried out with a system from BRL.

Restriction Mapping

The relative order of restriction sites in pADJ762 and pADJ765 was determined by
partial digest mapping essentially as described in [24], with a modification described
previously [25]. The ClaI-PvuI fragments spanning the inserts in these plasmids were
end-labeled at the ClaI site and subjected to partial digestion with each of the relevant
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enzymes, including MspI, TaqI, BamHI, PstI, and BclI. The products were electrophoresed
in 0.7% agarose gels, which were then dried and exposed to X-ray film. The order of
close sites produced by two different enzymes was unambiguously determined by co-
electrophoresis in adjacent lanes of the partial products generated by the two enzymes
and direct comparison of the relative mobilities. In many cases, the results were confirmed
by analysis of single- and double-digest products that often also provided more accurate
estimates of distances between sites. To map the BclI sites of pADJ762 and pADJ765,
labeled fragments were prepared from plasmid DNAs grown in the dam- strain SK383.
On the map of JA76 presented by Adams et al. [21], the position of one EcoRI site in

the region from which pADJ762 and pADJ765 are derived is ambiguous. By comparing
the results of single- and double-digests of DNA from JA76 and CH4A [26] with BglII,
BamHI, and EcoRI with the map of these sites in the subclones derived from JA76, it is
possible to infer that there is a BamHI site within 500 base pairs (bp) of the EcoRI site
joining the left arm of the CH4A vector to the genomic segment and a BglII site at least
6 kb from this junction. These results are consistent with the order of fragments presented
in the RESULTS. The length of the 12.2-kb BamHI fragment of JA76 that spans the junction
of the CH4A vector right arm with the insert DNA indicates that the orientation of the
fragment cloned in pADJ765 is as shown in figure 2. The orientation of the 5.5-kb fragment
with respect to the 3.3-kb fragment has been determined as described in RESULTS.

Calculation of Disequilibrium Measures

Values of D were calculated according to Hartl [27], employing the directly determined
haplotype and gene frequency values. D is equal to the difference PJ1P22-P12P21, where
PI1 is the frequency of the haplotype with allele 1 at both loci, etc. D is a measure of the
deviation of the observed haplotype frequencies from the values expected if the alleles of
the two loci were randomly associated. Values of the correlation coefficient, r, were
calculated as r = D/(pIp2qlq2)1/2 [27].

RESULTS

Origin of Probe pADJ762 and Characterization of Site Polymorphisms

In the course of experiments designed to examine possible polymorphism at
the boundaries of members of the Kpn family of repeated sequences, single-copy
fragments adjacent to five different Kpn sequences were identified and subcloned.
The genomic sequences including these repeat elements were initially isolated
[21] from a Charon 4A library of partial EcoRI products. The repeats were sub-
sequently characterized as being related to the KpnI family [28]. The single-
copy subclones were hybridized to Southern transfers of panels of human DNAs
digested with a number of different restriction endonucleases to screen for poly-
morphism. None of the probes revealed significant variation at the boundary of
the repeated sequence; however, probe pADJ762, from phage JA76, was found
to reveal frequent polymorphism at four different restriction sites.
The four common dimorphic sites observed with pADJ762 are a TaqI site, a

BclI site, and two MspI sites. The fragment patterns revealed by pADJ762 in
human DNAs digested with these enzymes are shown in figure 1. The common
TaqI patterns consist of allelic fragments of 8.3 kb and 3.2 kb and a constant
3.9-kb fragment (fig. 1A). The BclI alleles are an 11.6-kb fragment or a 4.3-kb
fragment. A constant 7.0-kb band is also seen in BclI digests (fig.1B). The MspI
fragments are invariant 1.3-kb and 1. 1-kb fragments, allelic fragments of 2.1 kb
and 1.7 kb as shown in figure IC, and a second set of allelic fragments, one of
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FIG. 1.-Examples of the common polymorphic fragment patterns detected by probe pADJ762
and their inheritance in nuclear families. The fragment patterns are those revealed by A) BclI, B)
TaqI, C) MspI (2.1-kb and 1.7-kb alleles), and D) MspI (1.3- and 1.5-kb alleles). The 1.3-kb allele
of the latter MspI polymorphic system comigrates with an invariant 1.3-kb MspI fragment.

which is seen as an additional band at 1.5 kb in figure ID. This fragment is allelic
with a 1.3-kb fragment that comigrates with the invariant 1.3-kb fragment as
demonstrated below.

Localization of Polymorphic Sites

To determine the relative physical location of the polymorphic sites revealed
by probe pADJ762, restriction maps of the cloned segment and an adjacent segment
subcloned from the phage JA76 were determined. Figure 2 shows the origin of
these subclones relative to the map of JA76. The locations of MspI, TaqI, BclI,
BamHI, PstI, and BglII sites within the two subclones were determined as described
in MATERIALS AND METHODS, and the resulting map is shown in figure 3. To
facilitate the analysis of the positions of the polymorphic sites, segments of
pADJ762 and pADJ765 were further subcloned as described in MATERIALS AND
METHODS. The locations of these segments are indicated as open bars above the
map of restriction sites shown in figure 3.

Hybridization of probe 765PR2 to BclI-digested DNAs reveals alleles of either
an 11.6-kb fragment or a 7.3-kb and a 4.3-kb fragment, indicating that this probe
spans a polymorphic site. The probe 765BB5 detects allelic 7.3-kb and 11.6-kb
fragments, showing that it lies within the 7.3-kb genomic BclI fragment that
flanks the polymorphic site. Since pADJ762 detects the allelic fragments of 11.6
and 4.3 kb and an invariant 7.0-kb fragment, the map order of BclI fragments
must be 7.0 kb-4.3 kb-7.3 kb, with the polymorphic site between the 4.3- and
7.3-kb fragments. The BclI site found in the segment cloned in pADJ765 must
correspond to this polymorphic site since the genomic blotting data predict only
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FIG. 2.-Derivation of the subclones pADJ762 and pADJ765 from the phage JA76. The map of
JA76 is based on that described [21] with modifications as described in MATERIALS AND METHODS.
The EcoRI fragments represented by the two hatched bars have been cloned separately into the EcoRI
site of pBR325.

one site, the polymorphic one, in this region. In addition, the orientation of the
pADJ762 fragment with respect to the pADJ765 fragment must be as shown in
figure 3 in order to be consistent with the observed genomic BclI fragment sizes.
The restriction mapping data predict an additional 0.2-kb BclI fragment, which
is shown in figure 3; however, this was not observed in the genomic blots of gels
designed to resolve the larger BclI fragments.
The probe 765PR2 detects TaqI allelic states defined by either an 8.3-kb TaqI

fragment or fragments of 3.2 and 5.1 kb, indicating that it spans a polymorphic
TaqI site. The probe 765BB5 detects the allelic 8.3- and 5.1-kb fragments, while
pADJ762 detects allelic 3.2- and 8.3-kb fragments and a constant 3.9-kb fragment.
The inferred order of TaqI fragments is 3.9 kb-3.2 kb-5.1 kb, with the polymorphic
site between the 3.2-kb and 5.1-kb fragments. The allelic patterns indicate that
the TaqI site found in pADJ765 between the points defined by the right end of
pADJ762 and the left end of 765BB5 must represent the polymorphic site, since
the patterns are consistent only with the presence of a single, polymorphic site
in this region. The map of TaqI sites in pADJ762 predicts an additional 0.4-kb
fragment between the 3.9- and 3.2-kb fragments. This fragment has occasionally
been observed in Southern transfers and is also inferred from the allele fragment
sizes of a rare polymorphism at the TaqI(R) site (fig. 3) described below.
The variant MspI site that accounts for the allelic 2. 1- and 1.7-kb fragments

is located 0.4 kb beyond the left end of pADJ762. This is inferred from probing
MspI and MspI plus EcoRI digests of DNAs of each genotypic constitution with
the 762PP3 probe. In MspI-digested DNAs, this probe detects the allelic 1.7-kb
and 2.1-kb bands and a constant band of 1.3 kb. However, in EcoRI plus MspI
digests of the same DNAs, only a monomorphic 1.3-kb doublet is observed,
showing that the EcoRI site at the left end of the pADJ762 cloned segment
separates the 762PP3 probe from the polymorphic MspI site. The lengths of the
genomic MspI and MspI plus EcoRI fragments indicate that the polymorphic site
lies 0.4-kb distal to the EcoRI site, with another MspI site 0.4 kb distal to the
variant site (fig. 3).
The location of the site designated MspI(E) is defined first by the failure to

detect with probe 762PP3 the characteristic 1.5-kb band in MspI digests of DNAs
from individuals heterozygous for the MspI(E) site. This result places the site to
the right of the MspI site at coordinate 2.7 on the map of figure 3. The probe
762BB1 detects only the allelic 1.3-kb and 1.5-kb fragments, showing that it
lies within the 1.3-kb allelic fragment. The positions of MspI sites in this region
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are consistent with the identity of the variant MspI site with the site detected at
coordinate 4.3 on the map of figure 3, accounting well for the 1.3-kb and 1.5-
kb allelic sizes. The possibility that the MspI site at coordinate 5.7 or any site
to the right of the EcoRI junction site is variant is ruled out by the finding that
probe 765PR2 detects the 1.3-kb and 1.5-kb alleles in MspI digests but detects
neither of these fragments nor any derivative variant fragments in MspI plus
EcoRI digests. The comigration of the 1.3-kb allele with an invariant fragment
precludes the direct discrimination of heterozygotes from homozygotes for the
1.5-kb allele with the pADJ762 probe. For 11 of the 16 individuals scored with
this allele, heterozygosity is inferred from the fact that one or more offspring
does not carry the 1.5-kb allele. For the other five individuals, MspI digests of
the DNAs were examined with the probe mp762MRS (fig. 3), which does not
include homology to the invariant 1.3-kb band, and the genotype was determined
directly. One individual homozygous for the 1.5-kb allele was found, confirming
the absence of detectable homology between the comigrating 1.3-kb fragments.

Characterization and Localization of Two Rare Polymorphic Sites

One rare MspI site variant and one rare TaqI variant were observed in the
families shown in figure 4. The rare MspI allele (fig. 4A) is a 3.1-kb fragment
that is allelic with the 2.1- and 1.7-kb fragments. DNAs from individuals with
this allele were digested with MspI or MspI plus EcoRI and probed with 762PP3.
In the EcoRI plus MspI digest, an allelic band of 2.7 kb is detected in addition
to the expected 1.3-kb band, indicating that the 3. 1-kb MspI fragment spans the
EcoRI site at the left end of 762PP3 and that the variant MspI site is that at
coordinate 1.3, which is marked as MspI(A). The MspI site at the left end of the
3.1-kb fragment is also variant, as described in the previous section; however,
the 0.4-kb difference between the MspI and MspI-EcoRI fragments detected by

A)MspI -°

B) ToqI. r°

FIG. 4.-Examples of rare polymorphic patterns detected by the probe pADJ762 and their inheritance
in nuclear families. The fragment patterns are revealed by A) Mspl and B) Taql.
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TABLE 1

OCCURRENCES OF THE DIFFERENT HAPLOTYPES AT THE DIIS12 LOCUS AMONG 100 UNRELATED
INDIVIDUALS

Haplotype MspI MspI(A) TaqI(R) MspI(E) BcMI TaqI No.

I.. + + + + - + 80
II.. + + + + + + 67

III . - + + + - - 29
IV. + + + - - + 17
V. - + + + - + 1
VI.+.. + +-++ +1
VII + + + + + - 1
VIII - + + + + + 1
Ix. - + + + + - 1
X. + + + + - - 1
XI. + + - + + + 1

NOTE: The variable restriction sites indicated are arranged in the same order as they are found in the genome.
"+" indicates presence of the site and "-" indicates its absence.

762PP3 in individuals with the 3. 1-kb MspI allele indicates that the site is present
on the chromosome that carries the 3.1-kb fragment allele. When probed with
pADJ762, DNAs from individuals with the rare TaqI polymorphism show alleles
consisting of a 4.3-kb fragment or both a 3.9-kb and a 0.4-kb fragment (the latter
is not shown in fig. 4B). The probe 762PSC5-24 hybridizes to the 4.3-kb and
0.4-kb TaqI alleles but not to the 3.9-kb allele. This probe also hybridizes to the
3.3-kb TaqI fragment, indicating that the order of fragments is 3.9 kb-0.4 kb-
3.3 kb, with the polymorphic site between the 3.9-kb and 0.4-kb fragments at
the site labeled TaqI(R) in figure 3.

Population Genetic Characterization of Site Polymorphisms

TaqI, MspI, and BclI digests of DNAs from approximately 400 individuals
have been probed with pADJ762 or the appropriate derivative. These include
170 individuals from one segment of a single kindred, K1085, and more than
225 individuals from 20 three-generation family units where samples have been
donated by all four grandparents, both parents, and a number of their offspring
[29]. The grandparents from the latter group and spouses from the K1085 group
who were not in the direct line of descent are the unrelated individuals in the
analyses presented below. The observation of proper inheritance of the restriction
fragment alleles in these large family studies confirms their Mendelian character
and rules out sporadic partial digestion or DNA contamination as the cause of
the apparent polymorphisms.
The haplotypes of 200 chromosomes from 100 unrelated individuals have been

determined by inspection in individuals where no more than one site is heterozygous
or by inference from inheritance of haplotypes by the descendants of scored
individuals. Among the 100 randomly chosen individuals, no instances of am-
biguous haplotypes occurred. The number of occurrences of each observed type
is presented in table 1. Only four of the possible 16 haplotypic combinations of
the four different common polymorphisms are found at a frequency greater than
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5%. This is due partly to the low minor allele frequency of 3 of the polymorphisms
and partly to the significant degree of disequilibrium between pairs of polymorphic
sites. Table 2 presents two different measures of disequilibrium between each
pair of the four common polymorphic sites. By both of these measures, the
correlation coefficient r and the value of D [27], it is clear that the MspI and TaqI
sites, which are the farthest separated pair of polymorphic sites at this locus,
show a highly significant degree of association. Interestingly, both sites show a
lesser degree of association with polymorphic sites located between them. This
is particularly striking for the MspI(E) site, where both of the flanking MspI and
TaqI sites show insignificant values of r and D with the MspI(E) site. These
flanking sites also share the same degree of disequilibrium with the BclI site
polymorphism. In this case, the D and r values are significant, indicating partial
disequilibrium with the BclI site. The very similar degree of correlation of the
internal BclI and MspI(E) sites with the external TaqI and MspI sites is expected
because of the high degree of association of the external sites with each other.
The interesting feature of this locus is that the observed degree of disequilibrium
between two sites is not always a decreasing function of their physical separation,
suggesting that recombination may be relatively insignificant compared to the
processes of mutation or genetic drift or possibly selection in the formation of
the constellation of haplotypes found in this population.

DISCUSSION

We have described a new highly polymorphic locus in human DNA with four
major haplotypic combinations of three polymorphic sites: a TaqI site, an MspI
site, and a BclI site. A fourth polymorphism at a second MspI site does not
contribute significant additional haplotypic diversity because its alleles are very
highly correlated with the alleles of the TaqI site polymorphism. We have shown
that the strongly correlated MspI and TaqI site polymorphisms have a significantly
weaker correlation with the polymorphic BclI and MspI sites that lie between
them; that is, they show a smaller degree of linkage disequilibrium with sites

TABLE 2

MEASURES OF DISEQUILIBRIUM BETWEEN PAIRWISE COMBINATIONS
OF THE POLYMORPHIC SITES OBSERVED AT DIIS12

A. MspI MspI(E) BclI

MspI(E) .... -0.133 ... ...

BclI .. .. 0.267 0.226
TaqI .... 0.926 -0.133 0.267

B. MspI MspI(E) BclI

MspI(E).-0.014 ... ...

BclI .... 0.047 0.030 ...

TaqI .... 0.124 -0.014 0.047

NOTE: Calculation of these values is described in MATERIALS AND
METHODS. Values in (A) are of the value of the correlation coefficient r.
Values in (B) are of the disequilibrium measure D.
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that lie in the DNA between them than they do with each other. The TaqI site
polymorphism shows a significantly weaker correlation with a BclI site less than
0.2 kb away than it does with the MspI site that is 6.8 kb distant. This result
indicates that the degree of linkage disequilibrium is not a reliable indicator of
relative physical separation over distances of the order of tens of kilobases. The
simplest explanation for this situation is that the processes of mutation and genetic
drift are primarily responsible for the observed associations. The current estimate
of recombination frequency as 1 centimorgan per million bp is consistent with
the supposition that recombination in a 7-kb interval is less than 0.01 centimorgan
and, hence, potentially less significant than mutation and drift in the formation
of new haplotypes [16].

Questions concerning the relative effects of selection, recombination, mutation,
and genetic drift have arisen in similar studies of the haplotypes defined by
restriction site polymorphisms at the j-globin locus [ 14, 16]. At that locus, where
more than eight different polymorphic sites are found in one 60-kb region, there
is no simple correlation of disequilibrium with physical distance between poly-
morphic sites in any of the Mediterranean, American black, or Southeast Asian
populations examined. Moreover, in each population, there are only two or three
major haplotypes, and these are not related to one another by single mutational
or recombinational events. This observation suggests that intermediate or ancestral
haplotypes have been lost through selection or drift. In contrast, three of the four
major haplotypes reported here for DIIS12 are similar, with haplotypes II and
IV differing at only a single site from haplotype I (table 1). Only haplotype III
differs from each of the other three major haplotypes at two or more restriction
sites. Even in this case, however, two of the minor haplotypes, V and X, represent
possible intermediates between haplotypes III and I. Whether the apparent dif-
ference in the degree of relatedness between major haplotypes reflects a significant
difference in the forces affecting the evolution of the f-globin and DIIS12 loci
may be further assessed by characterization of additional polymorphic sites at
the DI 1S12 locus, examination of the DI IS12 haplotype patterns and frequencies
in other population groups and by population studies of additional loci with
multiple restriction site polymorphisms.

The comparison of population genetic properties of the site polymorphisms at
the DJJS12 locus with the molecular map of this region also provides additional
confirmation that DNA regions with multiple site polymorphisms can be valuable
genetic markers. The finding that two polymorphisms at sites that are about 0.2
kb distant show a significant degree of random association suggests that valuable
genetic markers can be "built" by detection of variable sites within a fairly small
DNA segment.
The probe pADJ762 has been mapped to chromosome lp by use of the human-

rodent hybrid cell mapping method [30]. This assignment has been confirmed by
in situ hybridization [31]. The latter technique indicates that the DIIS12 locus
is on the distal end of 1ip, beyond lIp5. 1. Genetic linkage studies show that
the locus is between and closely linked to the P-globin and insulin loci [29],
which have also been physically localized to the distal end of lip [2]. The
polymorphisms at the DIIS12 locus have proven useful in the definition of the
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genetic map of this region and should prove valuable in continuing studies of the
relationship of physical and genetic distances in this region of chromosome 11.
The allele and haplotype frequencies that we report here should be typical of
other Northern European populations [32]; however, other human populations
are as yet uncharacterized with respect to their degree of heterozygosity at this
locus.
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