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We have identified, in four diverse human popula-
tions, five common single-nucleotide polymorphisms
(SNPs) in the coding region of the gene for the blood
coagulation protease factor XI. Each SNP has an allele
frequency =5% in at least one population. Three of the
SNPs (C472T, A844G, and T1234C), spread out over
approximately 10 kb of genomic DNA, are in marked
linkage disequilibrium (LD) with one another (P <
107%. Interestingly, haplotypes associated with the
linked SNPs are conserved across all populations
studied, despite significantly different allele frequen-
cies between populations. The presence of such com-
mon, widely dispersed haplotypes could complicate
the interpretation of LD studies and emphasizes the
need for a better understanding of general patterns of
LD to facilitate identification of genes for common

disorders. © 2000 Academic Press

Single-nucleotide polymorphisms (SNPs) are the
most common type of sequence variation in the human
genome. While identification of SNPs has shed light on
many Mendelian diseases, they are also powerful tools
for identifying genomic regions associated with com-
mon complex disorders and for explaining evolutionary
history (4, 5, 13, 15, 16). Techniques such as linkage
disequilibrium (LD) analysis can demonstrate correla-
tions between diseases and SNPs, facilitating discov-
ery of disease-associated genes. To this end, a major
effort is under way to catalog the genetic variation in
humans and to correlate variation with pathology (4,
13, 15). This work is based on the premise that the
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genetic milieu of a disease-predisposing mutation does
not change appreciably over short periods of time nor
over short distances along a chromosome. While this is
undoubtedly true, LD analysis is hampered by a lack of
data concerning the extent of LD as a function of hap-
lotype age, distance along a chromosome, and regional
variation in recombination rates (3, 7, 9). Indeed, there
is evidence that recombination rates vary considerably
even across small regions (8, 12). Selection pressure or
small population sizes also influence LD (23). In the
absence of experimental data for multiple genes and
populations, models of LD make critical assumptions
for factors that may vary widely across the genome (6,
15, 20).

The gene for the human blood coagulation protease
factor Xl (F11) contains 15 exons spanning ~25 kb on
the long arm of chromosome 4 (4g35) (1, 14). Recently,
we identified three SNPs in the coding region of this
gene (C472T, A844G, and T1234C; Fig. 1A) and dem-
onstrated that the minor alleles are common (18). We
have extended this study to 173 normal individuals
from diverse human populations and show that these
SNPs are in strong LD with one another. Furthermore,
haplotype patterns involving the SNPs are maintained
across populations, despite significant allele frequency
differences. Coding and flanking intronic regions of 266
F11 alleles from 41 Caucasians, 50 West Africans
(Ghanaians), and 42 East Asians (Japanese, Chinese,
and Koreans) were amplified by PCR and screened for
sequence variation by dideoxyfingerprinting (18). Di-
rect sequencing of PCR fragments then definitively
identified the SNPs. Eleven SNPs were identified in
these 133 individuals; four of the SNPs are in noncod-
ing regions. Four SNPs were present in only one indi-
vidual, one was present in two individuals, and an-
other was present in five East Asian individuals. The
remaining five SNPs, all of which are in exons (here-
after referred to as cSNPs; Fig. 1A), had minor allele
frequencies >5% in at least one ethnic population (Fig.
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C472T1? A844G? T1234C3 C1750T* G1855T°
Caucasian (n=82) 0.05(4)  043(11)  043(11)  0.01(1) 0.06 (5)
Ghanaian (n=100) 019 (19)  0.25(25)  0.24(24)  0.16(16)  0.09 (9)
Oriental (n=84) 000(0)  006(5)  006(5)  0.02(2) 0.06 (5)
Ethiopian (n=80) ~ 0.11(9)  0.31(25)  0.26 (21) ND ND
Total (n=346) 009(32) 0.18(66)  0.17 (61) ND ND

T Allele frequency differences were calculated using the algorithm of Raymond and
Rousset (22) and Tools for Population Genetic analysis software version 1.3 (19).

’p<10*
®p=0.0026

4 p =0.0001
5p=0.0559

ND - not determined

FIG. 1.

(A) Schematic diagram of the human factor Xl (F11) gene, demonstrating the relative positions of, and absolute distances

between, exons (1). The position of five common SNPs are shown above the exons, with the nucleotide representing the predominant allele
preceding the basepair position nhumber and the nucleotide representing the minor allele following the basepair number. (B) Allele
frequencies of the SNPs in the coding sequence of the F11 gene. The numbering system used in both parts of the figure refers to the position

in the published sequence of the human F11 cDNA (10).

1B). They are the subjects of this report. None of the
cSNPs encodes an amino acid change. Three cSNPs are
identical to those identified in our earlier study
(C472T, A844G, and T1234C) (18), and all five were
reported by Cargill et al. (4). For all cSNPs, the se-
quence of the common allele is identical to the pub-
lished cDNA sequence (10) and to the chimpanzee gene
sequence (http://www.genome.wi.mit/edu/cvar_snps)
(4), indicating that they represent the ancestral allele.
The c¢SNPs individually have genotype frequencies
that are in Hardy—Weinberg equilibrium (analysis not

shown), and all are present in the three ethnic popu-
lations (with the exception of 472T in East Asians),
indicating origins predating the exit of modern Homo
sapiens from Africa to Asia and Europe.

Interestingly, the C472T, A844G, and T1234C
cSNPs, which are spread across ~10 kb of DNA (Fig.
1A), are in significant LD with one another (Tables 1A
and 1B). Tests for LD were performed using GDA soft-
ware (17) based on the methods of Weir (25). In these
populations, all pairwise and three-way comparisons
between C472T, A844G, and T1234C (except for East

TABLE 1A
Genotype Frequencies in the Human Factor XI Gene by Ethnic Group for cSNPs C472T, A844G, and T1234C

SNP

Caucasian Ghanaian Oriental Ethiopian Total
472 844 1234 (n = 41) (n = 50) (n =42) (n = 40) (n = 173)
C/C AIA TIT 0.76 (31) 0.58 (29) 0.88 (37) 0.45 (18) 0.66 (115)
CIT AIA TIT 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
CiC AIG TIT 0.00 (0) 0.02 (1) 0.00 (0) 0.10 (4) 0.03 (5)
CiC AIA TIC 0.00 (0) 0.00 (0) 0.00 (0) 0.03 (1) 0.01 (1)
CIT AIG TIT 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
CiC AIG TIC 0.14 (6) 0.08 (4) 0.12 (5) 0.18 (7) 0.13 (22)
CIT A/A TIC 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
CIT AIG TIC 0.10 (4) 0.24 (12) 0.00 (0) 0.13 (5) 0.12 (21)
CIT G/IG TIC 0.00 (0) 0.00 (0) 0.00 (0) 0.05 (2) 0.01 (2)
C/C AIG CiC 0.00 (0) 0.00 (0) 0.00 (0) 0.03 (1) 0.01 (1)
CIT GIG CiC 0.00 (0) 0.02 (1) 0.00 (0) 0.05 (2) 0.02 (3)
TIT GIG C/C 0.00 (0) 0.06 (3) 0.00 (0) 0.00 (0) 0.02 (3)
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TABLE 1B

A Comparison of Estimated Haplotype Frequencies and Random Expectation for cSNPs C472T, A844G,
and T1234C in the Human Factor Xl Gene

Haplotype frequencies

SNPs Caucasian Ghanaian Oriental Ethiopian Total
472 844 1234 Estimated® Expected Estimated® Expected Estimated® Expected Estimated® Expected Estimated® Expected
C A T 0.865 0.713 0.750 0.462 0.940 0.884 0.660 0.449 0.803 0.605
T A T 0.000 0.036 0.000 0.108 0.000 0.000 0.000 0.057 0.000 0.062
C G T 0.000 0.110 0.010 0.153 0.000 0.055 0.077 0.204 0.020 0.142
C A C 0.000 0.110 0.000 0.145 0.000 0.055 0.027 0.160 0.006 0.129
T G T 0.000 0.005 0.000 0.036 0.000 0.000 0.000 0.025 0.000 0.014
T A C 0.000 0.056 0.000 0.034 0.000 0.000 0.000 0.020 0.000 0.013
C G C 0.085 0.017 0.050 0.048 0.059 0.003 0.122 0.072 0.078 0.030
T G C 0.048 0.001 0.190 0.011 0.000 0.000 0.112 0.009 0.092 0.003

Note. There are eight possible haplotypes for the three sites.

2 Estimated haplotype frequencies are highly significantly different from expected for all groups, with P values <10 *. Estimated haplotype
frequencies were generated with the EH program (24). The expected frequencies were generated assuming linkage equilibrium.

Asians in whom the 472 T allele was absent) showed
significant deviation from equilibrium at least at the
P = 0.005 level and as low as P = 10°° (analysis not
shown). In comparison, cSNPs C1750T and G1855T do
not demonstrate LD relative to other cSNPs in any
population (analysis not shown) or to each other de-
spite being separated by <2 kb (Fig. 1A). In the three
populations, 844G and 1234C are always found to-
gether, with the exception of one Ghanaian, while 472T
is always associated with 844G-1234C. Estimated
haplotype frequencies for the three populations were
determined using EH software (24, 27). This algorithm
estimates haplotypes based on genotype data and com-
pares them to haplotype frequencies generated under
the assumption that there is no association between
sites. The haplotype frequencies (with and without as-
sociation) are compared using a x* distribution. Hap-
lotype frequencies for all three populations are signif-
icantly different from random expectations (P < 10°*;
Table 1B). We analyzed DNA from an additional 40
individuals of East African (Ethiopian Jewish) ances-
try. SNPs 472T, 844G, and 1234C are present at fre-
guencies similar to those in Ghanaians (Fig. 1B) and
again are in significant LD relative to one another (P <
107 (Tables 1A and 1B). The Ethiopian haplotype pat-
terns are similar to those from other populations. While
844G or 1234C is found in isolation in a few Ethiopians,
the 844G-1234C combination predominates, and 472T is
always associated with 844G—1234C.

We were interested in determining whether common
mutations causing congenital deficiency of F11 were
associated with particular haplotypes. F11 deficiency
is an autosomal disorder characterized by excessive
bleeding after trauma or surgery and is prevalent in
persons of Jewish ancestry (2, 21). Over 90% of abnor-
mal F11 alleles in this population have one of two
mutations, designated types Il (Glul17Ter) and IlI
(Phe283Leu). Peretz et al. demonstrated that each mu-
tation is associated with a single haplotype and there-

fore represents a single mutation event (21). We ana-
lyzed DNA from a homozygote for the type Il mutation
and determined that this person is also homozygous for
the 472T—-844G-1234C haplotype. This demonstrates
that 472T, 844G, and 1234C are on the same chromo-
some in this individual. Portions of F11 alleles from a
heterozygote for the type Il mutation, and a compound
heterozygote for the type Il and Ill mutations, were
subcloned and analyzed for cSNPs. The analysis con-
firmed that the type Il mutation and the 472T-844G—
1234C haplotype are on the same chromosome, while
the type Il mutation is on the chromosome with the
common C472—-A844-T1234 haplotype.

Given the apparent old age of the 472T-844G-
1234C haplotype, and the distances between the loci
(~10 kb), some models predict that LD between the
sites should have dissipated (15). Two other cSNPs
(C1750T and G1855T) are common in the populations
we studied, and are in equilibrium with each other
(despite being separated by <2 kb) and with the 472T—
844G-1234C haplotype. This suggests that sufficient
time has passed for initial LD to decay in this region in
the absence of a process limiting recombination. The
cause of LD in this case is not clear. It could be due to
inherent variability in recombination rates across the
finite length of the F11 gene. Cullen et al. (8) demon-
strated a wide range of recombination rates across the
HLA class Il region, with the highest rates clustered in
three relatively small areas (8.8-50 kb) of the 500-kb
interval studied. Alternatively the data are consistent
with a strong selection pressure on the 472T-844G—
1234C haplotype. No phenotype has been linked to this
haplotype, and it is not associated with amino acid
changes. We are investigating the possibility that the
haplotype influences plasma levels of F11 by affecting
F11 mRNA translation or stability. A peculiar feature
of the 472T-844G-1234C haplotype is its striking con-
servation across populations, despite significantly dif-
ferent allele frequencies between populations. This in-
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dicates that selection, if present, is acting on the whole
haplotype. This is in stark contrast to the majority of
published data showing that specific haplotypes are
not usually found across a wide array of populations (7,
11). For example, the single basepair change in the
B-globin gene that causes sickle cell anemia is under
strong selection pressure because of its protective ef-
fect against malaria, but is found on several different
haplotype backgrounds in different populations (26).

Our data demonstrate marked LD in the human F11
gene. Just as striking is the observation that the hap-
lotypes involved are conserved across diverse popula-
tions. Regardless of the cause of LD in this case, the
ubiquity of a haplotype such as F11 472T-844G-
1234C has major implications for using LD analysis to
identify disease-associated genes. For example, both
the F11 type Il and 111 mutations cause similar clinical
syndromes but are associated with different common
F11 haplotypes. The presence of two common disease-
associated haplotypes would make it difficult to localize a
genetic abnormality in this disorder by LD analysis in the
absence of other compelling data. This finding supports
the suggestion of Clark et al. (7) that “the design and
interpretation of disease association studies may not be
as straightforward as is often assumed” and underscores
the need for additional information about the genetic
structure of human populations.
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